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Abstract

The growing demand for wireless communication capacity tedoverutilisation of the con-

ventional radio frequency (RF) spectrum have inspiredare$einto using alternative spectrum
regions for communication. Using optical wireless commations (OWC), for example, of-

fers significant advantages over RF communication in terimisigher bandwidth, lower im-

plementation costs and energy savings. In OWC systems,ntbariation signal has to be
real and non-negative. Therefore, modifications to the estiwnal communication algorithms
are required. Multicarrier modulation schemes like ortivead frequency division multiplexing

(OFDM) promise to deliver a more efficient use of the commaition capacity through adaptive
bit and energy loading techniques. Three OFDM-based scherd@ect-current-biased OFDM
(DCO-OFDM), asymmetrically clipped optical OFDM (ACO-ORM), and pulse-amplitude mod-
ulated discrete multitone (PAM-DMT) — have been introducethe literature.

The current work investigates the recently introduced sehgubcarrier-index modulation OFDM
as a potential energy-efficient modulation technique watthuced peak-to-average power ratio
(PAPR) suitable for applications in OWC. A theoretical middethe analysis of SIM-OFDM in a
linear additive white Gaussian noise (AWGN) channel is ted. A closed-form solution for the
PAPR in SIM-OFDM is also proposed. Following the work on SOMDM, a novel inherently
unipolar modulation scheme, unipolar orthogonal freqyetizision multiplexing (U-OFDM), is
proposed as an alternative to the existing similar scheA@&-OFDM and PAM-DMT. Further-
more, an enhanced U-OFDM signal generation algorithm isduiced which allows the spectral
efficiency gap between the inherently unipolar modulaticimesnes — U-OFDM, ACO-OFDM,
PAM-DMT — and the conventionally used DCO-OFDM to be closédis results in an OFDM-
based modulation approach which is electrically and oficaore efficient than any other
OFDM-based technique proposed so far for intensity mouulaand direct detection (IM/DD)
communication systems.

Non-linear distortion in the optical front-end element®ige of the major limitations for high-
speed communication in OWC. This work presents a genedaéipproach for analysing non-
linear distortion in OFDM-based modulation schemes. Tlesgmted technique leads to a closed-
form analytical solution for an arbitrary memoryless distm of the information signal and has
been proven to work for the majority of the known unipolar Qfbased modulation techniques
- DCO-OFDM, ACO-OFDM, PAM-DMT and U-OFDM.

The high-speed communication capabilities of novel GaillNitride basedum-sized light emit-
ting diodes (1(LEDs) are investigated, and a record-setting resudt®6Gb/s using a singl&0-pum
device is demonstrated. The capabilities of using suctcde\at practical transmission distances
are also investigated, andlasb/s link using a single device is demonstrated at a distahop

to 10 m. Furthermore, a proof-of-concept experiment is realigedre a50-pum LED is success-
fully modulated using U-OFDM and enhanced U-OFDM to achiegtable energy savings in
comparison to DCO-OFDM.



Lay Summary

Demand for wireless communication capacity is growing egmially and the over-utilisation
of the conventional radio frequency (RF) spectrum is exgubtd significantly limit the advance-
ments in the wireless communications field towards high¢a dates. The issues has inspired
research into alternative spectrum regions for commupitgiurposes. Using optical wireless
communications (OWC), for example, offers a number of figant advantages over RF com-
munication. The field has undergone heavy research overasiedecade, leading to a wide
range of new communication concepts and a number of impeeggjh-speed communication
demonstrations. Despite the advancements, a lot of résqagstions remain open.

The current work focuses primarily on novel communicatioot@cols for energy-efficient high-
speed OWC. A number of existing concepts are reviewed arid dhalysis is expanded. A
novel inherently unipolar modulation scheme, unipolahogbnal frequency division multiplex-
ing (U-OFDM), is proposed as an alternative to other exisimilar schemes. Furthermore, an
enhanced U-OFDM signal generation algorithm is introdusith doubles the communication
capacity in comparison to the other similar approachess mésults in an OFDM-based modu-
lation approach which is more energy efficient than any oBEDM-based technique proposed
for OWC systems.

Non-linear distortion is one of the major limitations foiéeving high-speed data rates in OWC.
This work presents a generalised approach for analysinginear distortion in OFDM-based
modulation schemes. The presented technique leads toeddiasn analytical solution for an
arbitrary memoryless distortion of the information sigaatl has been demonstrated to work for
the majority of the known unipolar OFDM-based modulatiohesuoes.

The high-speed communication capabilities of novel migghtlemitting diodes §LEDs) are
investigated, and a record-setting resul8@fGb/s is demonstrated. The practical capabilities of
these devices are also investigated, andsd/s link is demonstrated at a distance of up@an.
Furthermore, a proof-of-concept experiment is realisedrevlaulED is successfully modulated
using U-OFDM and enhanced U-OFDM to achieve notable eneagings in comparison to
state-of-the-art techniques.
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Chapter 1
Introduction

The radio frequency (RF) spectrum conventionally used donmmunication is almost completely
depleted, which threatens to leave a significant gap betieerapabilities of the state-of-the-art
wireless access networks and the exponentially increasirgjess data rate demands. Fortu-
nately, alternative parts of the electromagnetic (EM) spet such as millimetre wave radiation
and optical radiation can be used for communication. Bagiores of the spectrum are currently

undergoing heavy research.

The concept of optical wireless communications (OWC) dtutss wireless data communication
using the visible light (VL) and the infrared (IR) region dfet EM spectrum as a transmission
medium. OWC and its subset of visible light communicatiodk@) provide a number of ad-
vantages over RF and millimetre wave communications, winickude, but are not limited to: 1)
a large amount of unregulated bandwidth; 2) improved datargg at the physical layer; 3) no
interference with sensitive electronic equipment. In &ddj the existing lighting infrastructure
could be re-used for communication, which facilitates easystem deployment and promises to

deliver significant energy savings.

The significant research efforts in the field of OWC have ledét-established theoretical mod-
els and a number of impressive experimental demonstratibhigih-speed OWC links. A lot of
the research problems related to the development of eredfigient optical modulation schemes
and to the effects of non-linear distortion on the commuiocaperformance still remain open.
This work presents a number of new advancements in the fielddimg: further analysis on
existing modulation technigues, novel optical modulatioethods and new and improved tech-

niques for the analysis of the OWC system performance.



Introduction

1.1 Motivation

The increasing popularity of smart mobile devices and mmdtiia streaming applications has led
to a tremendous increase in mobile data traffic. By 2017, rinzne 11 Exabytes of monthly data
traffic is expected in wireless networks [1]. At the same tithe available RF spectrum with

favourable communication properties, in the range upGHz, has been almost completely
utilised [2]. Therefore, it is anticipated that the incriegsdemands will not be met despite the

significant technological advances in the field of mobile pamications [3].

In an attempt to tackle the looming spectrum crisis, reseaschave focused their efforst to
explore unconventional parts of the electromagnetic specin search of additional communi-
cation bandwidth. The so-called “millimetre” wave regianrh 28 GHz to 250 GHz is gaining

a lot of interest [3]. Wave propagation at such short wagles) however, is limited mostly to
line-of-sight (LoS) scenarios [3]. Millimetre waves prdei a promising option for the realisa-
tion of multiple—input multiple—output (MIMO) systems deetshort wavelength allows multiple
antennas to be more easily fit within a relatively small atgzhsas the area available on a hand-
held device. Overall, however, as the propagation prageeiti millimetre wave systems begin to
resemble the propagation properties in OWC systems, thegewsavelengths begin to lose the

ubiquitous coverage advantage that RF wavelengths haveptieal wavelengths.

According to the DIN 5031 standard, optical radiation imigla electromagnetic radiation in the
wavelength range from00 nm up tol mm. The range betweer)0 nm and400 nm is known
as the ultraviolet (UV) spectrum. The range betwé@inm and300 nm is the visible radiation
spectrum, commonly referred to as the light spectrum. Véamggths betwee®&00 nm and2.5 um
belong to the so-called near IR region, and like the UV wavesat perceivable by the human
eye. The concept of OWC typically refers to communicatioingishe visible light spectrum and
the infrared spectrum as defined here. The total bandwidtiurees in these two regions amount
to approximately630 THz, which is thousands of times higher than the bandwidtilavie in
the conventionally-used RF communication spectrum bdlowHz. In addition, both the VL
and the IR regions are not subject to regulation. Furtheefitsrof OWC over RF communica-
tion include: security at the physical layer is increased ttuthe inability of light to penetrate
solid objects; light does not interfere with sensitive &leic equipment; light can be used in
RF-sensitive environments such as airplanes and petrachleptants; the existing lighting in-

frastructure could be re-used for simultaneous illumoeratind communication.
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Another approach towards mitigating the effects of the spat shortage involves the scaling
down of the communication cells’ coverage area. Smallds cglrve a lower number of users,
which, in turn, translates to higher spectrum resourcdaiéity per user [3]. The problem with
dense cell deployment, however, is the increased interferéetween individual access nodes,
limiting the degree of frequency reuse which can be achiet/eintocells and attocells, for ex-
ample, are envisioned for deployment in indoor environmevith a large number of users. The
deployment of a large number of such cells is inevitably tédiby the generated interference. In
order to mitigate the interference problems, researchaars fesorted to the introduction of beam-
forming and beamsteering techniques for RF and millimeaeercommunication, which require
multiple antenna elements and sophisticated signal psoaesechniques [3]. As a result, the
overall network complexity increases significantly, whihe energy efficiency is decreased [3].
Beamforming techniques for OWC involve the introductionshple passive optical elements,
whose properties have been studied and well-understoadteeourse of many years. Hence,
OWC provides a unique advantage over RF communication allichetre waves with regards to
beamforming and beamsteering techniques. Furthermaregotiplete inability of optical wave-
lengths to penetrate opaque objects means that interielatereen neighbouring cells is always
expected to be lower than the interference between neigimgpoells realised with millimetre

waves which, despite being severely attenuated, can stiktfpate most objects.

Another limiting factor for the use of millimetre waves isethequirement for high-bandwidth
high-power amplifiers operating at high frequencies [3]ct8devices are not readily available
and are yet to be developed. Information encoding in OWQndéid to intensity modulation
and direct detection (IM/DD) where only the envelope of theeomagnetic radiation is mod-
ulated [3-5]. The electrical-to-optical transceivers #mel optical-to-electrical transceivers are
simple light emitting diodes (LEDS), laser diodes (LDs) gmtodiodes (PDs). Therefore, com-
munication at such short wavelengths can be easily achigitbdstandard off-the-shelf compo-
nents, which have been extensively studied and well-utwtzts Therefore, OWC systems could

be of relatively lower complexity and relatively cheapenilimetre-wave systems.

Research in OWC has begun with the pioneering work of Gfeltel Bapst in 1979 [6]. The ini-
tial studies suggested the feasibility of wireless comrmatidon at hundreds of Mb/s and demon-
strated links at over a hundred kb/s, which was revolutipiarits time. Since that initial work,
research in OWC has produced a deep understanding of the @®8t€hs[4, 7-9]. Some very

impressive demonstrations of high-speed OWC links hava bele over the past few years. To
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name a few: d-Gb/s link was demonstrated by Khakd. al. using a commercially available
white phosphor-coated LED [10]; &4-Gb/s transmission was shown by Costal. using a
commercially available red-green-blue (RGB) LED [11]b/s was demonstrated by Azhetr
al. using white LEDs and 4 x 4 MIMO system [12].

Despite the significant research progress in OWC and theessjwe experimental results, a lot
of questions still remain open at the physical layer. Paldity interesting is the problem of
developing a suitable modulation scheme to be used witl@rctimtext of the IM/DD system.
According to the available literature, single-carrier miation schemes such as pulse-position
modulation (PPM), pulse-width modulation (PWM), on-offykey (OOK) andM-ary pulse-
amplitude modulation X/-PAM) are the most straightforward candidates in an IM/D[3tsgn
due to their energy efficiency and robustness to non-lineontion [4, 7, 13—-15]. At high data
rates, however, intersymbol interference (ISI) becomesohlem in a bandwidth-limited com-
munication channel. As a result, multi-carrier modulatsshemes like orthogonal frequency di-
vision multiplexing (OFDM) become advantageous [14—16FDM allows for low-complexity
equalisation as well as for adaptive bit and energy loadihgchvenable optimal usage of the
communication channel resources. In fact, the highestrdédademonstrations in VLC have all
been performed with the help of OFDM [10-12]. Furthermor&DM is especially appealing
due to the fact that it appears in a number of widely adoptaelegs standards such as long
term evolution (LTE) and IEEE 802.11. As a result, the OFD&&éd OWC system can be more
easily integrated into the context of the future heterogasenetworks since the protocol stack
from the already available standards can be re-used. O@tRaM is still a subject of research
due to the system’s vulnerability to non-linear distortemd due to its rather energy-inefficient
nature in IM/DD systems [14-16]. The current work invesgaenergy-efficient approaches for
OFDM implementation in an IM/DD system as well as methodsréatucing the high peak-to-
average power ratio (PAPR) of the OFDM signal which leadgthuced non-linear distortion of
the information signal. Novel work on modelling and evailnigtthe non-linear distortion effects
on OFDM-based modulation signals is also presented. Thk gedminates with an experimen-
tal demonstration of record setting communication ratésgugL.C and with a proof-of-concept

demonstration of a hovel newly proposed OFDM-based madualé¢chnique.
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1.2 Contributions

In this thesis, a number of OFDM-based modulation schemedMDD systems are investi-
gated. Well-known concepts in the field are studied in motaildeompared to what is available
in the literature. Performance of the concepts is evalustmth that existing issues with these
modulation schemes can be identified and suitable soludomsuggested. As a result, novel
and improved modulation techniques are proposed followesduiitable theoretical, simulation
and experimental analysis. The analysis of non-lineaodish in the optical system is further
extended compared to the existing analytical approaches wbrk concludes with practical ex-
perimental applications based on the studied OFDM the@uitg to new and exciting results in
the field.

The newly introduced concept of subcarrier-index modatatbrthogonal frequency division
multiplexing (SIM-OFDM) is studied in detail. A theoretigaerformance evaluation of the mod-
ulation scheme, which was missing in the literature, is cotetd. An inherent flaw is identified
in the process, and a solution is proposed, leading to a reddifiodulation technique termed
enhanced SIM-OFDM. The newly proposed scheme is analys#geioontext of a linear addi-
tive white Gaussian noise (AWGN) channel as a basis for éuntesearch on the topic. Despite
the reduced PAPR of SIM-OFDM which leads to a reduction ofrtbe-linear distortion in the
system, it is concluded that the limited spectral efficien€ythe SIM-OFDM concept makes
it rather unattractive for high-speed OFDM-based comnatino. Nevertheless, the scheme
is ideal for energy-efficient low-spectral efficiency applions. Furthermore, it can be imple-
mented in an adaptive bit and energy loading scenario, wiher&IM-OFDM concept can be
combined with the conventional OFDM concept as the SIM-OFebhnique would be suitable
for high-frequency subcarriers where the low signal-tesaagatio (SNR) would not allow high

spectral efficiency. The work conducted on SIM-OFDM has tethe publication of [17].

The work on SIM-OFDM has inspired the introduction of a newpotar OFDM-based mod-
ulation scheme termed unipolar orthogonal frequency idinisnultiplexing (U-OFDM). The
new scheme is suggested as an alternative to the alreading»iencepts of asymmetrically
clipped optical orthogonal frequency division multiplegi (ACO-OFDM) and pulse-amplitude-
modulated discrete multitone modulation (PAM-DMT). Itsfoemance is evaluated in a linear
AWGN channel and compared against the performance of theeotional state-of-the-art tech-

nique of direct-current-biased optical orthogonal fregryedivision multiplexing (DCO-OFDM).
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An analytical model is created for the performance of U-OFRNd it is shown that the modu-
lation scheme performs equivalently to ACO-OFDM and PAM-DMat exactly3 dB of lower
energy efficiency compared to a real bipolar OFDM signal,clvtis assumed to be the perfor-
mance benchmark. An improved decoding technique is sugdiestich allows the aforemen-
tioned 3dB gap in performance relative to the benchmark to be almasiptetely closed. A
similar improved decoding technique can be devised for AGKBM and PAM-DMT and has
even been proposed by other researchers concurrently veitivark presented here. A theoret-
ical model for the performance of this improved decodindtégue is provided. The loss of
spectral efficiency in the modulation process of U-OFDM isniified as a major problem for
its application at high spectral efficiencies. This problalso pertains to the generation pro-
cesses in the other unipolar state-of-the-art techniq@&9-®FDM and PAM-DMT. A solution
is devised in the form of a modified technique termed enhanogablar orthogonal frequency
division multiplexing (eU-OFDM), which exploits the franstructure of the U-OFDM concept
and allows multiple U-OFDM information streams to be supgosed on top of each other. The
novel concept effectively opens up a new degree of freedatihersignal space of the so-called
inherently unipolar modulation schemes, ACO-OFDM, PAM-Diind U-OFDM, and provides
a possible solution to the long-standing problem of spkefifeciency loss in energy efficient
unipolar OFDM. The performance of eU-OFDM is analysed thgcally for a linear AWGN
channel. Suggestions for an extension of this modified qurtceACO-OFDM and PAM-DMT
are also provided. The work conducted on U-OFDM and eU-OFRK!led to the publication
of [18,19].

The current work looks at the problem of analysing non-lindiatortion in an OWC system in

a novel fashion. The well-known approach of using the Busggheorem for the analysis of
normally-distributed (OFDM) signals passing through a-finaar system is employed. A novel
representation of the non-linear distortion function isgmsed. This facilitates the derivation of a
closed-form analytical solution for an arbitrary signadtdition. A closed-form solution not only

speeds up system analysis, but can also be indispensagkteémsoptimisation procedures when
compared to Monte Carlo simulations. Furthermore, pulspisiy techniques, employed for
the generation of band-limited analog signals in the digd@aanalog transition step of an OWC
system, are investigated in the context of the so-calledrattly unipolar OFDM techniques —
ACO-OFDM, PAM-DMT, U-OFDM. It is shown that the applicatiasf a pulse-shaping filter

does not compromise the validity of the analysis technicgexiuo evaluate the effects of non-



Introduction

linear distortion on the system performance. Furthermbigrevealed that the three modulation
schemes ACO-OFDM, PAM-DMT and U-OFDM perform equivalertiya non-linear AWGN
channel. The work conducted on pulse shaping and modelfingrelinear distortion has led to
the publication of [20-22].

Following the theoretical research on OFDM-based moduiasichemes, a set of experiments
is devised for illustrating the merit of the OFDM concept imamber of practical applica-
tions. The communication capabilities of a novel Galliuntride (GaN)um-sized light emitting
diode @tLED) with a diameter o0 um are investigated using DCO-OFDM. A record-setting
result of over3 Gb/s is established in collaboration with the partneringfiintions of Univer-
sity of Oxford and University of Strathclyde as part of thénjoUltra-parallel Visible Light
Communications (UP-VLC) project. An adaptive bit and egelgading algorithm based on
the work of Campello [23] is devised. A novel combination dfonel estimation techniques
is also proposed. It allows for the effects of non-lineatatiton to be evaluated in a practical
OFDM system. An experimental proof-of-concept OWC linkngsU-OFDM and eU-OFDM is
also demonstrated for the first time, showing significantgyneavings when using the proposed
inherently unipolar OFDM concepts instead of the converatidechnigue DCO-OFDM. The

conducted experimental work has led to the publication 4F.[2

1.3 Thesis Layout

The rest of this thesis is organised as follows. Chapter rddioices the OWC system and the
fundamental concepts necessary for its understanding aaliimg. The individual sections
focus on the different transmission link scenarios, thathend elements, the optical free-space
channel, the fundamental sources of noise in such a systefrtha different signal modulation

techniques which have already been introduced in the fitexa

Chapter 3 introduces the concept of SIM-OFDM. A theoretmeformance analysis is presented
and matched to Monte Carlo simulation results. A fundanidiae is identified in the original
concept and an enhanced SIM-OFDM scheme is proposed to guévessue. Afterwards, a
theoretical performance model is presented for the enlaocgecept followed by performance

evaluation and a conclusion on the merits of the scheme @br$peed OWC.
Chapter 4 presents the U-OFDM concept. A theoretical perdoce analysis, supported with

7



Introduction

Monte Carlo simulations, is provided for both the so-calbetiventionaland the so-calledn-
proveddecoders. A disadvantage of the modulation algorithm istified, after which the eU-
OFDM algorithm is presented as a viable solution. The endechnique is also analysed in
detall, after which a performance comparison to the ottaesif-the-art techniques is presented.
The chapter concludes with a suggestion for extending th®@EDM concept to the other inher-
ently unipolar modulation schemes ACO-OFDM and PAM-DMT.

Chapter 5 presents and overview of the Bussgang theorentsaequblications for modelling non-
linear distortion in OFDM signals. A novel representation ihemoryless non-linear distortions
is proposed, which enables the derivation of closed-foriutisms when the Bussgang analysis is
applied to an arbitrary distortion function. The issue dbpwshaping in relation to the inherently
unipolar OFDM-based modulation schemes — ACO-OFDM, PAM-Dleind U-OFDM — is also
discussed. It is shown that the pulse shaping operation mmtesignificantly alter the accuracy
of the non-linear analysis. In addition, the chapter alsoalgstrates the equivalent performance
of ACO-OFDM, PAM-DMT, and U-OFDM in a memoryless non-linedWGN channel.

Chapter 6 presents and experimental investigation of themaanication properties of a novel
GaN uLED device. It also touches upon various signal processimd) adaptive modulation
techniques which are employed in the conducted investigaiurthermore, this chapter presents

an experimental proof of concept for an OWC system using IDRand eU-OFDM.

Finally, Chapter 7 summarises the key findings of this workirdaws concluding remarks based
on the obtained results. Furthermore, the chapter idensioene of the limitations of the pre-

sented work and suggests possible ways in which it can beoiragr
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1.4 Summary

The optical spectrum has unique physical characteristibgh are expected to significantly aid
the efforts against the looming “spectrum crunch”. The OWé&team has been studied in quite
a lot of detail and a deep understanding of the underlyingeis$ias been obtained. Despite the
significant research efforts in the field, a lot of the questioemain open. The current work
provides further understanding to the common OFDM-basedutation techniques employed
in OWC and proposes novel solutions which are expected tufisigntly improve the system
implementation at the physical layer. This chapter lisesrtajor contributions of this thesis and

provides an outline of the subsequently presented work.
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Chapter 2
Background

The earliest accounts of using light for information tramsfan be dated back to more than two
thousand years ago. Alexander Graham Bell introduced ttevbice transmission system using
visible light in the second half of the 19th century. The fashcepts of using digital modulation
techniques with optical signals for high-speed applicetiovere introduced in 1979 by Gfeller
and Bapst. Over the next 35 years, until present day, optizaless communications (OWC)
has undergone significant research and development. Tlwabm@odels have been developed
for the accurate analysis of OWC systems. The physical piepeof suitable front-end devices
have been investigated in detail and appropriate singiéecand multi-carrier modulation tech-
niques have been developed. These techniques have enaélddrmonstration of multi-Gb/s

communication systems illustrating the enormous potkatithe OWC technology.
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2.1 Introduction

Optical communication embodies any form of communicatidrere electromagnetic radiation
in the optical spectrum is used to convey information betw®e distinct points in space. Fol-
lowing this line of thought, acquisition of information rgling the surrounding world using the
sense of sight is probably the earliest form of OWC. Some efitlst forms of man-engineered
OWC schemes can be dated thousands of years ago. For exdmepdacient Greeks used sig-
nalling fires to indicate an incoming threat. The Greek hiato Polybius devised a fire and
smoke signalling mechanism where entire messages couldriveyed using the Greek alpha-
bet. Other interesting examples relate to the use of ligattes by the ancient Chinese warriors
along the Great Wall of China to indicate an imminent threblhe native Americans are also
known to have used smoke signals in order to signal theiepiasin a possibly hostile territory.
Smoke signals are used even nowadays in some traditiordlgas, for example, to indicate the
successful election of a new pope by the cardinals in the&fatiLighthouses are still used today
to indicate the close proximity of shore lines to incomingpsh The first advanced form of OWC
can probably be attributed to Alexander Graham Bell’s pplotme invention in the second half
of the 19th century [25]. The device used Selenium, higebponsive to light fluctuations, in
order to recover a voice signal from a light beam modulatetti wireflective membrane that is

sensitive to sound vibrations [25].

The modern concept of OWC incorporates the transmissiongbf$peed digital signals using
infrared (IR), visible light (VL), and even ultraviolet (U\fadiation. Work in the field has begun
after the invention of the laser diode in the 1960s [26, 2He Toncept of short-range OWC as
a means for realizing an access network for independentteseimals, as is the focus of this
work, was introduced in the 1979 publication by Gfeller arapBt [6]. The authors have shown
theoretically that using IR communication for realizing aeless link can deliver transmission
speeds at hundreds of Mb/s and have experimentally derategsis communication link at a rate
of over 100 kb/s. The field of OWC has gone a long way since tiwatgering work. In 1993,
the infrared data association (IrDA) introduced a prota&tahdard for infrared communication
[28]. In 2006, Afganiet al. have presented the first experimental demonstration cbgattal
frequency division multiplexing (OFDM)-based visible Higcommunications (VLC) [29]. In
2009, O'Brienet al. have demonstrated a complete transmission system capfaidédiveering
over 300 Mb/s using IR light [30]. The advances in solid state liggtbechnologies have turned

light emitting diodes (LEDS) into the most prominent carade$ for off-the-shelf luminaries in

12



Background

Directed Hybrid Hybrid II Non-directed
N 2 Tx W Tx W
LoS Tx X
Rx’ Rx Rx‘ Rx
non- | N
LoS ] , ;
.Tx Rx‘ .Tx I R T RX! B Tx B Rx

Figure 2.1: Classification of OWC links according to degree of direcdility and according to
light propagation through a line-of-sight (LoS) or nonéhof-sight (non-LoS) path.

the near future [31]. Ciarameliet al. have demonstrated &Gb/s wireless link using an off-

the-shelf phosphor-coated white LED and an d&«b/s wireless link using an off-the-shelf
red-green-blue (RGB) LED. In 2011, the Institute of Elemtiand Electronics Engineers (IEEE)
introduced a standard for VLC [32].

2.2 Optical Wireless Communication Links

Optical wireless links may be realized in many different fagurations. However, it is often
useful to classify them according to two main criteria ascdbsd in this section. Fig. 2.1

illustrates and summarizes the presented OWC link con¢épts

The first criterion for link classification is the degree ofeditionality that is required for the
proper operation of the OWC link. Directed links employ samtters with a narrow light emis-
sion pattern and receivers with a narrow field of view (FO\)) Buch links are typically useful
for energy-efficient high-speed transmission at longdadises [4]. Alignment is critical in such
links, and so they are useful mostly in static scenarios.-tlicected links, on the other hand, ex-
hibit a wide emission pattern at the transmitter and a lafQ¥ &t the receiver [4]. They are suit-
able for short-range applications where ubiquitous cayeria desired in order to accommodate
for arbitrary motion by mobile users. Hybrid configuratidmstween directed and non-directed

links, as described in Fig. 2.1, may exist and are often Usefscenarios where interference
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Figure 2.2: Optical wireless communication system.

between neighbouring transmitters should be mitigated.

The second criterion for link classification is related te gath along which light propagates from
the transmitter to the receiver. The so-called line-ofisid.o0S) links require the existence of a
direct and unobstructed propagation path from the tratsmnii the receiver through free space.
On the contrary, non-line-of-sight (NL0oS) links propagé#teough reflections, without a clear
direct path from the transmitter to the receiver [4]. Lo&kéinypically maximize the achievable
signal-to-noise ratio (SNR) at the receiver and minimizzithpact of signal reflections on the
performance [4]. NLoS links, on the other hand, are robusirsg shadowing effects, which

makes them suitable for fulfilling ubiquitous coverage lisgments [4].

2.3 Optical Wireless Communication System

A typical OWC system is depicted in Fig. 2.2. An incoming lbieam is divided into data blocks
which are mapped to symbols from a known digital modulatiohesne such as pulse-width
modulation (PWM), pulse-position modulation (PPMJ-ary quadrature amplitude modulation
(M-QAM) or M-ary pulse-amplitude modulatiod{-PAM). If OFDM is employed, the result-

ing data symbols are modulated onto different frequencgauiers according to one of the fol-
lowing schemes: direct-current-biased optical orthogfreguency division multiplexing (DCO-

OFDM), asymmetrically clipped optical orthogonal freqagwivision multiplexing (ACO-OFDM)
or pulse-amplitude-modulated discrete multitone modutePAM-DMT). An inverse fast Fourier

transform (IFFT) operation produces a time-domain signanvOFDM is used. The discrete
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time-domain signal is subjected to a number of pre-disiortechniques that make it suitable
for modulating the employed light source. The pre-distortstage includes oversampling, pulse
shaping as well as clipping any values below the allowed mumi or above the allowed max-
imum. Clipping is performed in order to accommodate the ntedd signal within the linear
dynamic range of the digital-to-analog converter (DACg #implifier, and the LED. The pre-
distorted signal is supplied to a DAC which outputs an analggal. In practice, this stage of
the system usually consists of a zero-order-hold elettaitauit or other type of interpolator
followed by a low pass filter. The analog output of the DAC isaafed into a current signal, am-
plified to a suitable level by a transconductance amplifi@ATwith appropriate bias and passed
through the employed electrical-to-optical front-endvater device such as an LED. OWC with
incoherent illumination devices is realised as a basebapdutation technique. Therefore, fre-
quency up-conversion is not required. Light intensity atdiode varies with the current. At the
receiver side, a photodetector front-end element tramsfdhe variations in the intensity of the
received light into variations of a current signal, whichiuened into a voltage signal by a tran-
simpedance amplifier (TIA). The resulting voltage signatliscretised at an analog-to-digital
converter (ADC) and passed on to the processing circuithichvperforms the demodulation
steps including: matched filtering, downsampling, fastriesuransform (FFT) if OFDM is used,

equalisation, and bit demodulation.

2.4 Front-end Elements

2.4.1 Transmitter Front-end

The conversion of electrical signals into optical signala be realized with the use of LEDs or
laser diodes (LDs). LEDs emitting in the visible light sgpech appear to be the most favourable
candidates for transmitter front-end elements due to iheneasing popularity in illumination
applications [5]. A relatively limited emission spectrutrdéferent wavelengths can be achieved
through the use of different materials and technologiesm@ercially available white LEDs
exist as two major variants: 1) RGB LEDs where white lightékiaved as a combination of the
three main colour components red, green and blue providdtireg separate devices [11, 24];
and 2) blue LED chips with a yellow-phosphor coating wheeerilatively narrow emission of
the blue device is absorbed and re-emitted by the phosplatingaresulting in a wide emission

profile across the visible light spectrum and effectivelgdering white light [10, 24]. The slow
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absorption and re-emission time of the phosphor limits3t#8 modulation bandwidth of the
LED to about 2 MHz [24,33]. In many applications, the additif a blue filter at the receiver
allows the slow signal component from the phosphor to be vethoModulation speeds of up to
20 MHz have been reported for phosphor-coated commer@atylable white LEDs with this
technique [10, 33]. The modulation speed of the LED is lichibg the carrier lifetimes and the
innate junction capacitance of the device [24,34—36]. Ender lifetime is reduced by increasing
the current density in the junction. Therefore, the modofaspeed of an LED can be increased
by significantly reducing the size of the device. This hasttethe introduction of the so-called
um-sized light emitting diodesu EDs) [24,34-36]. A fundamental problem of the small LEDs,

however, is the fact that their efficiency drops with an iasesin the current density [37].

Unlike LEDs, LDs increase their efficiency as the curremgity level increases [37,38]. That
is why, LDs are significantly faster and more efficient tharDisg4, 37, 38]. Another advantage
of LDs over LEDs is their ability to emit light in a very narrowavelength band, which can
significantly increase the possibility for parallel datansmission and, hence, can increase the
utilization of the employed electromagnetic spectrum. A same time, however, the narrow-
band emission profile leads to an increased complexity irddsggn of LD-based illumination
devices because precise colour mixing is required for theigdion of white light with a suitable
colour temperature. The main disadvantage of LDs is thair[dg37,38]. Some other drawbacks
include the necessity for additional optics in order to eagye-safe radiation levels in an inhab-
ited environment [4]. A diffusive element is required at the@put of the transmitter in order to
destroy the spatial coherence of the laser light. Such elesweith very high efficiency can be
designed [4]. Computer-generated holographic diffusarsreach an efficiency of nearly)0%
and in addition allow for extreme flexibility in the design thie desired output pattern [4]. Re-
search efforts for increasing the modulation speeds of L&iflsout compromising their output
efficiency have led to the introduction of techniques from d€&sign into LED design. Hence,

the so-called resonant-cavity light emitting diodes (ROisEhave emerged [39, 40].

Depending on the communication scenario, as describedatio8e2.2, a specific set of optical
elements at the transmitter may be required. The purposdiarafnation and ubiquitous com-
munication coverage would generally lead to a requirenard fvide radiation profile. Research
has shown that an indoor cellular concept, employing meltigminaires as access points (APS),
achieves the best combination of communication capacitycamerage [41]. Reducing inter-cell

interference in such a deployment configuration requiresicelimitations on the radiation pro-
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file of the transmitter [42,43]. Therefore, depending ongpecific indoor environment, a proper
combination of optical lenses and diffusive elements wdddequired at the transmitter. LEDSs,
in general, tend to be larger in size than LD for the same abéfficiency [37, 38]. Hence, the
use of LDs could potentially reduce the design complexityheftransmitter optics. In general,
the radiant/luminous intensity of a surface point variethwlirection. A generalized Lambertian
law has been widely adopted for modelling the intensity afsa source. At an angle af, the

optical radiant intensity of the source can be calculatddas

m—+1
Pth(¢) = Ptx

cos™(¢) [W/sr] (2.1)

where P, [W] is the overall transmitted optical power (radiant fluahdR(¢) [1/sr] is the radi-
ation profile of the source where the Lambertian emissioerordis dependent on the intensity

half angle as:

m = —1In(2)/In (cos (gb%)) . (2.2)

A bare LED device, for example, follows the emission profil@d.ambertian source and has a
radiation half angle ofyy = 60° (m = 1). The design of suitable optical elements allows the
2

emission order to be shaped in accordance with the speimfisadf the particular application.

2.4.2 Receiver Front-end

A number of photodetector elements can be used for lighicdeteat the receiver side. Some
examples include imaging sensors [44, 45], solar panels gl even LEDs [47, 48] as suit-

able photodetectors in a variety of applications. Howetherse devices generally have a slow
frequency response and are rather unsuitable for highdspamunication. The foremost can-
didates for receiver front-end elements in high-data-@4&C systems are photodiodes (PDs)
[4,49,50].

Based on their mode of operation, PDs can be generally divid® three types [4]: ordi-

nary positive-intrinsic-negative (PIN) PDs, avalanchetpdiodes (APDs), and single-photon
avalanche diodes (SPADs). APDs are essentially PIN diodegated at high reverse-bias volt-
ages. This mode of operation leads to a high internal gain twedefore, to high responsivity

to light, which makes APDs suitable for applications whéwe teceived light signal intensity is
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expected to be low. At the same time, the high sensitivithese devices makes them more sus-
ceptible to shot noise, induced by ambient light and everbyriformation signal itself [4]. The
linear operation of APDs can also be compromised when tadiance over the devices is high.
SPADs essentially present a mode of APD operation when therse bias is well-beyond the
breakdown voltage, the so-called Geiger mode of operatind, hence, the gain is so high that
the reception of a single photon of light can be enough tgéigan avalanche effect inside the
device leading to a high output current level [51]. As a cgussaice, SPADs are only applicable
in a scenario where light levels are extremely low. Furtha@emtheir operation is highly non-
linear [51], which makes them suitable for a limited rangedafa modulation schemes. Since
the scope of the current work falls on high-speed commuicatsing OFDM, in the rest of this
document, a PD will refer to a PIN PD or an APD, where the appatp clarifications will be

made if the exact mode of operation is important for the preskconcepts.

The amount of light that is collected by a PD is proportiowats area A,. Therefore, the larger
is the area of the device, the more light it can collect, amachk, the higher is its tolerance to
movement and rotation in a mobile communications scendrtoe larger PD also relaxes the
requirements on the optical output of the transmitter aitmval for a wider light transmission
profile. At the same time, the larger is the area, the slowtdrdaswitching speed of the device
and, so, the worse is the frequency response profile. Therdftere exists an optimal trade-off
point between speed and device area depending on the sgafication. A straightforward
approach towards increasing the collection area of thecdasito introduce optics at the receiver
in order to increase the receiver’s light collection ajiliThere exist two main groups of optical
concentrators [4]: 1) imaging concentrators; and 2) noagimg concentrators. The imaging
concentrators project the original image of the transmitie the receiver area. They are es-
pecially useful in multiple—input multiple—output (MIMQonfigurations, where multiple LED
transmitters are used to convey independent informatieasts to the receiver [52-54]. The
spatial separation of the different transmitter frontsatlows them to be successfully detected
and separated at the receiver with the help of multiple detefements and signal processing
techniques. The imaging concentrators facilitate thig@®separation at the receiver by pre-
serving the original transmitter image. Non-imaging coricgors, on the other hand, destroy
the original image of the transmitter devices and make MIMEhhiques with a single optical

system infeasible [52]. These concentrators, howeverachigve very high optical gains, close
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to the theoretical maximum of [4]:

n2

ref
sin2 (wFOV) Y ‘/l)z)| S ¢FOV

07 ‘w| > ¢FOV

Goc(w) = (23)

where is the angle at which light is incident on the receivgy,,,, is the receiver FOM,e,, the
incidence angle beyond which the receiver does not accepligit; and n..¢ is the refractive
index of the optics material. In some communication scesathe receiver would be expected
to detect only a portion of the electromagnetic spectrurd,this portion would be narrower than
the spectrum which the PD can detect. Then, an optical filmrldvbe introduced in order to
avoid interference from information streams in other paftthe spectrum and in order to avoid
the negative effects of strong ambient light sources [4]chSiiiters can achieve very narrow
bandwidths (less thahnm is commercially available) and high optical efficiencyheTgain,
Got (1), of such a filter would be the integral of the filter responserdtie emission spectrum
of the source [4]. Similarly, the attenuation of interferiight components can be estimated
by integrating the filter response over the spectrum of therfiering light. Any losses due to
reflections and filter imperfections can be includedGig () [4]. The filter gain is expressed
as a function of the light incidence angle because the filisponse to different wavelengths
often would change as the light hits the filter surface aedéffit angles [4]. For most practical
applications, such changes would be incremental and, hemsignificant [4]. The angle of
incidence of the incoming light changes the effective abiten area of the receiver device due
to the geometry of light propagation. The change is propodii tocos(v), and so the overall

effective light collection area of the receiver becomes [4]

A (1) = ArxGof (1) Goc () cos(v), Y] < Yyoy 2.4)

0, ] > Provy-

One more important parameter, which needs to be discussethtion to the receiver front-end,
is the responsivity of the PDR [A/W]. It quantifies the amount of current induced at the PD
in response to a given amount of incoming optical radiatibne responsivity changes with the
light wavelength, thereforeR? would typically be calculated by integrating the PD respdtys

for individual wavelengths over the electromagnetic speatof the transmitted light reaching

the PD. The PD responsivity to the interfering signal congmis can be calculated analogously.
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2.5 Optical Wireless Communication Channel

As indicated in Fig. 2.2, the received information signai ba represented as:
§[n] = h[n] * s[n] + n[n] (2.5)

whereh[n] indicates the discrete-time communication channel ingrésponsey[n] stands for
the independent identically distributed instances oftaddiwhite Gaussian noise (AWGN) at the
receiver and:] = [-] denotes the convolution operator. The AWGN compongnt is described
in the following section in more detail. The communicatidraonelh|n] encompasses all linear
distortion effects from the moment the discrete-time OFDlyhal is generated at the signal
processor in the transmitter up until the point a discretetversion of that signal is obtained at
the receiver, ready for OFDM demodulation. In a carefullgigeed system, where all electrical
components have been well-chosen to accommodate for tiredleesmmunication bandwidth,
h[n] is expected to be an effect induced only by the dispersieedpace communication channel.
The physical properties of the front-end devices describegection 2.4 allow an OWC system
to be realised as an intensity modulation and direct detedfiM/DD) system only [4]. The
phase and the amplitude of the individual electromagnetives cannot be modulated, and so
information can be reliably encoded only in the signal istgn[4]. A typical receiver element
is thousands or even millions of times larger than any wagtteused in OWC [4]. As a result,
the received information signal is an average of thousandsilbons of different wave modes
[4]. Hence, multipath fading effects, typical for radio dreency (RF) communication, are not
observed in OWC. The only channel effects in OWC are: gedmpéth loss due to the free-
space propagation of light; and intersymbol interfere&) (caused by multipath reflections
when the maximum delay spread of the channel approachesuthgoh of the symbols in the
information signal. The rest of this section describes hber ©WC channel can be derived

analytically.

The free-space light intensity loss as a function of theadis¢d;, between the transmitter and
the receiver is proportional . [4]. Therefore, if a transmission source emits light as dbsd
in (2.1), and the receiver collects light as described if)(2he relationship between transmitted

light intensity and received light intensity is [4]:

0 m+1 cos (1) Arx

P, PixHros (O) = Pix Cosm(¢)Gof (¢)Goc (1/)) 2 )
tr

rx

(2.6)
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whereHy,,s(0) is the LoS direct current (DC) gain of the optical channel. gh#L.oS propaga-
tion channel can be modelled by dividing the surface areaftdating elements into small units
that analogously to the receiver absorb light from the smaaxording to (2.6) [4,55]. The ab-
sorbed light is then re-emitted from each unit surface aigaaweneralized Lambertian pattern
according to (2.1). The intensity of the re-emitted lightlietermined by a surface reflectivity
coefficient,p, which is specific to each material. The majority of the reflecsurfaces are non-
= 60° (my,, = 1).

Smooth surfaces have a more directional emission patterchvadan be modelled by adjusting

Us

smooth and exhibit a Lambertian radiation pattern with d&&agle ¢ .
5

the orderm,,, of the Lambertian radiation pattern [56]. Following this aed the light incident

on a surface unit; coming from the source can be represented as:

m+1 €081y, ) Au,

PO = Pix

IX,Us

(2.7)

where .., V.., A, andd,, are the corresponding angle of transmission, angle of emcid,
surface area and distance for the LoS link from the sourcarface element. Equation (2.7)
effectively represents the light incident on surface eletme due to the LoS path. The light

incident on surface element after thelth reflection can be calculated as:

Usg
~ _ymy +1 cos A,
Pl = Y 0Pt  cosm g, ) O e 28)
u=1 T uus
UFUs

wherep, is the reflectivity of surface element andUj is the total number of surface elements;
Guusr Yuu, andd,, . are the corresponding angle of transmission, angle of émcid, and dis-
tance for the LoS link from the surface elemento surface elemeni;. The light collected at

the receiver due to thigh reflection can be expressed as:

Us

gmy+1
Pie =D puPrciu—5— co8™ (furx)

COS (¢u,rX)Arx
d2

u,IrX

Gof(¢)Goc(w)v (29)

u=1

whereg¢,, .«, ¥ rx andd,, .x are the corresponding angle of transmission, angle oféma, and
distance for the LoS link from the surface elemerib the receiver. The total amount of light

collected at the receiver from the firadt,; reflections is:

Nref
Py =) _ Pl =H(0)Py, (2.10)
=0
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whereH(0) is the DC gain of the optical channel due to all possible ligldpagation paths.
In case the symbol period of the designed OWC system appeedble maximum time it takes
for significant reflections of the signal to reach the reaeii@l is likely to occur. The impulse
response of the free-space dispersive channel can theridodated using the hereby described
ray-tracing algorithm by additionally estimating the tibe¢akes for light to reach the receiver

along each reflection path. The procedure is described @il de{55].

2.6 Noise in Optical Wireless Communication

Every electrical element introduces a noise component iiafarmation signal. Assuming that all
electrical elements in an OWC system are operated in timgatiregioni.e., no significant non-

linear distortion is introduced to the information sigrthk only significant noise contribution that
influences the performance is generated in the receivaricatthe point where the information

signal is at its weakest level. Two major noise contributtst at the optical receiver.

The first noise component is contributed by the so-calledt‘sbise”, resulting from the random-
ness in the generation of electrons by incoming photonsarPid [4, 7,57]. It is rather intuitive
that higher average light intensities are likely to leadaimér shot noise levels as higher light
levels lead to a higher number of random photon-electragraction events. Typically, ambient
light sources contain low-frequency components and th&grfiering effect can be avoided at the
receiver with suitable signal processing techniques. Rewédhe shot noise that they introduce
is unavoidable and can have detrimental effects on the conwaion signal, leading to reduced
performance. In case the ambient light intensity is sigaifity stronger than the intensity of
the information signal, shot noise can be described as amWVGN process whose power
spectral density (PSD) is calculated as:
Nshot — 9 RP,, [A—T (2.12)
o 2l

whereq = 1.602 x 10~! C is the charge of an electron in coulombs, afdg is the average
received optical power at the receiver. The OWC signalfitssh also be responsible for some
of the shot noise generated at the receiver. This is espetiaé in scenarios where the func-
tions of illumination and data communication are perforrbgdhe same light emitting device
as well as in scenarios where ambient light levels are lowlf4hould also be noted that APD-

based receivers are especially vulnerable to shot noideeashigh internal gain introduced by
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[(R. ]
TIA

5t L
.

Figure 2.3: A shunt-feedback transimpedance amplifier. Paramé&gy, represents the feed-
back resistor in the amplifier configuration, and parametgs, represents the par-
asitic capacitance of the photodiode.

the avalanche effect is usually sufficient to overcome tfexebf subsequent thermal noise intro-
duced in the system, but at the same time can amplify andeggrthe shot noise component [4].
The second significant noise component in the receiver mysedntroduced by thermal noise
at the TIA stage. In its largest part, this noise componenthmmodelled as AWGN [57, 58].
The power of the thermal noise component is dependent oretbetsd TIA topology and on the
parameter values that describe the individual componehithvare used for the realisation of the
amplifier circuit. A typical “shunt-feedback” TIA configuiian is shown in Fig. 2.3 [57,58]. In
most TIA topologies, the thermal noise component is dorethdily the thermal noise generated
at the resistorRTia. Hence, provided that the modulation bandwidth does notek@a few

hundred MHz, the thermal noise PSD can be calculated as§k7,5

Nib (2.12)

_ 4kpTi [A?
"~ Rria |Hz]

wherekp = 1.381 x 10-23 [J/K] is the Boltzmann constant in joules per kelvin, &adK] is the
device temperature in kelvin. The modulation range in wiiih assumption is valid depends on
the particular topology and the particular elements useeilise a given TIA configuration. High
modulation speeds, where the bandwidth exceeds a few iz, require a more thorough
calculation of the thermal noise energy where the thermigenmntribution of the other elements

in the TIA circuit are taken into account as described in 5],

The AWGN generated by shot noise at the APD and the AWGN geseehy thermal noise at the

TIA are uncorrelated. Hence, the overall AWGN PSD in the ikexds calculated as [4,57, 58]:
N, = Nghot - Nth, (2.13)
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2.7 Modulation Schemes

The physical properties of the front-end devices describefection 2.4.1 and Section 2.4.2 do
not allow modulation or detection of the amplitude and thegghof the employed electromagnetic
wave. As a result, coherent modulation is infeasible in atpral OWC system. Information can
be encoded and conveyed only in the intensity of the lighssimn. As a result, OWC systems
can only be realised as IM/DD systems. This means that thellaah signal is real and positive,
which puts restrictions on the set of modulation schemeshwban be adopted from the field of

RF communication in the field of OWC.

2.7.1 Single-carrier Modulation

Real single-carrier modulation techniques from the fielBBfcommunication can be adapted for
OWC in a relatively straightforward manner. These inclué/R PWM, on-off keying (OOK),
unipolar M-PAM. The single-carrier modulation techniques typicdigve: 1) lower implemen-
tation complexity than multicarrier schemes; 2) bettefgranance in flat fading channels; and 3)
less issues with non-linear distortion because their timain signal distribution can be more
easily shaped and constrained within a desired range in @asop to the signal distribution of

multicarrier modulation techniques.

2.7.2 Multi-carrier Modulation

A communication channel with limited coherence bandwidth kead to ISI at high data rates. In
OWC, signal reflections can be a source of ISI when the infaiomaymbol period approaches
the maximum delay spread of the free space optical channéh &#-the-shelf components,
however, the limiting factor for the communication rateiiely to be the limited modulation
bandwidth of the front-end devices themselves [10, 11, ZAje frequency response of most
commercially available LEDs can be considered flat for a badith of about 2-20 MHz [10,
11, 24]. This suggests that high-speed OWC is likely to megmodulation rates well-beyond
the 3-dB modulation bandwidth of the front-end components anéggoropriate equalisation
technique at the receiver. Hence, OFDM is a very appealingutation scheme. It enables low-
complexity equalisation with single-tap equalisers in fiteguency domain as well as adaptive

data and energy loading techniques in different regionk@icbmmunication bandwidth based
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on the communication channel properties. This allows fdinogl utilisation of the available
communication resources. The highest data rates reportéteifield of VLC — over3 Gb/s

for a single LED [24] — have been achieved using OFDM [10, #], 22FDM also provides
a straightforward multiple access scheme at the mediumsaamentrol (MAC) level, while a
multiple access technique has to be implemented addiyofal the single-carrier modulation

schemes.

The OWC multicarrier modulation techniques presentedigidfction are modifications of con-
ventional OFDM. The different OFDM frequency subcarriens modulated with\/-QAM sym-
bols in DCO-OFDM and ACO-OFDM and with/-PAM symbols in PAM-DMT. It should be
noted that thelM/-QAM symbols are modulated on the amplitude and phase coempai the
real time-domain signal and in that sense they do not mceltifet electromagnetic wave as in
RF communication but the frequency-domain representatidime intensity-modulated signal. A
time-domain OFDM frame is obtained by taking the IFFT of acklof Ng, M-QAM/M-PAM
symbols. A Hermitian symmetry constraint is imposed in tloek of symbols before the IFFT.
According to the properties of the Fourier transform, tluiestraint generates a real time-domain
signal [5]. The subcarriers at positioks=0 and k:%, i.e. the DC subcarrier and thes0°
subcarrier, are set to zero as part of the Hermitian symnretgyirement. The resulting real
time-domain signal, however, is bipolar in nature. Becaarsé&M/DD system can employ only
non-negative signals, the following three different methdave been designed as the state-of-

the-art techniques for the generation of unipolar sigrelgable for OWC.

2.7.2.1 DCO-OFDM

The introduction of a positive DC bias around which the kapdignal can vary, constitutes a
straightforward technique for turning a bipolar signabitat unipolar signal. This approach is
known in the literature as DCO-OFDM [59]. Fig. 2.4 illuskatthe concept.

The spectral efficiency of the scheme is:

N

Selo (1= 8[My]) logy(My,)
(fot + Ncp)

n= bits/s/Hz. (2.14)

where the factotog, (M) indicates the number of bits that are encoded inMh€AM constel-

lation at subcarriek; N, is the length of the cyclic prefix; ant{-] denotes the Kronecker delta
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(a) Bipolar OFDM before biasing. (b) Biased DCO-OFDM.

Figure 2.4: DCO-OFDM Generation. Cyclic prefix is not illustrated.
function. When all subcarriers are loaded with the sametetiason of sizeM, the spectral
efficiency reduces to:

_ logy (M) (N, — 2)
nDCO 2(Nﬂt +Ncp)

bits/s/Hz. (2.15)

The factorsNg—2 and1/2 occur due to the Hermitian symmetry requirement.
OFDM is characterised by a very high peak-to-average poater (PAPR). Based on the calcu-

lations provided in [17], a lower bound for the PAPR of reall\F can be calculated as:

SN,(vI — 1)
2v/M +1

where N, is the number subcarriers modulated withQAM. Following this result, it is clear

(2.16)

that it is impractical to introduce a biasing level that emssuall possible time-domain OFDM
samples are non-negative. In addition, electronic dewviggisally have a limited active range
with both a lower and an upper bound. Hence, excessive biasinld cause the OFDM signal
to be clipped from above. In a practical scenario, the sigmmalld be inevitably clipped on both
sides of the distribution. A key design objective is to opsiethe signal distribution and biasing
in order to ensure high achievable SNR at the receiver weipkg the non-linear distortion due
to signal clipping in an acceptable range [14]. Acceptaplels for signal clipping vary with the
employedM -QAM constellation size, but typically amount to a few stardideviations on each
side of the signal distribution [14]. The time-domain startideviation of the signat;;, can be

computed as:

02 =—— Y logy(My)Em, (2.17)
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whereFEy,. denotes the energy per bit on the subcarrier with index

The average electrical power of the transmitted modulatignal is proportional to [21, 60]:

PY® = B{i*(t)}, (2.18)

elec

wherei(t) is the current signal through the front-end device. Thea,dlectrical SNR of the

system is defined as [21, 60]:

Eb,elec . P _ E{iQ(t)}

elec

N,  BnN,  BnN, '’

(2.19)

wheren is the spectral efficiency of the information signal. Therage optical power of the

transmitted modulation signal is proportional to [21, 60]:

P8 — E{i(t)}. (2.20)

opt
Then, the optical SNR of the system is defined as [21, 60]:

Eb,opt _ Pc;ap‘),tg _ E{l(t)}
N, BnN,  BnN,

(2.21)

For the remainder of this thesis, it is assumed that the itmmsrom a voltage alternating
current (AC) signals(t), to a current AC signal in the TCA is linear with gainunless specif-
ically stated otherwise. It should be pointed out that ina application, the actual voltage and
the equivalent resistance in the front-end componentsng#id to be taken into account when
estimating the absolute electrical energy levels consumétk system. For practical purposes,
the energy dissipated in the signal processing componbantddalso be accounted for. In that
sense, an estimation of the entire system efficiency in tefrbgs transmitted per joule of dissi-
pated electrical energy would be a better performance meaBor the estimation of the optical
efficiency, the conversion efficiency between electrical aptical power will also have to be
taken into account. For the sake of simplicity, in this wdrlsiassumed that the significant part
of the electrical energy in the system is consumed in thestnéter front-endi.e., in the LED/LD.
Normalising the voltage through the front-end device todpgato the biased information signal
amplitude and assuming equivalent resistance ©fis a fair assumption which simplifies the
conducted analysis and does not introduce any loss of dépénathe comparison between the

performance of the different modulation schemes presented
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(a) ACO-OFDM before clipping.  (b) ACO-OFDM after clipping and rescal-

ing.
Figure 2.5: ACO-OFDM Generation. Cyclic prefix is not illustrated.

The DC-bias in DCO-OFDM causes a substantial increase im élettrical and optical energy

consumption. The bias level of the LED can be represented as:

bpo = kbias\/E {s2(t)} — E{s(t)}* = kpjas0s, (2.22)

Then, relative to the original bipolar OFDM signal, the ddii of a bias signal causes an energy

dissipation increase in DCO-OFDM by approximately [60]:
101og o (Kfias + 1) dB. (2.23)

This approximation is valid if the non-linear effects in gystem, such as clipping, do not signifi-
cantly affect the amount of dissipated energy [60]. Forticatapproximations, this assumption
can be considered valid. For the rest of this work, a biasmglispecified in dB would represent
the bias level that leads to an electrical energy dissipatiorease of that same specified amount

in dB, in accordance with the description in (2.23).

2.7.2.2 ACO-OFDM

The bias in DCO-OFDM increases substantially the dissibatectrical energy and the required
optical power at the transmitter [14]. The modulation tegha known as ACO-OFDM, illus-
trated in Fig. 2.5, avoids the biasing requirement by exiplgithe properties of the Fourier
transform in order to generate an inherently unipolar OFdva that requires no biasing [61].
In ACO-OFDM, only odd-indexed frequency subcarriers arelut@ted. This creates a certain
symmetry among the bipolar OFDM samples in the time-domis(x, ) is the contribution of

subcarrier valu§[k] to the time sample at position, then [61]:
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(kym) = ——=S[k]e N
s(k,n) = e N
vV Nt
and
Nﬁt 1 j2m(n+Ngy /2)k
k, — )= S ]{ Nepg g
s(k.n -+ )= —=Sle
1 j2mnk | "
= Slk]e Nae ™" (2.24)
N

Whenk is odd,s(k, n) = —s(k, n+ Ngt /2). Whenk is evens(k, n) =s(k,n+ Ng/2). Hence, if
only the odd-indexed subcarriers are modulated and theiedemed subcarriers are set to zero,

the time-domain signak|n|, can be described as:
s[n] = —s[n + Ng/2]. (2.25)

If only the even-indexed subcarriers are modulated and dokirtdexed subcarriers are set to

zero, the time-domain signal can be described as:
s[n] = s[n + Ng/2]. (2.26)

The inverse relations also hold because complex expohdatietions are orthogonal to each
other. If a time-domain signal has the property in (2.25}himfrequency domain, only the odd-
indexed subcarriers are non-zero. Analogously, if a timenain signal has the property in (2.26),

in the frequency domain only the even-indexed subcarriersi@n-zero.

Clipping at zero of the negative samples of any time-domiginas, s[n|, can be represented as:

sln] = fap fslnl} = 3 (] + sl 227)

In ACO-OFDM, only the odd-indexed subcarriers are moddlatgth information symbols,
while the even-indexed subcarriers are set to zero. HeB@5)(applies to the scheme. There-
fore, |s[n]|=|s[n + Ng/2]|. The created symmetry allows for all negative-valued sasfi be
set to zero. The resulting distortiasin]| from (2.27), has the property in (2.26). Therefore, it
contributes only to the values of the even-indexed suleratri The factorl /2 appears due to

the clipping operation and is consistent with the ACO-OFDh4lgsis presented in [61]. The
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(a) Bipolar PAM-DMT before clipping. (b) Unipolar PAM-DMT after clipping and
rescaling.

Figure 2.6: PAM-DMT Generation. Cyclic prefix is not illustrated.

clipped unipolar signal is rescaled by a factor 4 in order to preserve the amount of dissipated
energy. This leads to an overall achieved SNR penaltyd8 [61]. The short proof described
here has been developed in the context of the current wodeonktisely summarizes the original
ACO-OFDM analysis from [61]. Not modulating the even-inddxsubcarriers sacrifices approx-
imately half the spectral efficiency, compared to DCO-OFDBtjuation (2.14) can be used to
calculate the spectral efficiency of ACO-OFDM. When all sarbers are loaded with the same
constellation of sizé/, (2.14) reduces to:
logy (M) N

=—= - " bit Hz. 2.28
Naco 4(Nﬁ"t+Ncp) 1 S/S/ Z ( )

Itis clear from (2.15) and (2.28) that the signal generagimtess in ACO-OFDM sacrifices half
of the spectral efficiency in comparison to DCO-OFDM. Thisamethat for the same modulation
bandwidth, ACO-OFDM can deliver significant energy savjngs at the cost of half the data
rate in comparison to DCO-OFDM.

2.7.2.3 PAM-DMT

PAM-DMT is an inherently unipolar OFDM-based modulatiomeme, which is generated sim-
ilarly to ACO-OFDM. PAM-DMT, however, exploits an alterma property of the FFT. A
PAM-DMT time-domain signal is illustrated in Fig. 2.6. Inishtechnique, all frequency subcar-
riers are modulated with imaginafd -PAM symbols. Due to the imposed Hermitian symmetry

in the frequency domain, the PAM-DMT time-domain signal tresproperty [62]:
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In the time-domain, a PAM-DMT frame exhibits an antisymmettheres[0]=0, s[Ng; /2]=0 if
Ngy is an even number, angin]= — s[Ng, — n]. Hence |s[0]|=0, |s[Vg/2]|=0 if Ng is an even
number, ands[n]|=|s[Ng — n]|. Therefore, if all negative time-domain samples are seéto,z
as in (2.27), the resulting distortion componésit:]| exhibits a Hermitian symmetry in the time
domain. As a result, the frequency profile of the distortiemt is a real-valued signal. Hence, it
is completely orthogonal to the information, which is eneddavith imaginary values. The proof
presented in this work has not been completed in the origtAM-DMT paper [62]. However,
with the clipping representation in (2.27), it becomesigtriorward to formulate and has been
formally completed in the context of the current work. Theapal efficiency of PAM-DMT can
be calculated using (2.14), wheké denotes thé/-PAM modulation order. When all subcarriers

are loaded with the same constellation of siZe(2.14) reduces to:

i _ logy(M)(Niw — 2)
PAM—DMT 2(Ngt + Nep)

bits/s/Hz. (2.30)

In an AWGN channely/ M-PAM has approximately the same bit error rate (BER) peréorce
as M-QAM for the same amount of dissipated energy. Thereforéy T is comparable to

ACO-OFDM in terms of spectral efficiency for the same enefffjigiency.

2.8 Non-linear Distortion in OFDM-based OWC Systems

In a practical implementation of an OWC system, non-lingstodtion is anticipated. Its effects
on the communication performance are an open subject oftigation. A large number of
works have been published on the topic of non-linear distoih an OFDM-based OWC system
[14,15,63-65]. One popular approach for the analyticalueteon of OFDM’s performance in

the presence of non-linear distortion has been introduc¢gbi. It can be described as follows.

Dardariet al. have shown that a non-linear distortion in an OFDM-basetkaysranslates into
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a signal gain factor and an additional noise component, bbtivhich can be explained and
quantified using the Bussgang theorem [66]. In an OFDM frdorea large number of subcar-
riers, N, >64, the time-domain signal follows a continuous Gaussiarritligion [14, 15, 66].
In General, ifX is a zero-mean Gaussian random variable gd) is an arbitrary memoryless
distortion function ofX, then using the Bussgang theorem in [67] and Rowe’s subregumk
in [68],

2(X) =aX +Y, (2.31)
E{XY,} =0, (2.32)

wherea is a constantE{-} denotes the statistical expectation operator, Endis an additive
noise component which is not correlated with Using equations (2.31) and (2.32),can be
computed as:

_ B{Xz(X)}

[e%
2
0x

: (2.33)

whereo, denotes the standard deviationXf The noise component,,, can be quantified with

the following equations:

E{Y?} = E{z*(X)} — a?0? (2.34)
E{Yn} = E{z(X)} (2.35)
o2 = E{Y} - E{V,}?, (2.36)

whereag is the variance ot},. When the FFT operation is applied in the demodulation m®ce
at the receiver, in the frequency domain the ndiges transformed into additive Gaussian noise
in accordance with the central limit theorem (CLT). The eoigriance is preserved from the
time domain, and the time-domain signal mean contributég tonthe DC§ = 0) subcarrier.
Hence, each modulated subcarrier is subjected to additi@nma-mean additive Gaussian noise
with variancecr?[. Overall, the system experiences an increase in the agldiaussian noise

energy byag and a decrease in the information signal energy by a facte® ofThe achieved
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SNR at each frequency subcarrier is calculated as:

2
Egzw . (6% Ebk

2 T 2 27
0Ny Jn—l—JY

(2.37)

whereEp™ denotes the resulting energy per bit at subcafrjéry,, is the initial energy per bit at
subcarrierk, aﬁ is the variance of the channel AWGN, assumed to be the santlesabaarriers,

andaiY is the overall resulting noise variance.
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2.9 Summary

Visible light communication has been used for thousandseafs. The early concepts have all
been dependent on the human ability to recognise diffelisitti® light signals until the invention
of the photophone by Alexander Graham Bell in the second dfathe 19th century. In its
contemporary form, suitable for high-speed digital comioation, OWC was first presented in
1979 by Gfeller and Bapst. Over the past 35 years, OWC haggmuie significant development
and has slowly become one of the most prominent candidatetelivering high-speed wireless

connectivity.

The physical constraints and the implementation issues\dChave been studied in a lot of
detail. Accurate models of the OWC system as well as accuratels of the individual system

components such as the front-end devices and the wirel@smgnication channel have been
developed. The generalised Lambertian law is suitable fmdetling the light emission profile

of an optical transmitter. The same principles can also bd ts describe the optical gain of the
receiver front-end. Furthermore, reflecting surfaces eadiided into small reflecting elements
which can be modelled as simultaneous optical receiverstrandmitters whose functionality

can be described with the generalised Lambertian law. Trables straightforward ray-tracing
algorithms and accurate characterisation of the freeespptical communication channel. The
sources of noise in the OWC system have been studied in @detditwo dominant sources of
AWGN have been identified. The major contributors to AWGNhia tcommunication system are

shot noise due to strong ambient light and thermal noisesal A stage.

Suitable modifications of the commonly-accepted commuioicaconcepts from the field of RF
communication have been proposed leading to the demadosti@tmulti-Gb/s connectivity us-
ing VLC. Novel OFDM-based modulation schemes suitable fmrgy-efficient communication
in IM/DD systems have been proposed. These state-of-thedmiques, including ACO-OFDM
and PAM-DMT, can deliver significant energy savings in corgum to the conventional DCO-
OFDM scheme. They, however, suffer from an inherent flawesinigh energy-efficiency is
achieved at the cost of half of the scheme’s spectral effigiefihere is a lot of potential for fur-
ther advancements in the field of OWC as the problem of bujldimenergy-efficient high-speed
OWC link is still considered an open subject of investigati®he current work extends the exist-
ing research and proposes new solutions to a wide range bligons that have been recognised
in the field.
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Chapter 3

An Analytical Framework for
Subcarrier-Index Modulation OFDM

A novel modulation technique called subcarrier-index niatilon orthogonal frequency division
multiplexing (SIM-OFDM) has recently been proposed. SIMEM uses different frequency
subcarrier states to convey information and supposediysiéa power savings and increased
performance in comparison to conventional orthogonalleagy division multiplexing (OFDM).
In this chapter, an analytical framework to compute the bdrerate (BER) performance of SIM-
OFDM over a linear additive white Gaussian noise (AWGN) camiuation channel is provided.
The new framework offers an accurate estimation of the BERthErmore, the performance of
SIM-OFDM is compared with the performance of convention&DM. It is shown that SIM-
OFDM suffers from an error propagation effect, which hirdds ability for power-efficient
communication. In the second part of this chapter, a saiuticthe error-propagation effect is
proposed, demonstrating an enhanced SIM-OFDM modulatbarse, which is able to deliver
the anticipated performance benefit and offers a furtheamtdge over conventional OFDM in
terms of reduced peak-to-average power ratio (PAPR). @Qyamvever, it is shown that SIM-
OFDM is a communication protocol with poor spectral efficgnwhich is not likely to deliver
high data-rates in wireless communication environmentsrezmodulation bandwidth is a scarce

resource.
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3.1 Introduction

The combination of ever-increasing demand for higher comioation speeds and significant
reduction in available radio frequency spectrum has foresdarchers to investigate the possibil-
ities for new degrees of freedom in the constellation spé&tieednformation signal. The concept
of multiple—input multiple—output (MIMO) has attracted @ bf interest and a vast number of
techniques have been proposed for the successful anahgisnglementation of MIMO-based
communication systems [12,69-81]. One such MIMO technigpatial modulation (SM), was
introduced by Meslehet al. in [76]. SM employs multiple receiver and transmitter eleise
where only one transmitter element is turned on during thaten of an information symbol.
As a result, the unique propagation signature of every syrmhnsmitted through a different
antenna can be used to convey information. The activatioa sihgle transmitter at a given
time instance allows interchannel interference (ICI) tabeided and makes inter-antenna syn-
chronization obsolete. SM has gained a lot of popularitgesiits introduction in 2006 and has
led to many scientific publications in the field [76—81]. Tlkehnique described in this chapter,
SIM-OFDM, is inspired by the SM concept.

SIM-OFDM is a modification of the conventional OFDM modutatischeme. In conventional
OFDM, a number of different frequency subcarriers are matedl with a signal from a modu-
lation scheme such as on-off keying (OOKY);-ary pulse-amplitude modulatio{-PAM) or
M-ary quadrature amplitude modulation/(QAM). The novel approach of SIM-OFDM ex-
ploits an additional dimension in the OFDM frame coming fréme state of each subcarrier -
active or inactive. A detailed description of the modulatscheme can be found in [82]. SIM-
OFDM is still a rather unexplored topic. An analytical apgeh towards deriving its performance
in combination with4-QAM in a fading channel is provided by the authors in [82].cAding
to the presented results, SIM-OFDM has the potential toestapm the conventional OFDM
modulation scheme. However, a complete analytical desmnipf the system BER performance
is still missing. This work presents a suitable generaltbedretical model for evaluating SIM-
OFDM’s performance for an arbitraiy/ -QAM constellation size in a linear flat AWGN channel.
As a result, an underlying issue with the SIM-OFDM frame ctinee is discovered which deters
the modulation scheme’s performance. A feasible fix to tlblem is presented in combination

with a modified BER analysis.

The problem of high PAPR in OFDM has been long-recognisedeaiehsively studied. A large
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number of PAPR reduction techniques have already been pedpoSome examples include:
clipping and filtering, coding, non-linear companding, daeservation, tone injection, selective
mapping, partial transmit sequence [83]. Some of thesenigobs promise very significant re-
duction of the OFDM signal's PAPR distribution. The novehanced SIM-OFDM, proposed in
this chapter, has an inherent ability to reduce the PAPR i@EDM based communication sys-
tem. Consequently, it can be beneficial in communicationades which lead to high non-linear

distortion of the information signal.

The rest of this chapter is organized as follows. Sectiond&e@usses the existing SIM-OFDM
modulation concept and is divided in the following mannegct®n 3.2.1 introduces the modu-
lation and demodulation algorithm of SIM-OFDM; Section.2.presents the analytical frame-
work; and Section 3.2.3 confirms the validity of the the@@tBER estimations through exten-
sive Monte Carlo simulations. Section 3.3 proposes an emth8IM-OFDM algorithm with an
improved frame structure and is divided as follows: SecBdl presents the enhanced concept;
Section 3.3.2 presents the analytical framework for thaeobd SIM-OFDM algorithm; Section
3.3.3 confirms the validity of the theoretical analysis; &sdtion 3.3.4 analyses the PAPR of the

novel technique. Finally, Section 3.4 provides concludiagarks to the topic.

3.2 Subcarrier-Index Modulation (SIM) OFDM

3.2.1 Concept

In SIM-OFDM, the incoming bit stream is divided into blockshere each of the blocks has a
length OfNﬂt(M + 1), whereNg; is the total number of frequency subcarriers in an OFDM
frame, andV/ is the constellation size of the employ#&ftQAM modulation scheme. Each block

of bits is divided into two parts. The firé{g; bits of the block form a sub-block, which in the rest

log, (M)

of this work will be referred to aBook. The remainingVg; —3

bits form a sub-block, which
will be referred to af3ganm. Fig. 3.1 illustrates thisBooxk is inspected and the majority bit type
is determined by checking which bit value, 1 or 0, has moreiweaces. All subcarriers which
have the same relative position inside the OFDM frame as itiseflom the majority bit type
inside Booxk are classified aactive and the rest are classified iasictive Inactive subcarriers
are assigned the amplitude valuie- 0j. The first% activesubcarriers are assigned amplitude

values corresponding to th&/-QAM constellation symbols necessary to encdglgari. The
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Figure 3.1: SIM-OFDM subcarrier mapping [82]. In this example, it is assed that 1 is the
majority bit in Book. The average energy péd-QAM symbol allocated to excess
active subcarriers is denoted ;.

remainingactivesubcarriers arexcessubcarriers and can be used to signal to the destination the
majority bit type ofBook. They are assigned a value whose energy is equal to the avemaggy
for the givenM-QAM scheme. Afterwards, alVg-point inverse fast Fourier transform (IFFT)
operation is performed in order to obtain the time-domagnai, which is transmitted as in
conventional OFDM. A slight modification of SIM-OFDM suggeshat majority bit type can be
signalled either through secure communication channelsy teserving one particular frequency
subcarrier and transmitting the desired value with sufiityehigh SNR. In the context of this
work, it is assumed that either one of these modificationsnigleyed, and the majority bit type
is known at the demodulator. This assumption is consideagda the majority bit type needs
to be signalled once for every SIM-OFDM frame, which for agaiVg; requires very little
overhead compared to the overall data-rate. Furthermocl, assumption simplifies the analysis
tremendously without affecting the achievable BER sigaiiity. It should be noted that in the
provided SIM-OFDM description, it is assumed that all sukiees in the OFDM frame can be
used to encode information. In case only a subset of the midrsacan be utilised, due to

frequency-dependent noise or severe channel attenuatm®rtain frequency bands, the concept
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can be easily extended only to those subcarriers that atétabie communication by omitting
the faulty subcarriers. The size 8foox and Boan as well as any other relevant parameters
would change accordingly. It should also be noted that aliegrto the authors in [82], this
modulation scheme can be realised in two configurations:oijep saving policy (PSP) where
the power of thanactive subcarriers is saved; and 2) power reallocation policy (PRfere
the unused power from thieactive subcarriers is reallocated to tlaetive ones, which leads
to performance enhancement. A typical OFDM-based commatinit system implementation
would be able to deliver a modulation signal with a range biteary energy levels, which means
that a definition of two energy configurations such as PSP &M@ B obsolete from a signal
generation perspective. Furthermore, by convention,rdBaR comparison between the energy
efficiency of two different modulation schemes requiresue of equal energy per bit as assumed
in the rest of this work. In that sense, the two power polisd®duced in [82] are not necessarily

fair.

Once a signal is received at the destination, it is transtormto the frequency domain with a
fast Fourier transform (FFT) operation. Then all subcesrage inspected. Those, whose energy
is above a certain threshold, are markedets/e and the rest are marked iagactive It is certain
that at least half of the total number of subcarriers needtddiected aactive Hence, in case
less than]% activesubcarriers are detected, the threshold value is decrégseedmall step and
the inspection is performed again. This procedure is caeduteratively until at Ieas(tVQﬂ active
subcarriers are detected. Théthy ok is reconstructed from the detected states of the subcarrier
and the known majority bit type. Afterwards, the fir%& active subcarriers are demodulated

according to the respectivel -QAM scheme in order to reconstruBigan.

3.2.2 Theoretical Bit-error Rate (BER) Analysis

The BER derivation presented in this section is developatbuthree assumptions. First, the
number of OFDM subcarriersyg:, is large enough, so that the numberactive excessubcar-
riers, which do not encod&/-QAM symbols, on average, is a very small portion of the avera
number of subcarriers. Hence, the performance analystseoéxcess subcarriers does not need
to be conducted separately from the analysis of the subcawwhich encodé/-QAM infor-
mation. Any inaccuracy is insignificant as confirmed by theni¢oCarlo simulations in the

presented results. Second, the magnitude of the employeshthld is smaller than the energy
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of the M-QAM constellation point with the lowest energy. Otherwiee constellation points,

whose energy is below the threshold by default, would noebegnisable even in high signal-to-
noise ratio (SNR) conditions. This would lead to an errorifl@ioove zero. The third assumption
states that the bit value encoded by #uive subcarriersj.e. the majority bit value inBooxk,

is known at the decoder. It might be passed via the securedncoination channels or on a

specially-assigned subcarrier in the OFDM frame using OGK high SNR.

Let k be a variable indicating the position of a subcarrier in thd-©FDM frame. The random
variableb;, indicates the value of the corresponding bitBaok. The probabilities related th.
are:

P{b, =0} =Py =—, (3.1)

N = N =

Plbp =1} =P = -. (3.2)

The random variable indicates whether a subcarrier at positiois active indicated by the
value 1, orinactive indicated by the value 0. The random variablg=1 indicates that the
majority bits have the value 1 and,,=0 indicates that the majority bits have the value 0. The

probabilities related to these two random variables are:

Nee—1 Nge—1
Ngy — 1 1\ '
=20
2
Ngy—1 Ngi—1
Ng — 1 1)
Pro=Pfm =0l =0} = > ("7 () (3.4

i= e '

- 2
P{ay =1} = Py Py + PoPho, (3.5)
P{ay =0} =1— P{a, = 1}. (3.6)

The variabled;, indicates whether the detection of th& subcarrier is correct, indicated by 1, or
incorrect, indicated by 0. I, = 0, then the received signal distribution on subcarkidooks

as depicted in Fig. 3.2(a). The mean valug 0j corresponds to the transmitted constellation
point for aninactive subcarrier and the Gaussian variation around it is causeédedopWGN in
the receiver system.The red circle marks all points in threglex two-dimensional (2D) space
whose energy is equal to the threshold. Equations (3.7) 28) €xpress the detection probabil-

ities for this case in mathematical form? = BN, is the variance of the AWGN, wherB is
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the communication bandwidth and, is the noise power spectral density (PSD), apnds the

threshold value.

Im{S[]} Im {S[k]}
-1+ 1+ -1+ @
O

@ N

)] JRe (SIK]} \J\l_{e/{ﬁ[k]}
-1 1j -1-j L
(a) Inactivesubcarrier0 + 0j transmitted (b) Activesubcarrier:1 4 j transmitted

Figure 3.2: Contour lines of the distribution of the received subcarnalue, S[k], as a func-
tion of the transmitted constellation symbol. This speeifiample depicts 4-QAM
constellation. Lines are not drawn to scale.

P{dy = 1lay =0} =

Ve vy ] _@%+w)?
:/ / e o dady=

— fo—y? TOA
2r por g 7%
= ze cnrdrdf =
0o Jo oy
—1—¢ 72 (3.7)
P{dj = Olax = 0} = 1 — P{d, = 1]a, = 0} (3.8)

In casea;, = 1, then the received signal distribution is depicted in Fig(l8). The 2D Gaussian
distribution is centred at the transmitted symbol. Thisursavith equal probability for each/-

QAM constellation point. Hence, in order to calculate théedgon error probability, the noise
probability density function (PDF) needs to be integratethiv the red circle for each point in
the M-QAM constellation as its mean value. Then a weighted suntl oésults is taken in order

to obtain the average detection error probability for arivacsubcarrier. Equations (3.9) and
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(3.10) express the related calculations for this cag@dicates constellation point numbier
P{dk = O|ak = 1} =

_ (@=Re{p; D>+ (y—TIm{u; })?
- Lo w9
o 27r0

P{d; = 1|ar =1} = 1 — P{d}, = Olay, = 1} (3.10)

After a frame passes through the demodulator, each subcaem be classified in one of four
categories:

e Trueactive(ta) - A subcarrier isactiveand recognized as such.

e Falseinactive(fi) - A subcarrier isactivebut recognized amactive

e Trueinactive(ti) - A subcarrier isnactiveand recognized as such.

e Falseactive(fa) - A subcarrier ignactivebut recognized aactive

With the probabilities o&ctivdinactivesubcarriers and the probabilities of correct/false deiact

available, the following four probabilities can be derifedeach demodulated subcarrier:

Pta = P{dk = 1|ak = I}P{ak = 1} (311)
Py = P{dy, = 1]ay, = 0}P{ar = 0} (3.13)
P, = P{d;, = 0|ay = 0}P{a; = 0} (3.14)

In caseP;, > Pg, then for a largeVg; it is almost certain that for the majority of cases more
than% active subcarriers will be detected. Hence, the threshold valllealmost never need
to be readjusted during the demodulation process. In £gsec Py, then for the majority of
cases the threshold value will need to be readjusted by ¢jogitdm. Hence, it is safe to assume
that a single threshold value - the first one which caudgs> Pj; - can be used for analysing
the system performance. A comparison betwégnand P; can be used to determine whether
a given initial threshold value would be effective or it woglet readjusted by the demodulation

algorithm.
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Based on the different cases for correct and wrong detectinBER in each subcarrier can
be determined and hence its contribution towards the dM@EHR. As described before, thae-
tivelinactive state of each subcarrier encodes a bit in an OOK fashion. , Thercontribution of

each subcarrier towards the overall BER coming from the @ingoof Booxk iS expressed as:

2
N (logo(M) +2)’

OBy = ((Pa + Pii) Pmi + (Pra + Pp) Prnc) (3.15)

where P,,,. stands for the probability that the majority bit typefityok is correctly determined
at the decoder, ané,,; stands for the probability that the majority bit type is imeztly de-
termined. The final factor in the equatiom, comes from the fact that there are
Ng (% + 1) bits in the entire frame. Whenever, the subcarrier is ctgreédentified as
activdinactive but the majority bit type is incorrect, the bit at this pasitin Booxk is wrong,
and hence its overall contribution to the BEBBy, is 1 out of Ng; (M + 1). The same
occurs when the subcarrier is incorrectly identifiedaaveinactive and the majority bit type
is correctly identified. As mentioned before, in this analysis assumed that the majority bit
type is transmitted independently of the rest of the framendé¢ P,,. and P,,;; are dependant
on the method by which they are conveyed to the destinatiarthis work this is considered

insignificant and it is assumed thB},. = 1 andPy,; = 1 — Py = 0.

The analysis of the BER iBpoxk is rather trivial since it resembles regular OOK modulation
However, the analysis aBgan is more complicated. According to the description in sectio
3.2.1, itis guaranteed by the modulation scheme that ati%’aactive subcarriers will be mod-
ulated with anAM/-QAM symbol. Therefore, for the firs&VQﬁ subcarriers it is certain that any
active subcarrier carries/ -QAM information. If a subcarrier is incorrectly determaasactive
this leads tal/-QAM demodulation of a random value, which means that ana@eof% of the
demodulated bits will be wrong for thi&/-QAM symbol attributed to that subcarrier. In case a
subcarrier is correctly identified agtive two possible cases can occur. In one case, a detection
error has been made in any of the previous subcarriers irrdheef This means that the bits de-
coded for the current subcarrier are misplace@ifn. This can be avoided if an equal number
of falseactiveas well as falsénactiveprevious subcarriers have been detected, but the praiyabili
for that happening is assumed low and hence not consider¢aefgake of simplicity. Therefore,
the only possibility for the current bits to be in their car@lace inBqgaw is considered to be

when no detection errors have been made for previous sudrsariProbability for this to happen
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is expressed by:

Pae, = (Pia + Py)F 1

N
where k =1, ..., Ly

(3.16)

The value of the correctly detected active subcarrier isatkrated as afi/-QAM symbol and
the BER is as in the respectivd -QAM modulation scheme. The contribution of this case to the

BER at subcarriek is expressed as:

Ey, 2logy (M)
Bl, = P, P..BE —b
QB = Foen B RMQAM(N())Nm(logQ(MHz)
N,
WMszlwwi?. (3.17)

The factor—2.2(M) j comes from the fact thabg, (M) bits are being demodulated and the

Nae (logy (M)+2)
total number of bits iw; BERwMmqawm (En/N,) stands for the BER coming from the
respectivelM -QAM modulation scheme for which a closed-form expressgprovided in [84].
The BER in the other two previously described cases — whentextiten error has been made
for a previous subcarrier and when the current subcarrigrc@rectly identified asctive— is

expressed as:

log, (M)
B2, = ((1 — Py, )P + P,
QB2 = (= P Pa+ o) i, () 9
N,
wmmk:1ww7§. (3.18)

In this equation, it is assumed that on average half of thedkst bits are wrong.

Net

4t is similar to the one for the subcarriers at

The analysis for the subcarriers at position>

%. In this case, however, it is also necessary to check for iibiegbility that less

positionk <
than% activesubcarriers have been detected at previous positiong, sirlg the firstz% active
subcarriers are modulated with &n-QAM signal and actually have a contribution to the BER
in Boam. Equation (3.19) expresses the probabilfy,, , that less thaﬁ% active subcarriers
have been detected up to the subcarrier at positifor & > % Equation (3.20) expresses the
probability, Pycpe, , that less thar{% active subcarriers have been detected up to subcakrier
without any detection errors. The distinction between the tases is made because detection

errors in previous subcarriers, as stated before, indyifald to errors in the bits carried by
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the current subcarrier since they are misplacef . The separate contributions of a single
subcarrierk to the BER inBqgaw is expressed in equations (3.21) and (3.22). The total BER

contribution of a subcarrier tBqa\ is expressed in equation (3.23).

Nepy

3 E—1 : ,
Pey= Y ) B B (R B

=28k Ng—1

N,
where k = % +1,..., N, (3.19)

Nepe

Faeney = Z <k . 1> (Pra)' (Pg)F 1

(3
=0 4k Nge—1

N,
where k = % +1,..., Ng (3.20)

E 2logy (M
QBlk = chnekptaBERMQAM <_b> NH g?( )
t

N, (loga (M) +2)
N,
where k = % +1,..., Ny (3.21)
10%2(M)
B2, = ((Pye, — Pycne, ) Pia + PocPra
QB2 = (e = Foene ) Poa+ PoePo) 10, (1) +2)
N,
where k = % +1,..., Ng (3.22)
QB,, = QB1, + QB2, (3.23)
The overall contribution of subcarriérto the BER is:
BER; = QB + OB;. (3.24)

The BER of the system is a sum of the individi&dl R, and is expressed as:
Nt
BER = ) BER. (3.25)

k=1

For a system under PRP a simple modification of the equatiamée adopted in order to closely

45



An Analytical Framework for Subcarrier-Index Modulatior-DM

10° 10°
107 E 10’ L
x x
w10 | ——Theory 4 W10 % ——Theory
@ O 16-QAM @ 16-QAM
—Theory ——Theory
167 V7 64-QAM 167 V 64-QAM
— Theory —Theory
Y 256-QAM 256-QAM
_4|=——Theory : ‘ : ‘ _4| ——Theory ‘ ‘ ‘
10, 5 10 EV15 T 20 25 10, 5 10 5 15 20 2t
Ly [dB £y 19
A [dB] A [dB]
(a) PSP (b) PRP

Figure 3.3: Comparison between theoretical analysis and Monte Canoufations for: a)
Power saving policy (PSP); and b) Power reallocation poliByRP).

approximate the performance. If alarge number of subcarig; is used, the assumption can be
made that most of the vector realizationsEyok will be typical sequences. Hence, the number
of activeandinactivesubcarriers in most signal realisations will be close toaherage number

of activeandinactivesubcarriers. From that, a constant shift of

10logyo (1 4+ P{ag = 0}/P{as, = 1}) (3.26)

can be applied to all BER curves which would produce an ateapproximation of the system
performance under PRP.

3.2.3 Results and Discussion

The current section provides a verification of the propo$ewrietical analysis through Monte
Carlo simulations. In addition, the performance of SIM-Q&Ih comparison to conventional
OFDM is discussed. The numerical simulations of the SIM-@F&ystem are performed with
Ng, = 512 subcarriers. The Monte Carlo simulation results in congeerito the theoretical
model are presented in Fig. 3.3(a) for the PSP and in FigbB{8( the PRP. Theoretical results
match numerical results quite well, thus, confirming thedigl of the analysis from Section
3.2.2. The threshold value, which is used, is half the enefghe M-QAM symbol with the

lowest energy. As stated before, it is assumed that the myajpr type in Booxk is known at the

demodulator.e. Py.=1 in equation (3.15).
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Figure 3.4: Comparison between the performance of SIM-OFDM and coioreit M/-QAM
OFDM for M = 4,16, 64, 256.

The performance of SIM-OFDM presented in Fig. 3.3(a) and Big(b) is not fairly estimated.
The x-axes of these figures present the SNR in terms of the enemghitpallocated to each
M-QAM symbol as in conventional OFDM. However, this does retinto account the fact
that a portion of the bits, those contained By ok, are encoded by the subcarrier states and
not in the complex amplitudes of the subcarriers. For the g8y, each frequency subcarrier
has the energy corresponding only to the bits encoddsljm, in agreement with the original
PSP description of the scheme provided in [82]. Thus, thaaa(% ratio in SIM-OFDM s
lower than presented. This is unfair to the SIM-OFDM systérhe PRP policy, on the other
hand, is only fair for a 4-QAM SIM-OFDM system which has thengaspectral efficiency and
power as in a conventional OFDM implementation where allcautiers are fully loaded with
4-QAM. As the order of thel/-QAM modulation grows, however, the PRP policy also becomes
unfair, but in favour of SIM-OFDM since the spectral effiadgnof SIM-OFDM is lower than
the spectral efficiency of a fully loaded OFDM frame. Henam, d fair comparison between
SIM-OFDM and OFDM, a fair assessment of the system energytdhae made such that the
% ratio is accurate and fair for both systems. Such a comparsspresented in Fig. 3.4. The
presented results clearly indicate that SIM-OFDM canndpediorm conventional OFDM in

terms of energy efficiency for any given constellation size.
Based on the analysis conducted in Section 3.2.2, two msiresswhich limit the performance
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of SIM-OFDM can be identified. First, an OOK detector at thetof@tion requires the usage of
a threshold. The threshold has to be lower than the lowesggi/-QAM symbol. Otherwise,
any symbols with energy below the threshold would not beadeteeven in high-SNR conditions
and this would lead to an error floor above zero. At the same,tarlow threshold requirement
diminishes the advantage of the OOK encoding when a hightr dr-QAM scheme is used.
This occurs because even though, on average, a lot of ergergged in a subcarrier for higher
orderM-QAM, the threshold needs to remain low and below the sntaigabol energy. Hence,
the system’s ability to correctly distinguish subcarrigtaes does not improve significantly with
an increase of the constellation size since the thresheoldatachange significantly. Second, an
incorrect detection of a subcarrier state not only leadadorrect demodulation of th&/-QAM
symbol it encodes, but also to incorrect demodulation o$atisequend/-QAM symbols. This
happens because an incorrect detection of a subcarriercstanges the order iHgan and mis-
places all subsequent bits in that part of the frame. Thiscethas the most significant impact
on the BER performance. Effectively, in order to demodutaté/-QAM symbol correctly, it is
necessary not only to detect its subcarrieaetive but also to have detected any previous sub-
carrier states -activeor inactive— correctly. As the total number of subcarrieigy, increases,

the issue becomes worse. The rest of this chapter proposégiars to these two problems.

3.3 Enhanced Subcarrier-Index Modulation (SIM) OFDM

3.3.1 Concept

As described in Section 3.2.3, the error propagation eife8iM-OFDM becomes worse as the
number of subcarrierd/g, grows. This means that the best performance can be obtained w
Ng: = 2, which is the minimum number of subcarriers for a non-ttiddeDM frame size. A
small SIM-OFDM frame size, however, is impractical due te tiverhead from the cyclic prefix
and the overhead for signalling the majority bit type to theeiver. Therefore, a solution needs to
be developed to limit the error-propagation effect in SINMEM irrespective of the frame size.

A slight modification in the wayBook is encoded can achieve the desired effect. Instead of
each bit fromBpok being encoded in a single subcarrier state, it can be endodibe states

of two consecutive subcarriers — a subcarrier pair. Fig.ilRiStrates the principle of the new
encoding scheme. Whenevet & encountered iBook, the first subcarrier of the pair is set as

activeand the second one amctive Whenever @ is encountered iBooxk, the first subcarrier
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Figure 3.5: Enhanced SIM-OFDM modulation.

of the pair is set asactive and the second one astive In this configuration, the size of
Booxk which can be represented by the subcarrier statéfgrtis half the size than in the original
SIM-OFDM scheme. The important difference in this case, dwax, is that for each pair it is
certain that exactly one of the subcarrieradsive This means that bits fromqan cannot be
misplaced due to wrong detection of previous subcarrigestaThe error is contained within
each pair of subcarriers. In addition, bit-majority inf@tion for Book is not required, and the
total number of active subcarriers is constasti-. A threshold also is not required for the OOK
detection. Instead, the subcarrier with higher energyiwitiie pair can be recognised astive
The only disadvantage of the enhanced modulation schenmgared to the original introduced
SIM-OFDM, is the slightly reduced spectral efficiency. Thedtral efficiency of SIM-OFDM is:
(logy(M)/2 + 1) N

Nsim—orpM = Ni + N, ) (3.27)
cp

while the spectral efficiency of the enhanced SIM-OFDM is:
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o _ (ogy(M)/2 +1/2) Ny .28
TlSIMfOFDM - fot n NCp .

The spectral efficiency of a compleX-QAM OFDM signal islogy (M) Ng; /(Ngt + Nep). It
should be noted that the spectral efficiency overhead of #enkian symmetry required for
the generation of a real signal is not included in the preskspectral efficiency calculations
since the SIM-OFDM concept is also applicable to radio fezgry (RF) communication. In
case a real SIM-OFDM signal is required, the Hermitian symnynienposed in the frequency
domain would further decrease all presented spectral agffigi values in this chapter by a factor
of (N — 2)/(2N4t ).

The spectral efficiency of the enhanced SIM-OFDM concepthmincreased if the subcarrier
pairs are expanded to blocks with a total number of subcarNg > 2 out of which N subcar-
riers areactiveand encodé/-QAM information. For example, ifVg = 8 is used, there ared
combinations in whichiV, = 4 subcarriers aractive Therefore, a total of bits 26 = 64 < 70)
from Book can be encoded by combinationsaafive subcarriers in a block avg = 8 subcar-
riers. This already yields a better spectral efficiency tina3.28). A generalised expression for

the spectral efficiency is:

log NiBL
GENERAL Na logy (M) + 2 \Nal(Np—Na)! Nty (3.29)
Nsim—orpM — Ng Ny Neg + Nep .

The closerNy is to Vg, the closer is the system spectral efficiency to conventiof@M. If Na
approacheg, the system starts to resemble pulse-position modula®#&M). AsNg approaches
Ngi, and N approache%, the system’s spectral efficiency gets closer to the sgeaffraiency
of the original SIM-OFDM.

3.3.2 Theoretical Bit-error-rate Analysis

The BER derivation presented in this section describespbeation of the enhanced SIM-OFDM
system forNy = 1 andNg = 2 in a linear AWGN channel. Analysis for a different combioati
of Nao and Ny can be conducted in an analogous manner. No fading is asssineit is not
an issue in scenarios related to optical wireless commtinita(OWC) for which SIM-OFDM
is primarily considered. There is no dependence betweemnliffegent subcarrier pairs in the

enhanced SIM-OFDM frame. Therefore, the BER analysis afiglsisubcarrier pair that follows
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Figure 3.6: Contour lines of the distribution of the received subcarpair as a function of the
transmitted constellation symbol. Lines are not drawn tlesc

applies to the entire system.

At the receiver side, each subcarrier pair is corrupted by&WVHence, the distributions of both
received subcarrier values resemble the example illestrax Fig. 3.6. The X’ sign marks a
possible value of the receivettive subcarrierS[k]. In this case, all values, which tfieactive
subcarrier may take and still be correctly recognizedéhastive are contained inside the thick
blue circle. Hence, integrating the Gaussian distribytaamtred a0, inside the thick blue circle
gives the probability for correctly distinguishing betweeinactiveandactivesubcarrier in the

pair. Using some results from [85], this integration candy@esented as:

P{d, = 1|S[k] = = + jy} =
/\/rﬂy2 /\/xﬂy?b2 1 ,(a)24;(b)2
= e i dadb
Vel ety T
or /eyl 1 a2
[8:5]/ / se cirdrdd
o Jo

mos

_ Ja+iyl?

=1-¢ o , (3.30)

whered;, = 1 when the subcarriers are correctly distinguished, @ne= 0 when they are not.
The variableS[k] stands for the complex value of the receiaadivesubcarrier, and> = BN,

stands for the variance of the AWGN. Equation (3.31) exm®s$ise probability density that the
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value of theactive subcarrier takes the value+ jy. There is an equal probability%, that the
original value of the subcarrier, before the addition of &GN, is equal to any one of th&/
constellation points. Hence, the probability density et subcarrier value at the receiver is
equal tox + jy is expressed as a weighted sum\éfdifferent probability densities coming from

the Gaussian functions centred at thieconstellation points:

P{SK] = 2+ jy} =

_ (@=Re{p; )%+ (y—Im{u; })?

13
== 3 — e P (3.31)
=1 n

Symbol 1; marks constellation point numbeémwhile Re{y;} andIm{y;} denote the real and
imaginary part ofu;, respectively. Equation (3.32) expresses the probalidityorrectly deter-
mining theactiveand thenactivesubcarrier in a pair. Equation (3.33) expresses the congriem

tary probability — that thactiveand theinactivesubcarrier are incorrectly determined.

Pldy =1} = /_OO /_OO P{dy = 1|S[k] = & + jy}P{S[K] = « + jy}dady

1 L wp

= _ 204
i ; e (3.32)
P{d, =0} =1—-P{d, =1} (3.33)

Based on the calculated detection probabilities, the BERopraance for the system can be
calculated. When the subcarrier states are incorrectlyctd, the bit fromBooxk, which they

- - 1 - . - -
encode, is erroneous. That bit amount§ e s of all the bits encoded in a subcarrier pair.

Hence, the contribution dBook to the BER is expressed as:

1
BER o0 = P{di = 0} (3.34)

(M) +1°

A wrong detection of a subcarrier state leads/feQAM demodulation of an unmodulated sub-
carrier, which adds additional errors to the frame. Suchvanteoccurs with very high probability
in the four M-QAM symbols closest t. Probability for wrong detection of any other symbol
in the constellation is low in comparison. The four symbdtsest to0 encode bits which dif-
fer by only one bit on average when thé-QAM constellation is Gray-mapped. Hence, in the
majority of cases only bit is wrong in Boan for wrong subcarrier detection. This assumption

might not hold in low-SNR regions, however, for SNR valuegi@ictical interest, it appears to be
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correct, as confirmed by the results presented in the netibsetlence, the first part of the BER
contribution of Boawm is the same as the BER contribution of (3.34). If a subcastate is cor-
rectly identified, there still exists the possibility thaetd/-QAM demodulation leads to errors.
This effect is characterised by the well-known BER analfsis\/-QAM, BERyqam (En/No),
presented in [84]. It can be used in order to compleERp,,,,, Which is the contribution of
Bqaw to the overall BER. The final factor indicates that the bitsagied by)M -QAM symbols

log, (M)

are of all the bits encoded in a subcarrier pair:

log, (M)+1
Ey, log, (M)
BER =P{dy =0}—— +P{d; = 1}BER — | —————. (3.35
Bqam { k }IOgQ(M) +1 + { k } MQAM <No> IOgQ(M) 1 ( )
The final expression for the BER of the enhanced SIM-OFDMesyss as follows:
BERsm-orpm = BERB o + BER B, - (3.36)

3.3.3 Results and Discussion

The current section confirms the validity of the analytigap@ach from Section 3.3.2 through
Monte Carlo simulations. The numerical simulations of thieanced SIM-OFDM are performed
for No=1 and Ng=2 in accordance with the analysis from Section 3.3.2. Thdt®eare shown
in Fig. 3.7. The presented results indicate a very good aggaebetween the theoretical model
suggested in Section 3.3.2 and the conducted Monte Carl@ations, which confirms the va-

lidity of the analytical approach.

A comparison between the enhanced SIM-OFDM concept andceotional OFDM is shown in
Fig. 3.8. For the sam&/-QAM modulation order, SIM-OFDM requires less energy peithn
OFDM to achieve a given target BER. At the same tileQAM SIM-OFDM is less spectrally-
efficient thanM-QAM OFDM as illustrated in (3.28). This means that for thensaamount
of system bandwidth and the same constellation size, SINM®@Fequires less energy per bit,
but is capable of delivering lower data-rate. In the absaricny additional constraints, such
as non-linear distortion or processing power, it is fair take an energy-efficiency comparison
only between systems with the same spectral efficiency. Dubé fractional part in (3.28),
for the presented results, it is not possible to find a corsparbetween realisations of SIM-
OFDM and OFDM with equivalent spectral efficiency. Neveltiss, the presented curves clearly

illustrate that SIM-OFDM does not show superior perfornetaconventional OFDM for high-
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Figure 3.7: Comparison between theoretical analysis and Monte Cartwutations for the per-
formance of enhanced SIM-OFDM\[y =1 and Np=2). A linear AWGN channel is
assumed.

throughput scenarios where high spectral efficiency isirequFor examplel 6-QAM OFDM is
both energy and spectrally more efficient tlidnQAM SIM-OFDM. The extrazl bit/s/Hz gained
from the subcarrier-state encodingk(it/s/Hz in the original SIM-OFDM) leads to a sacrifice of
log, (M) bits/s/Hz petinactive subcarrier, which means that féf > 2, SIM-OFDM has a loss
in spectral efficiency compared to OFDM for the same coraietl size. At the same time,
the energy gain introduced by SIM-OFDM is not really subssrenough to justify the loss
in the spectral efficiency. For example, fof=4, the energy gain of SIM-OFDM compared to
OFDM is aboutl dB. As M increases, this gain is reduced as it originates from: 1pxtea bit
on top of theM-QAM symbol which increases the energy per symbol; and 2)aK/PPM-
like encoding of the bits ilBpok that utilises the high energy of eadti-QAM symbol in an
OOK/PPM fashion. AsV/ increases, the extra energy per symbol from the additiahahi the
extra Booxk bit with low BER become a smaller and smaller portion of therall information
frame. As a result, the benefit of their utilisation is redicEhe spectral efficiency of the scheme
can be increased as described in Section 3.3.1 and deno(@®2By. However, that would lead
to an increase in BER as the additiomative subcarriers lead to more possibilities for errors in
the subcarrier-state detection and to less additionalggnaeer M -QAM symbol. Overall, the
BER performance would not be better than presented in Rigwhich means that any potential

energy savings compared to OFDM would not be significant ghaa justify the realisation of
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Figure 3.8: Comparison between enhanced SIM-OFDINA{=1 and Ngz=2) and conventional
OFDM performance. A linear AWGN channel is assumed.

this more complicated SIM-OFDM modulation scheme.

3.3.4 Peak-to-average Power Ratio (PAPR)

Conventional OFDM suffers from a high PAPR, which can présemronsiderable problem
in electrical components with a limited dynamic range, sashamplifiers, digital-to-analog
converters (DACs), analog-to-digital converters (ADCsfl sight emitting diodes (LEDs) [84].
The structure of the enhanced SIM-OFDM frame leads to a teguof the PAPR when com-
pared to conventional OFDM. This is highly beneficial, esglgcin the context of OWC where
both the average and the peak light intensity are furthatduoirby eye safety regulations [86].

The PAPR is defined as the ratio of the maximum achievable pawveay point in timemax{s?[n]},
and the average power of the signals?[n]}, [84]:

max{s?[n]}
PAPR = ——-—. 37
AT (837
The time domain signas|n|, to be transmitted in an OFDM system is calculated as:
Nge—1
1 j2rkn
s|n| = Slkle Nas | 3.38
vl = &= kZO [£] (3.38)
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whereS|k] is the value assigned to titeh subcarrier. In conventional OFDM, the peak power
occurs as[n] when

Slk] = ce%;c}m, ceC. (3.39)
The complex exponential in (3.38) is cancelled by the comeigonential in (3.39) and the result
is a summation ofVy, equal complex numbers When two complex numbers are summed,
they yield a result with the highest possible amplitude whezir phases are equal and their
amplitudes are as high as possible. Fig. 3.9 illustratecdneept graphically. Hence, (3.39)
guarantees a peak values@t| whenc has the highest possible amplitude. The maximum power
is achieved a[0] when each subcarrier is modulated with the same constellaiymbol with
the highest possible energy. That symbol is marke#i,as Thens[0] = /N She and|s[0]|*> =
s[0]s[0]* = NgSheS;.. For a squareé//-QAM constellation, Sy, = (VM — 1) +j(vV'M — 1)
andSy. Sy, = 2(v/M —1)? [84]. Hence, the maximum power is:

max{s[n]} = 2Ng (VM — 1)2. (3.40)

Note that this result is correct only when th&-QAM constellation points take odd integer values
in both the real and imaginary dimension as is the commoresepntation ofi/-QAM constella-

tions. In some scenarios, the constellation could be regdalorder to meet a certain constraint
such as a pre-determined average power of the communicagioal. In any such scenario, the

results formax{s?[n]} andE{s?[n]} presented here would still be valid but would include the

56



An Analytical Framework for Subcarrier-Index Modulatior-DM

scaling factor used for the normalisation of the signal.

The average power of the signal is equal to the average fraergye divided by the number of
points in time domain. The average frame energy is equald@terage energy per subcarrier
multiplied by the number of subcarriers. The average engeggubcarrier is equal to the average

energy in amlM/-QAM symbol, when all subcarriers are equally loaded. Hensing [84],

E{s?[n]} = EA\J(ij{inft [84] 2(M3— 1)‘ (3.41)

From (3.40) and (3.41), the PAPR for conventional OFDM cardieulated as:

PAPR _ max{sQ[n]} _ BNﬂt(\/M— 1)2 . 3Nﬁ‘t(\/M— 1)'

OFDM E{SQ [n]} M—=1 - \/M +1 (342)

An alternative derivation of (3.42) is proposed in [84].

Since in the enhanced SIM-OFDM a number of subcarriers arayal “switched off”,i.e. set to

0, the condition in (3.39) cannot be fulfilled. A complex expatial never takes the value its
amplitude is alwayd. Hence, in the enhanced SIM-OFDM, (3.39) is always violatedl it is
not possible to allocate all the signal energy at a singlatgaithe time domain. This already
suggests a reduction of the peak power value. Adding zertb® texpression in (3.38) means that
a smaller number of complex values have to be summed in aydsstéins[n]. For a peak-power
value, they still should have the highest possible powertsnthe same due to the property of
complex numbers, described in Fig. 3.9. Hence, the pealevalachieved at[0] when allactive

subcarriers are modulated with.. If IV, is the total number ochctivesubcarriers, then:

max{s?[n]}= (LNaSheXLNashe) ) —lNQ(\/M —1)2, (3.43)

VN VN - Na °
E{SQ[n]}:EA]\\/;tNa - WD), (3.44)
PAPR — max{s’[n]} _ 3Na(vVM —1)* _ 3Nu(V'M — 1 (3.45)

E{s?[n]} M-1 VM +1
Equations (3.43)—(3.45) are a generalisation of equaiidr#)—(3.42) for an arbitrary number
of activesubcarriers. The PAPR depends on both the numbactdfe subcarriers, expressed by
. 1—1) . . .
N,, and the modulation order, expressed by the r%. The lowest PAPR is achieved in

frequency shift keying (FSK) becau$é, = 1 and there is no additional subcarrier modulation.
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The highest PAPR is achieved in the case of conventididDAM OFDM when N, = Ngi,
and bothNg;, and M are as high as possible. The advantage of SIM-OFDM over oiovel
OFDM comes from the fact that in general it has lasgvesubcarriers. For examplé/-QAM
SIM-OFDM with Ny = 1 and Ng = 2 has half the PAPR when compareditb-QAM OFDM
for any total number of subcarrierdg;.
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3.4 Summary

In this chapter, a novel, simple and accurate analyticahésaork to compute the BER of SIM-
OFDM in a linear AWGN channel has been proposed. As a restitteofnalysis, a propagation
error effect within the SIM-OFDM frame has been discoveréal.order to correct this issue,
an enhanced SIM-OFDM modulation scheme has been proposslytital results and Monte
Carlo simulations have shown that the SIM-OFDM conceptliiantly unable to provide high
data-rate communication in a system with limited bandwdtlil to its lower spectral efficiency
when compared to conventional OFDM. Nevertheless, SIM-MEDuld be successfully applied
in low-data-rate systems as it provides a reduction of tleeggnrequirements and the PAPR in
comparison to conventional OFDM. The original concept afceting an additional bit into the
subcarrier states leads to interesting possibilitiesddiher research and has become an inspira-
tion for the unipolar orthogonal frequency division mulkiging (U-OFDM) concept presented

in the next chapter.
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Chapter 4

Unipolar Orthogonal Frequency
Division Multiplexing

A novel modulation technique named unipolar orthogonajdency division multiplexing (U-
OFDM) is proposed. U-OFDM is a method for the generation oinerently non-negative or-
thogonal frequency division multiplexing (OFDM) signal iwh could lead to significant energy
savings in comparison to the conventional approach for ORMementation in optical wire-
less communications (OWC) named direct-current-biasedtalprthogonal frequency division
multiplexing (DCO-OFDM). Furthermore, a closed-form frawork to compute the bit error
rate (BER) of U-OFDM over a linear additive white GaussiaisaqAWGN) communication
channel is provided in this chapter. A performance comparief U-OFDM and other state-
of-the-art techniques for unipolar OFDM signal generai®also provided. An inherent disad-
vantage of the known inherently unipolar modulation schernsach as asymmetrically clipped
optical orthogonal frequency division multiplexing (ACOFDM), pulse-amplitude-modulated
discrete multitone modulation (PAM-DMT) and U-OFDM, is thecessity to sacrifice half of the
spectral efficiency in the modulation process when compar&CO-OFDM. In order to com-
pensate for this disadvantage, an improved U-OFDM modudatheme named enhanced unipo-
lar orthogonal frequency division multiplexing (eU-OFDN$) also proposed, and it is shown
that the enhanced concept can make up for the spectral etficless in U-OFDM while still
providing significant energy benefits over DCO-OFDM. Alluks and conclusions have been

supported by a detailed theoretical analysis and MonteoGariulations.
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4.1 Introduction

The physical properties of commercially available lightittimy diodes (LEDs) and photodiodes
(PDs), which are the foremost candidates for low-cost feord devices in OWC, allow OWC to
be realised as an intensity modulation and direct dete¢tdfDD) system only. Light emitted
by of-the-shelf LEDs is incoherent and so information cameb@bly encoded only in the signal
intensity. The phase and the amplitude of the light wave achbha modulated or detected with
LEDs and PDs. Therefore, an OWC system can be realised ordy &81/DD system. This
limits the set of conventional modulation schemes that camadopted from the field of radio
frequency (RF) communications and directly translated @¥VC. Signal modulation techniques
such as on-off keying (OOK), pulse-position modulation N@Pand M-ary pulse-amplitude
modulation (/-PAM) are relatively straightforward to implement as thepyide real signals
that can be directly mapped to light intensity. As transioissates increase, however, the limited
modulation bandwidth of the front-end devices and the Bohibandwidth of the OWC channel
lead to intersymbol interference (ISl) in the time-domaiadulation signal. Hence, a technique
such as OFDM becomes more appropriate as a modulation sciedridVM enables simple cost-
effective equalisation with single-tap equalisers in tregjiency domain. In addition, data and
energy can be loaded adaptively in different frequency baedording to the channel properties.
This results in an optimal exploitation of the communicatiesources. Furthermore, at a system
level, OFDM provides a straightforward and low-complexityltiple access scheme, which has

to be implemented additionally for other modulation schemigch as OOK, PPM an/ -PAM.

In practice, OFDM is realised in a digital signal proces$a®P) by taking an inverse fast Fourier
transform (IFFT) of a block of symbols from a conventionalduation scheme such ag-ary
guadrature amplitude modulatiof/cQAM). This operation effectively maps thd-QAM sym-
bols to different frequency bands of the resulting time-domnsignal. The procedure, however,
produces complex-valued bipolar time-domain sampledgevitiiensity modulation requires real
non-negative signals. Hence, the OFDM signal has to be neddifefore it becomes suitable
for an IM/DD system. A real signal can be obtained by imposngermitian symmetry in the
information block on which an IFFT operation is applied dgrthe signal generation procedure.
The resulting time-domain samples, however, would stilblpmlar. A number of different ap-
proaches for obtaining a unipolar signal exist in the lilema One straightforward method is to
add a bias value to all samples, which would make the reguftignal non-negative. This ap-

proach is known as DCO-OFDM. The direct current (DC) biaseagls to a significant increase
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in the energy consumption compared to conventional OFDMbipalar system. For example,
a minimum bias, resulting in an energy penalty of ab®utB compared to bipolar OFDM, is
required for4-QAM DCO-OFDM. Hence, researchers have explored alteraatiethods for
generation of unipolar signals. This has led to the intréidacof new inherently non-negative
modulation schemes such as ACO-OFDM [61] and PAM-DMT [62he3e modulation tech-
niques exploit the properties of the fast Fourier transf@fmAT) and the OFDM frame structure
in order to create a symmetric time-domain signal in which aegative values can simply be
reduced to zero without compromising the information in@€DM frame, and, thus, a unipolar
signal without the use of biasing can be realised. The clippif the negative values in ACO-
OFDM and M -PAM leads to a an electrical energy penalty3adB when compared to conven-
tional bipolar OFDM. The scheme presented in this chaptédRIDM, is inspired by the concept
of subcarrier-index modulation orthogonal frequency slom multiplexing (SIM-OFDM) in an
attempt to close th& dB gap between OFDM and ACO-OFDM for bipolar signals, wtijeh-
erating a unipolar signal, which does not require biasirigshbuld be noted that the concepts
presented for U-OFDM in the first part of this chapter have dsen introduced by another
research group as Flip-OFDM in [87] and in [88]. The concdpt)edDFDM and Flip-OFDM
have been developed in parallel completely independertiy ach other and within roughly the
same time frame. It is interesting to note that all four apphes — ACO-OFDM, PAM-DMT,
Flip-OFDM and U-OFDM — achieve the same performance in bolimear and a non-linear
AWGN channel as will be illustrated later in the context aktivork [18,21, 61,62, 87, 88]. For
an equivalentV/-QAM/ M -PAM modulation order, the spectral efficiency of each okthéour
methods is halved in comparison to DCO-OFDM. However, trerggnpenalty in comparison
to a bipolar OFDM signal is onlg dB for any M-QAM/ M -PAM constellation size. Thus, the
premise is that a larger constellation can be used in ACOJ@HPAM-DMT and U-OFDM in
order to compensate for the loss in spectral efficiency fioemtodulation technique, but the en-
ergy efficiency can still be better than in DCO-OFDM. Imprdwdecoders which are equivalent
in performance have been developed for ACO-OFDM [89], U-@HD8] and Flip-OFDM [88].
Even though, to the best of the author’'s knowledge, such arowed decoder is not presented in
the literature for PAM-DMT, it would be straightforward tesign. The improved decoders make
the power efficiency of all four schemes almost equivalenhéocase for a bipolar OFDM signal
but can only work for a flat-fading communication channel.eligus problem for the inherently
non-negative modulation schemes arises from the decregsatral efficiency, which requires
M-QAM DCO-OFDM to be compared td/2-QAM ACO-OFDM/U-OFDM/Flip-OFDM and to
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M-PAM PAM-DMT in order to keep the achievable data rate edeiviafor systems with equiv-
alent bandwidth. This causes a substantial loss of enefigieety compared to DCO-OFDM in
all four schemes for a spectral efficiency abast/s/Hz [90]. Dissanayake et. al. have proposed
a technique to simultaneously transmit ACO-OFDM and DC®FnN an attempt to close the
spectral efficiency gap [91]. However, this method stilluiegs a DC-bias for the generation
of DCO-OFDM. The second part of this chapter proposes aisaltd the problem of spectral
efficiency loss in U-OFDM, which could be extended to ACO-QFBnd PAM-DMT relatively
straightforwardly.

The rest of this chapter is organized as follows. Sectiorpde2ents the U-OFDM modulation
concept and is divided in the following manner: Section4i@troduces the modulation and de-
modulation algorithm of U-OFDM; Section 4.2.2 presentsdhalytical framework; and Section
3.2.3 confirms the validity of the theoretical BER estimasidhrough extensive Monte Carlo
simulations. Section 4.3 proposes an enhanced U-OFDM idlgowith an improved frame
structure and is divided as follows: Section 4.3.1 prestm@senhanced concept; Section 4.3.3
presents the analytical framework for the enhanced U-OFRjdrghm, and Section 4.3.4 con-
firms the validity of the theoretical analysis. Section 4digcdsses the possibility for extension
of the enhanced U-OFDM concept to the other inherently darpmodulation schemes: ACO-
OFDM and PAM-DMT. Finally, Section 3.4 provides concludirmarks to the topic.

4.2 Unipolar OFDM (U-OFDM)

4.2.1 Concept

The concept of U-OFDM is an algorithm for the generation ofrdrerently unipolar modulation
signal which presents an alternative to the already fam#ehniques of ACO-OFDM and PAM-
DMT. The modulation process begins with conventional gatiem of a real bipolar OFDM
signal such as the one in Fig. 4.1. The sign of a real time-dosemple amounts to exactly
one bit of information. All additional information in the sgle is represented by its absolute
value. Absolute values are always positive. Therefore,attolute value of a bipolar time-
domain signal is a unipolar signal which can be used for tréssion in IM/DD systems. Such
a signal, however, has two problems. First, the one-birmé&dion for all signs has to somehow

be correctly conveyed to the destination. Second, the usenain-linear transformation such
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Figure 4.1: A typical real OFDM time-domain signal. The first three saesptonstitute the
cyclic prefix.
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Figure 4.2: A unipolar time domain signal. The first six samples cornstitbe cyclic prefix.

as obtaining the absolute value of a signal creates a wawefdrose frequency profile is sig-
nificantly different than initially intended. This effe very detrimental to the OFDM concept
where adaptive bit and energy loading in the frequency donsaiised in order to optimise per-
formance in a non-flat channel. A solution to the first issue loa devised from Section 3.3.1
which introduced a very simple concept for encoding exaatlg bit of information into the po-
sition of an arbitrary information symbol. Following thatrse line of thought, each time-domain
sample can be encoded into a pair of new time-domain samlilése original OFDM sample
is positive, the first sample of the new pair is setaaive and the second sample is setims
active If, on the other hand, the original OFDM sample is negatikie,first sample of the new
pair is set asnactive and the second sample is setaasive Active samples are set equal to

the absolute value of the bipolar OFDM sample they corregponandinactive samples are set
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Figure 4.3: A U-OFDM time domain signal. The first frame contains onlyifpas samples of the
original bipolar OFDM signal. The second frame containsyonégative samples of
the original bipolar OFDM signal. First three samples of &atame constitute the
cyclic prefix.

to zero. That is how the signal illustrated in Fig. 4.2 can b&aimed from the signal in Fig.
4.1. Fig. 4.2 only illustrates how the signs of the bipolanpées can be encoded in the position
of the active sample in a pair. The described operation for sign encodirggill non-linear and
changes the frequency profile of the original OFDM signalisTésue has been circumvented by
an additional change in the signal structure. The actualRIDK2 signal is obtained when the first
samples of each pair are grouped in their original ordernm filhve so calleghositiveblock while
the second samples are grouped in their original order ta foe so calledhegativeblock. The
positiveblock is transmitted first and theegativeblock is transmitted second. That is how the
signal illustrated in Fig. 4.3 is obtained. This operatiam @lso be described as the act of taking
all negative samples from the original bipolar frame, rejlg them with zeros and then flipping
their values and transmitting them in a second frame wher@disitions of the original positive
samples are occupied by zeros. This description of the lsigameeration process has inspired the
name Flip-OFDM used by the authors in [87]. Alternativehg same modulation procedure can
be expressed as the act of transmitting two copies of thaatiipolar frame one after the other.
The first copy corresponds to tipesitiveblock. The second copy corresponds to tiegative
block and has been multiplied byl in order to switch the signs of the samples. The signal is
made unipolar by removing any negative values from bothesoby clipping at zero. After both
U-OFDM frames are received at the destination, the oridiablar frame can be recovered by
subtracting the second U-OFDM frame from the first one. Afteds, the demodulation pro-

cess continues with conventional OFDM demodulation of du®nstructed bipolar signal. In the
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context of this work, this demodulation algorithm will bfggred to asconventionalU-OFDM
demodulation. The following paragraph explains why the EBM signal structure avoids the

non-linearity effects from the clipping-at-zero operatio

As presented in (2.27), the clipping of a sigrpl] at zero can be represented as:

sln) = faip{sln]} = 5 (sln] + Isfal ) (@.1)

If s[n] represents the samples of the original bipolar frame, thetransmitted samples from the

first corresponding U-OFDM frame would be equal to:

splrn] = 5(s0n] + Islnl]). 4.2)

The values of the second corresponding U-OFDM frame wouledul to:
1 1
su[n] = 5 (=sln] + | =s[n]]) = 5 (=s[n] + [s[n]]). (4.3)

After the signal is transmitted through the dispersive clehh|n|, corrupted by AWGN, and

equalized at the receiver, the respective U-OFDM framesrnec

Se.pln] = 5 (5ln] + [sfn]]) + mfn] o] (4.9
and

Seualn] = 5(=sln] + Isnl]) + moln] + b~ [n], (45)

wherex denotes the convolution operatar; }[n] is the inverse of the dispersive chanhéh],
n;[n] andny[n] are AWGN realisations at the receiver. The reconstructiginal bipolar frame

then becomes:

Spn] = 8p,p[n] = Sgln] = %(S[n] + [s[nll) + nafn] « b~ n] -

(=s[n] + [s[n]]) — n2[n] * h™*[n] = s[n] + (n1[n] — na[n]) * h™[n]. (4.6)

1
2
The reconstructed signal, [»], consists of the original signaijn], and a Gaussian noise compo-

nent which is coloured according to the inverted frequenofile of the channeh|n|. Despite the
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time-domain representation of (4.4) — (4.6), it should beedahat the equalisation step does not
need to be performed in the time domain. The subtractioncste@lso be performed either in the
time domain or the frequency domain, but a time-domain djmeravould be the preferred choice
as it would halve the number of required FFT operations. &foee, the most cost-effective se-
guence of demodulation steps would be subtractiofrFT — equalisation. Two observations
should be made regarding the U-OFDM signal. First, the oligperm|s[n]| is common for both
U-OFDM frames and is completely removed by the subtractiperation. Any frequency com-
ponents outside the desired spectrum resulting from tippioly operation are contained in that
term. Hence, the spectrum of the estimated bipolar siginélis not adversely affected by the
clipping operation. Second, the noise in both U-OFDM framsesombined leading to a signal-

to-noise ratio (SNR) penalty &fdB compared to conventional bipolar OFDM transmission.

Since U-OFDM employs two frames to transmit the same inféionmaas conventional OFDM,

the spectral efficiency of U-OFDM:

n, = lbco _ logy (M)(Ng — 2)
v 2 4(Ng + Nep)

bits/s/Hz, 4.7)

is half the spectral efficiency of DCO-OFDM, presented ii§2, and roughly the same as the
spectral efficiency of ACO-OFDM, presented in (2.28). Itglddbe noted that this is true when
the FFT size for all three modulation schemes is the samen, Th&®FDM experiences double
the initial latency to decode a single information frameewese two consecutive frames need to
be received in order for the demodulation process to beghe authors in [87] have made the
case that Flip-OFDM/U-OFDM is computationally more effitithan ACO-OFDM as it requires
a smaller FFT size for decoding the same information perdraihis is true for the case when
the two U-OFDM/Flip-OFDM frames have a combined length é¢mane ACO-OFDM frame.
Then, the information latency in both schemes would be theesddlowever, in that case, since the
FFT size of U-OFDM/Flip-OFDM is half the FFT size of ACO-OFDQhe overhead of the cyclic
prefix is doubled. This means that the spectral efficiency-@kDM/Flip-OFDM would be less
than the spectral efficiency of ACO-OFDM. For a large numbepractical scenarios, when the
cyclic prefix length is small, this does not introduce a digant difference. However, it would
lead to a significant sacrifice of U-OFDM/Flip-OFDM througitpn high-speed communication
scenarios, when the cyclic prefix length is expected to doteta large portion of the frame
size. Therefore, if equal spectral efficiency between ACEBRO®! and U-OFDM/Flip-OFDM is

assumed for an arbitrary communication scenario, computdtefficiency of U-OFDM/Flip-
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OFDM over ACO-OFDM cannot be claimed.

As already described, the subtraction operation in the deitation process of U-OFDM causes
the noise in each pair of U-OFDM frames to combine leading 3ed8 SNR penalty. Follow-
ing the logic used for the demodulation algorithm in Sec®8B11, an alternative demodulation
method can be proposed in an attempt to reduce the SNR pe&alth pair of samples, as il-
lustrated in Fig. 4.2, encodes the amplitude and the sigheobtiginal bipolar sample. In the
same way, the value of eaelgtivesample in Fig. 4.3 encodes the absolute value of the original
bipolar OFDM sample while its position encodes the signhdf teceiver is able to detect which
is theactivesample at each position of the U-OFDM frames, it can sucolggfuess the origi-
nal sign and simply discard theactivesample since it carries no further information, just noise.
This procedure is ideally expected to remove half of the AWiaNance from the reconstructed
bipolar signal in comparison to the decoder employing araghon operation, and, thus, it is
expected to improve the performance. A simple and efficiemt t®@ guess thactive sample is
by comparing the amplitudes of the two samples at each positi a pair of U-OFDM frames

- the sample with the higher amplitude is markedaave After reconstruction of the bipolar
signal, the demodulation process continues with conveali® DM demodulation. In the con-
text of this work, this decoding scheme will be referred taleesmprovedU-OFDM decoder. A
similar approach for ACO-OFDM demodulation has been regbviery recently by Asadzadeh
et. al. in [89], leading to the equivalent improvement infpenance as illustrated in this work.
It would be fairly straightforward to design the same dengdicheme for PAM-DMT as well,
following the logic used in [89]. Something to note regagdtheimproveddecoder is that this
technique is only applicable in relatively flat communioatichannels where the ISl is negligi-
ble. If the ISl is considerable, then this demodulator rezpiequalisation to be performed in the
time domain. In addition, since this method discards hathefU-OFDM samples, the channel
attenuation at different frequency subcarriers is not ist&ist. This renders use of adaptive bit
loading techniques difficult. Furthermore, when present;ifrequency noise from ambient light
flickering and the baseline wander effect in electrical wibsc would further hinder the opera-
tion of theimproveddemodulation algorithm. This should be taken into acconrd practical
implementation. In OWC, the communication channel woulgrofbe flat, especially when a
strong line-of-sight (LoS) propagation path is present.aAgsult, themproveddecoder could
be applied selectively, when the channel conditions areufi@able, as it requires only a small

modification in the processing algorithm compared todbeventionaddecoder.

69



Unipolar Orthogonal Frequency Division Multiplexing

4.2.2 Theoretical Bit-error-rate Analysis

This section presents a theoretical BER analysis of U-OFDM linear AWGN channel. The
analysis of theconventionalU-OFDM decoder is trivial as the only difference to conventl
bipolar OFDM performance that needs to be taken into accisutite combining of AWGN
in the subtraction operation. Therefore, the theoretid@RBor this demodulation scheme can
be obtained by adding dB to the SNR requirements of conventional bipolar OFDM far a
arbitrary desired BER. The rest of this section present#htheretical approach for analysing the
performance of thémproveddemodulator for U-OFDM in an AWGN channel. In the context
of the following mathematical formulas,, is the standard deviation of the AWGNe. , o, =
VBN, whereB denotes the double-sided signal bandwidth Aijddenotes the AWGN power
spectral density (PSDy; is the standard deviation of the real bipolar OFDM signjai}, before
itis encoded in U-OFDM, as described in (2.159n(s) is the sign functioni.e.,

-1 ,s5<0
sgn(s) =<0 ,s=0 (4.8)
1 , § > 0;

1 2
= 7, 4.9
Q(z) is the tail probability of the standard normal distributiae. ,
L ‘ﬁd 4.10
= 2 .
Q) = —= | ean (4.10)
anderf(z) is the error functioni.e. ,
erf(z) 2 /xe“2d (4.11)
Irr(r) = —— u. .
VT Jo

Modelling the performance of thienprovedU-OFDM decoder analytically is not a trivial task
due to the fact that during the demodulation procedure gatitidual sample in the time domain
is subjected to a varying non-linear transformation, widepends on two independent random

variables from the AWGN. This is caused by thetivesample selection procedure. The distri-
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Figure 4.4: Distribution of the received U-OFDM samplép:]. The received U-OFDM sam-
ples are expressed in multiples of the AWGN standard dewiatThe transmitted
activesample has a value d¢f,[n]| = |s| and the transmittednactive sample has
a value of0. In this example|s| = 2.50,,. The probability that the receivedc-
tive sample,§,[n], has a value of: is expressed by /o, ¢((z — |s|)/on)dz, and
the probability that the receivethactive sample §;[n], has a value lower tham is
denoted in the figure by the shaded area under the blue/lefecand expressed as
1 — Q(z/oy). Similarly, the probability thag;[n] takes the value: is expressed by
1/ond(x /0y )dz, and the probability that, [n] takes a value lower thanis denoted
by the shaded area under the black/right curve and expreaséd Q((x —|s|)/on).

bution of a pair of receivedctiveinactive samples is depicted in Fig. 4.4. The origifahctive
sample at the transmitter has a valu®ofo the receivedhactivesample, corrupted with AWGN
from the receiver circuit, has a Gaussian distribution ehaéround the original value 6f Sim-
ilarly, the originalactivesample at the transmitter has a value do the receivedctivesample,
corrupted with AWGN, has a Gaussian distribution centrediiad the original value of. Let's
assume that the receivedtive sample takes the value ofdue to the AWGN. In order toor-
rectly detect it asactive at the demodulator, the value of threactive sample has to take a value
smaller thanz. From Fig. 4.4, the probability that theetive sample takes the valueand at the

same time thénactivesample takes a value smaller thars:
P{8.[n] = zN§[n] < 2} = P{§,[n] = 2}P{§[n] <z} =
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() e

This event is equivalent to the joint event adrrect detection and the receiveattive sample

having a value of:. The probability ofcorrect detection alone is the sum of the probabilities of

all possible events$s, [n] = N §[n] < x}. Hence,

P{8,[n] > §[n]} = /Z Uincp (‘/”;7‘80 <1 -Q <Ui>> da = % + %erf <%> . (4.13)

The probability that thective sample has the valug given that it has beecorrectly detected,

is:

P {8.[n] = z[8,[n] > §n]} =

_de(E)0e) | ae(E)00E), L.
Poao (7)1 -a(z)) du 5+ gerf (531)

Therefore, (4.14) provides the probability that the orgibipolar OFDM samples[n] = s,

is mapped tegn(s)z at the receiver whenorrect detection of theactive sample occurs. This
mapping is not deterministic and varies due to the AWGN atelceiver even when the same pair
of activeandinactivesamples is transmitted. In order to create a more detericiniew of the
transformation which each original bipolar sample undesgim the event oforrect detection,

it can be assumed that each bipolar sample is mapped to theohes (s)z plus an additional
noise component which represents the variation aroundribah. The mean 6fn(s)z can be

calculated as:

e (5 (-e(z)
fo( )—/OO gn(s)z [ ( U;') (1_Q(%))dud =
s — sgn(s) ooooaan)(xgr‘x ) (%)dx_

§+§erf<%> )

s — sgn(s) <|8| (% — gerf (%)) - 2%6,;% +>

= . (4.15)

1y ef(")

The variance of the noise component can be calculated as:
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1 z—|s -
> o (al‘>(1_Q<a>) =
ve(s) = /_OO ;1:2f_oooo Uln (u;ls\) (1 _Q (Uu_n)) dud:z: ff(s) =
Fese(t) (@) L oo
— C

— f2(5s). (4.16)

The communication channel is assumed to be flat wheintbeoveddecoder is employed. As
a result, the original bipolar OFDM frame can be loaded gventhe frequency domain, which
means that its time-domain samples can be approximateddepémdent identically distributed
(i.i.d.) Gaussian random variables when the FFT size istgrea equal td4, Ng > 64 due to
the central limit theorem (CLT) [14, 92]. Due to the flat chahrhe received U-OFDM samples
would not experience any dependence in time either. At theesane, the AWGN components at
each time instance are also independent. Hence, the tealsaf the noise component described
in (4.16) are independent from each other. As a result, daleet®LT, the noise component is
transformed into an AWGN component by the FFT operation @demodulator. The noise
variance is preserved from the time domain while the noisanm@lue reflects only on the DC

subcarrier which is not used for communication.

Following the logic described so far and the description ig. F4.4, the probability that the
inactive sample takes the valueand at the same time tlactive sample takes a value smaller

thanz, i.e., theinactivesample is misinterpreted astive is:

P{§[n] = xN§,[n] <z} =P{§n] = 2}P{8,[n] <z} =

= Uitb <Ui> (1 -Q <x;—|s|>> dz (4.17)

The probability ofincorrect detection alone is the sum of the probabilities of all pdssévents

{8i[n] = N §,[n] < z}. Hence,
Pl <slilt = [ o (O_i) (1 _q <”’";—">) do— 1Lt <%>  @19)
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Alternatively, this probability can be expressedlas P{s,[n] > §[n]}. The probability that the

inactivesample has the value given that it has beeimcorrectly detected aactive is:

P {8i[n] = [8,[n] < §[n]} = Al Lgs [n ]22 [[ ]]}< o

__ae(@)0melm) o aem)-elm), (4.19)
Poote(2) (1-Q () au b dert (42)

Therefore, (4.19) provides the probability that the orgibipolar OFDM samples[n] = s, is

mapped to—sgn(s)x at the receiver when thieactive sample isncorrectly detected asctive
This mapping is not deterministic and varies due to the AWGtiRareceiver even when the same
pair of active andinactive samples is transmitted. In order to create a more detertigiview
of the transformation which each original bipolar samplelamoes in the event of incorrect
detection, it can be assumed that the bipolar sample is rdajpthe mean of-sgn(s)z plus
an additional noise component which represents the vamiaiound that mean. The mean of

—sgn(s)x can be calculated as:

e =o(x) (-e(2Y)
fW(S)_/—oo —sgn(s):cff;% (U—“n) (1—Q( Uns|))dudx—

11 El
5 — Qerf (E)

= & : (4.20)

The variance of the noise component can be calculated as:

- oon %(b(i)(l—Q(gE_—‘S')) dr — £2(s) —
"0 L e ) (et
Fese(@) (-e(mt)e o

———erf( ) )

(s). (4.21)
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As in the case focorrectdistinction between thactiveandinactivesample, the noise component
in the case foincorrect detection is transformed into an AWGN component in the fesqy

domain by the FFT operation at the demodulator.

According to the Bussgang theorem, introduced in Secti8n&zero-mean Gaussian random

variable, X, subjected to a non-linear transformatiaf\X ), has the following properties:

z2(X)=aX+Y, (4.22)
E{XY,} =0 (4.23)
o = const. (4.24)

Based on these properties, the constaand the variance of the noid§ can be calculated for
the two separate casesairrect andincorrect detection of theactiveandinactive samples. In
the case fororrectdetection, the original bipolar samplépn], is mapped td.(s). In that case,

the variance o, anda can be calculated as:

 B{ste(s)) _ [ ste(8)50 (2)ds

e . - (4.25)
go = B{Y2} — E{Ya}? = B{EX(s)} — a20? — B{E,(5)}? =
— ()} —a2o? = [ ()0 (—) ds — a2o?. (4.26)
oo O O

It is apparent from (4.15) th&(s) is an odd function, so its mean in (4.26) is zero. In the case fo
incorrectdetection of thexctiveandinactivesamples, the variance ®f, anda can be calculated
as:
Bista(s)} [ stu(s) 20 (2) ds
Qy = = = S > (4.27)

05

yw = (Y7} — B{Va}? = B{fi(s)} — ado? — E{fy(s)}* =
_ B{i2(s)} — a202 = / h ffv(s)%cb <Ji> ds — 6202, (4.28)

It is apparent from (4.20) thdt, (s) is an odd function, so its mean in (4.28) is zero. The noise
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component;, is not correlated with the signal, according to the Bussghagrem. At the same
time, the detection events at eaattiveinactive sample pair are independent as well. Conse-
quently,Y; is transformed by the FFT operation at the demodulator iMtGA and its variance

adds to the variance of the AWGN in the frequency domain.

The variances in (4.16) and (4.21) are given as functions tfe realization of the signailn].

On average, over the entire duration of the OFDM frame theyequal to:

Te = /OO vc(s)aicp (f) ds (4.29)
and
By = /oo vw(s)o_icp (f) ds. (4.30)

Using (4.13), the average probability foorrect detection of aractivetime sampled,., is:

CLBEGE)

For a large number of samples in a U-OFDM frame, the numberoakctly andincorrectly
detectedactive samples will have a ratio which corresponds to the proliadslifor correct and
incorrect detection —d. and1 — d., respectively. Hence, the average gain factgrand the

average noise variance in frequency domainpecome:

a=deae + (1 —de)any (4.32)

N = de(e + ye) + (1 = de) (Vw + yw) (4.33)

The achieved average electrical signal-to-noise r&fdR;..) can be plugged in the well-known
formula for the BER of\/-QAM [93]. Hence, the performance of U-OFDM is calculated as

(4.34)

2p
BERy = BERmqAM <u>

N

The comparison between theoretical model and Monte Camalations of the system perfor-

76



Unipolar Orthogonal Frequency Division Multiplexing

BER

10
10 3
10
10 7

10

[N

A\ 4QAM Simulation
{) 16QAM Simulation
O 64QAM Simulation
O 256QAM Simulation

AR TOgE 2ta A : :
AL R Sq T 8g TR ¥ 1024QAM Simulation
N TR, g By ! — 4QAM Theory
A N & N N "Nt —16QAM Theory
B \ S N —64QAM Theory
AN N N A\ —256QAM Theory
A O N A \ —1QZ4QAM Theory _
A\ :
X\ X Q
\
| | | | | |
5 10 15 20 25 30 35
Eb,elec [dB]
No

Figure 4.5: Theoretical U-OFDM performance vs. Monte Carlo simulasion

mance is presented in Fig. 4.5. There is good agreement &etiie presented model and the

conducted simulations.

From (2.19) and (2.21), the ratio between the achievedagignal-to-noise raticSNR,,;), and

the achieved electrical SNRSNR..) can be expressed as the ratio between the average optical

power, P2€ presented in (2.20), and the average electrical powgf; presented in (2.18).

Half of the U-OFDM time-domain samples are equal to zero &edodther half follow a clipped

Gaussian distribution. Hence, using the statistics of tipped Gaussian distribution [14], the

ratio between the optical power and the electrical powehefsignal can be expressed as:

pPave

opt

_ dJ(O)O'S

_ 2¢(0)

. (4.35)

Qo—e = PoE =

elec

02/2

Os

The ratioa,—. can be used to obtain the equival&NR.. for a given value oBNR;. Thus,

since an analytical formula for the BER performance of th&eayn as a function of the electrical

SNR has been provided, the BER performance of the systemecamdiuated analytically as a

function of the optical SNR as well. This concept appliesdoth theconventionademodulation

algorithm and themproveddemodulation algorithm. For thenprovedalgorithm, the BER as a
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Figure 4.6: Performance improvement introduced by thgproveddecoder for U-OFDM. The
letter “i” denotes the curves for themproveddecoder. The performance of OFDM
for bipolar real signals is illustrated in this figure.

function of SNR,,; is calculated as:

(4.36)

200 F
BERy = BERygan <M> .

N

4.2.3 Results and Discussion

This section evaluates the performance of U-OFDM in a liM@AGN channel. The AWGN

channel is a good approximation of the OWC channel for théeaysscenarios described in
Chapter 2. Any frequency-dependent channel effects asaselbn-linear distortion effects are
specific for a particular system realisation and a partiodégoloyment scenario. Therefore, they
are not included in the analysis, and the linear AWGN chamedopted as an appropriate
fundamental scenario for the evaluation of U-OFDM'’s perfance. Furthermore, in this sec-
tion, a comparison is made between the performance of theentanal DCO-OFDM scheme

presented in Section 2.7.2.1 and the performance of U-OFBMce it is practically impossi-

ble to avoid clipping effects from below in DCO-OFDM due tethigh peak-to-average power
ratio (PAPR) of the OFDM signal, as described in Section2217 clipping of any negative values
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in DCO-OFDM is the only non-linear distortion adopted instistudy.

As already described previously, timprovedU-OFDM decoder is aimed at closing tBedB
gap between the performance of a bipolar OFDM signal and énfopnance of theconven-
tional U-OFDM decoder. Fig. 4.6 illustrates the degree to whichitmgroveddecoder is able
to complete the task. For aif-QAM constellation size of, theimproveddecoder closes most
of the performance gap, but is still abou8 dB away from the target. As the constellation size
increases, the gap is reduced. Bdr= 64, for example, the performance difference between
bipolar OFDM and themprovedU-OFDM is approximately0.4 dB. For M = 1024, the dif-
ference is0.1 dB. Higher constellation sizes lead to more energy per symbaverage, thus,
leading to more signal power per time-domain sample. Thiguin, reduces the probability
for making errors in the sample selection process condunt#iue improvedU-OFDM decod-
ing algorithm, and therefore increases the performanceangment relative to theonventional
U-OFDM decoding algorithm.

The performance of theonventionalU-OFDM decoder is compared against the performance of
DCO-OFDM in Fig. 4.7 and Fig. 4.8 in terms of electrical andicgd energy requirements, re-
spectively. It should be noted that binary phase-shiftikgyBPSK) OFDM andi-QAM OFDM
perform equivalently in an AWGN channel, and as a result, BE&EO-OFDM and4-QAM
DCO-OFDM perform equivalently. Therefore, they are représd by a single BER curve.
It should also be pointed out that the biasing levels for DOEDM have been optimised for
BER=[10"%;10~3] through Monte Carlo simulationgg., lower bias levels in any of the pre-
sented cases would lead to higher BER values while higherléiels would lead to an increase
in the signal power without reducing the BER. In terms of &leal energy dissipation, theon-
ventional U-OFDM decoder exhibits performance improvement over DGEBM only in the
case o#-QAM U-OFDM vs. BPSK DCO-OFDM. The improvement is approxieig 4 dB. For
higher constellations, U-OFDM exhibits either similar conse performance than DCO-OFDM.
It is evident that, as the constellation size increases,RID requires significantly largei -
QAM constellations in order to achieve the same spectraieffty, and, as a result, suffers in
performance. In terms of optical energy dissipation, U-®@F&yain has an advantage over DCO-
OFDM only for the case 04-QAM U-OFDM vs. BPSK DCO-OFDM, where the performance
improvement is approximatelly.4 dB at a BER ofl0~%. For higher constellations, the optical ef-
ficiency of U-OFDM becomes worse than the efficiency of DCOROFE Theimproveddecoder
could improve the performance of U-OFDM with up3adB as shown in Fig. 4.6.
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Figure 4.7: Performance of theonventionaldecoder for U-OFDM in comparison to the per-

formance of DCO-OFDM. The presented BER curves are gertbest@ function of
the electrical SNR as defined in (2.19). The biasing leveBRSKA-QAM,8-QAM,
and 16-QAM DCO-OFDM have been set €alB, 7dB and7.5 dB according to the

biasing representation in (2.23).
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Figure 4.8: Performance of theonventionaldecoder for U-OFDM in comparison to the perfor-

mance of DCO-OFDM. The presented BER curves are generatedfasction of
the optical SNR as defined in (2.21). The biasing levels f@HRQAM, 8-QAM,

and 16-QAM DCO-OFDM have been set €aB, 7dB and7.5 dB according to the
biasing representation in (2.23).

80



Unipolar Orthogonal Frequency Division Multiplexing

However, it is applicable only in favourable communicatwrannel conditions as described at
the end of Section 4.2. Furthermore, thgroveddecoder would be insufficient to compensate
the electrical energy loss for U-OFDM constellation sizegér than)/ =256 and the optical
power loss for U-OFDM constellation sizes larger thidr=16 as can be inferred from the results
presented in Fig. 4.7 and Fig. 4.8, respectively. Cleargglation to the spectral efficiency loss
in U-OFDM is required.

4.3 Enhanced Unipolar Orthogonal Frequency Division Multplex-
ing (U-OFDM)

The results in Section 4.2.3 show the great potential forggngavings introduced by a unipolar
OFDM-based modulation scheme that requires no biasinghedsame time, the loss in spectral
efficiency, introduced by the proposed OFDM modulation swdeclearly diminishes the energy-
saving effect of U-OFDM at low spectral efficiency and evemptetely eliminates any energy-
saving benefit at higher spectral efficiency. Furthermdrmmdderately high spectral efficiency,
in the order ofdb/s/Hz or5 b/s/Hz, is required, an impractical constellation sizethim order of

65536 or 1048576, would be necessary. Hence, in order for U-OFDM to becomialsigi for

high-speed communication, an appropriate solution to tbhblem of spectral efficiency loss in
the generation process has to be devised. The currentrs@ctposes an approach for solving

this issue. It is referred to as eU-OFDM.

4.3.1 Concept

The eU-OFDM concept is described in Fig. 4.9. The scheme gwslmultiple U-OFDM infor-
mation streams in a single unipolar time-domain signal.sijhal generation steps are performed
in the digital domain and after a conventional digital-ttabpg conversion, the resulting analog
signal can modulate the LED without any biasing apart fromrthinimum requirement to turn
on the LED. A single discrete U-OFDM signal in the time domaiauld look exactly as the
information stream aDepth lin Fig. 4.9. A frameP contains the positive samples of an origi-
nally bipolar OFDM frame and zeros in the places of the nggatamples. A framé/ holds the
absolute values of the negative samples of that same biéIEBXM frame and zeros in the places

of the positive samples. The signal¢pth lis generated following the procedure described in
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Figure 4.9: lllustration of the enhanced U-OFDM concept upRepth 3 CP denotes the indi-
vidual cyclic prefix of a frame P;; denotes the unipolar frame which contains the
positive samples of thith originally bipolar OFDM frame aDepthd. Ny denotes
the unipolar frame which contains the absolute values ofribgative samples of
theith originally bipolar OFDM frame aDepthd. The digital-to-analog converter
(DAC) block represents the required operations, includsignal amplification, for
transition from a digital signal to an analog signal, capelaf driving the LED front-
end.

Section 4.2.1. A second U-OFDM information signal, depc¢Depth 2 is superimposed over
the signal aDepth 1 and it does not affect the ability of the receiver processmeparate the
two signals if the following structure is followed. Atepth 2 each U-OFDM frame is replicated
and transmitted twice, where the second frame instance égaat copy of the first one. Hence,
in Fig. 4.9, the second frame Bepth 2is an exact replica of the first frame, the fourth frame is
an exact replica of the third frametc This is denoted by the frame labels. Sinc®apth 2each
U-OFDM frame is transmitted twice, the amplitude of eachrfeanstance is scaled by'1/2 in
order to keep the utilised energy per bit constant. A thigihal, atDepth 3 can be introduced
similarly to the second signal, however, the individual BEIM frames are replicated four times
where the amplitude of each frame instance is scaleq/w—4, again in order to preserve the
dissipated energy per bit. Additional information signede be added, where at deptheach
U-OFDM frame is replicate@?~! times and its amplitude is scaled b){/\/2d——1.

After the information signal is received, the data signadDapth 1can be demodulated straight
away with theconventionalJ-OFDM decoding algorithm. Every second frame, holdingribg-
ative values of the original bipolar OFDM frame, is subteatcfrom its preceding frame, holding
the positive values of the original bipolar OFDM frame. Thitre conventional OFDM demodu-
lator is applied on the obtained bipolar frames. For exangilBepth ], the first bipolar frame is
recovered with the operatiaf,; — V11, the second bipolar frame is recovered with the operation

P15 — N1 and so forth. No additional signals interfere with the sssé@ demodulation because
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the interference that falls oRy; is equivalent to the interference that falls 6R;, caused by
Py + P51 in the presented example. Hence, the subtraction operasiooels out both inter-
ference terms. Analogously, the interference is remowveh fall subsequent frames @epth 1
Hence, the bits encodedepth 1can be successfully recovered with the conventional U-OFDM
demodulator. Once the demodulatiorDatpth 1is complete, the demodulated bits can be remod-
ulated again in order to recover the transmitted U-OFDMaiginDepth 1 This signal is then
subtracted from the overall received signal, and the resuitains only the information streams
atDepth 2and above. Every two equivalent frame®afpth 2are summed. For example, the first
and the second frame Bepth 2are summed, the third and the fourth frames are sumeted,
Afterwards, the demodulation process continues wdtiiventionalJ-OFDM demodulation — ex-
actly the same way as for the recovery of the informatioDepith 1 Again, subsequent streams
do not hinder the process because the interference fronuladkegiuent streams is structured in
such a way that it is completely removed by the subtractioeratpn. After the bits aDepth

2 are recovered, they are remodulated and the result is stddrérom the remaining received

signal. This iterative procedure continues until the infation at all depths is decoded.

4.3.2 Spectral Efficiency

The newly-introduced scheme has increased spectral efficighen compared to U-OFDM. The
spectral efficiency of the modified scheme can be calculadideassum of the spectral efficiencies

of the different streams at all depths:

WE

D
7 1
New (D) = 2d31 =Ty Z 9d—17 (4.37)
d=1

d=1
where D is the maximum employed modulation depth in the new scherhequals the total
number of U-OFDM streams that are superimposed in the geeraodulation signal. As the
maximum modulation depth is increased, the spectral effigief eU-OFDM increases as shown
in Table 4.1.

D 1 |2 [3 [4 [5 [6 [7
2uD) 171 [ 50 | 75 | 87.5 [93.75|96.88]98.44[99.22

DCo

Table 4.1: Spectral efficiency of eU-OFDM as a function of the maximurdutadion depthD.
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For a large modulation depth,; (D) converges toy, ., the spectral efficiency of DCO-OFDM,
defined in (2.15):

)

1
lim 7., (D) =mn, lim =7 = 21y = Mpco- (4.38)

D—o0 D—o0 2d
Two practical issues should be considered at this poinst,FOFDM transmission cannot start
before at least a full block of bits, required for the generabf one full OFDM frame, is avail-
able at the transmitter. In real-time streaming applicetjdhis introduces a latency of at least
one frame length. When eU-OFDM is used, the latency inceeasth the modulation depth
because the binary data for at leaSt—1 OFDM frames has to be available to the processor at
the transmitter before one full eU-OFDM data block, as the dapicted in Fig. 4.9, can be
modulated for transmission. At the receiver site, someniatés also expected because at least
2¢ frames have to be received before the demodulation at depdim be completed. Second, it
can be assumed that the FFT/IFFT operation dominates thputational complexity at the re-
ceiver [87]. The eU-OFDM demodulation process requirestiadal FFT/IFFT operations to be
performed at the receiver compared to the demodulatiorepsas in U-OFDM and OFDM. If all
subtraction procedures in the eU-OFDM demodulator areopaed in the time domain, the to-
tal number of FFT/IFFT operations is approximately doubkettumber of FFT/IFFT operations
required in OFDM because every demodulated frame has torbedwated and, therefore, an
additional IFFT operation is required. When the commuiocathannel is not flat, this approach
would introduce additional complexity in the equalisatfmmocess because the remodulated sig-
nal components would have to be distorted by the channedferoharacteristic before they are
subtracted from the overall received signal. Thereformight be more practical if all subtrac-
tion operations in the demodulation process are performéuki frequency domain after the FFT
operation. Then, in every eU-OFDM frame, equalization lealset performed only once for the
entire information signal, and no channel effects wouldehtavoe introduced to the remodulated
signal. In such an implementation, however, the number gfired FFT/IFFT operations is
roughly four times higher than in conventional OFDM demadioh. This occurs because every
remodulated frame has to be split into two frames, one hglthie positive values of the bipolar
frame and the other holding the negative values of the higdane, according to the U-OFDM
algorithm, and then both of these frames have to be tradsiate the frequency domain with

an FFT in order to be subtracted from the overall receivedasign summary, this leads to four
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FFT/IFFT operations per OFDM frame in comparison to DCO-®FD he implementation of
eU-OFDM also introduces additional memory costs compar€2RDM because the data equiva-
lent of 2P OFDM frames has to be buffered for the complete demodulati@me full eU-OFDM
block as the one shown in Fig. 4.9. The presented implementeisues put a practical limit on
the highest eU-OFDM modulation depth that can be implentewith a given hardware budget.
In practical applications, the hardware complexity is nqiexted to be problematic because for
a relatively small maximum modulation depth, the gap in spéefficiency between eU-OFDM
and DCO-OFDM is almost completely closed. For example,Jef3 and D= 5, n_, is already
87.5% and96.88% of n,,.,, respectively, which means the difference is practicadigligible. A

more detailed analysis of the eU-OFDM implementation castlie addressed in future work.

4.3.3 Theoretical Bit-error-rate Analysis
4.3.3.1 Electrical Power

A real bipolar time-domain OFDM signal follows a Gaussiastidbution with average electrical
power of E{s?(t)}=02, whereo is the standard deviation of the time-domain wavefai(it)
[15, 21]. Therefore, half of the time-domain samples in a BBM signal follow a Gaussian
distribution truncated at zero and the other half of the daspre equal to zero [18, 21]. As a
result, it is straightforward to show that the average posfeghe time-domain U-OFDM signal
is 02/2 [18,21]. The eU-OFDM signal is a combination of superimgbiselependent U-OFDM
signals, and, therefore, its average time-domain eletfpimwer grows with the number of signals

that are superimposed. It can be derived as [21, 60]:

D 2
PYE = B{shy()} =B <z §d<t)>

d=1
D D D
=Y E{siO}+ > > E{sy ()} E{sy,(0)}
d=1 di=1 dp=1
dids
Lo 1 S 60 400,
92 2d—1 v/2d1—1 /9d2—1
d=1 di=1 do=1
d1#d2
o2 1 oL Sy 1
-2 (2 - 2p_1> + 5-49°(0) dzl dzl N (4.39)
1= 2=
d1#d2
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wheresey(t) is the eU-OFDM waveform in the time domaigy(¢) is the U-OFDM signal at
depthd, and$(0) is the probability density function (PDF) of the standardmal distribution.
The time-domain expectation of the U-OFDM signal at depthE {s,(t)} =d(0)os/Vv24-1. It

is used in the calculation of (4.39) and can be derived framsthtistics of the truncated Gaussian
distribution described in [14]. The average number of lhitd tire encoded in a eU-OFDM signal
is2—1/2P~! times more than the number of bits that are encoded in a U-OBiQhl during the
same time interval. Therefore, the increase in the requaeR per bit in eU-OFDM compared
to U-OFDM for the samé/-QAM constellation size is the ratio of the average eleatrgower
calculated in (4.39) and the average electrical power obH@FDM signal,os/2, divided by the
ratio of the bits encoded in the two modulation scherges, /2°~!. Hence, the increase in the
required SNR for eU-OFDM is:

4¢2(0)
D) =1+-—"72/— 2_1/213 - Z Z 2d1+d2 (4.40)

di=1 do=
dl ¢d2

The electrical SNR of the system is defined as in (2.19):

Ebclec _ P;ZieU _ E{SgU(t)} (4.41)
N, Bn_, N, Bn Ny’ '

whereB is the used double-sided communication bandwidthspds the double-sided PSD of
the AWGN at the receiver. Fig. 4.10(a) show§D) for different values of the maximum mod-
ulation depth. The average SNR penalty of eU-OFDM in consparito U-OFDM converges
to about4 dB as the spectral efficiency converges to the spectral aifiyi of DCO-OFDM. As
described in Section 4.2.2, U-OFDM suffers a constant SNilpe of 3dB in comparison to
a bipolar OFDM signal. Therefore, when this penalty is camhi with the maximum penalty
of about4dB in Fig. 4.10(a), it can be concluded that irrespectivehef ¢mployed\/-QAM
constellation size, eU-OFDM suffers a maximum electriddRYpenalty of about dB in com-
parison to a bipolar OFDM signal. The results in Section3li2dicate that DCO-OFDM suffers
a penalty of about dB in terms of electrical SNR requirements relative to a lEip®FDM signal
for BPSK and4-QAM. Furthermore, the penalty increases when lafgeQAM constellations
are used because larger constellations are more sensithantlinear distortion, and therefore,
higher biasing levels are required in order to reduce th@prilg effect on any negative signal

samples. Therefore, depending on the ude@QAM constellation size, eU-OFDM is expected
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Figure 4.10: Energy penalty with increasing modulation depth.

to have comparable or significantly better performance B@@-OFDM.

At this point, note the additional electrical energy pertht is introduced at each modulation
depth,d, shown in Fig. 4.10(b). The presented curve shows the additielectrical energy per
additional bit that is introduced when an additional U-OFBMnal is introduced to the over-
all information signal. The results are normalised to thergy per bit atDepth 1 Since the
additional signals are added on top of an already existing-tlomain signal, the additional elec-
trical energy per additional bit that they introduce inses significantly with the modulation
depth. This means that introducing additional U-OFDM stiedo close the spectral efficiency
gap between eU-OFDM and DCO-OFDM becomes energy inefficient quickly. When the
additional latency, the increased hardware complexitythadize of the spectral efficiency gap,
illustrated in Table 4.1, are also taken into consideratibbecomes evident that a practical im-
plementation of eU-OFDM is likely to be realised for a maximmodulation depth of not more
than a few streams. In case it is important that the spedtreilemcy gap is closed completely, an
alternative eU-OFDM implementation can be considered witterent //-QAM constellation
sizes at each depth. For example, two 16-QAM streams magcspidctral efficiency of 8-QAM
DCO-OFDM; a 64-QAM stream dDepth 1in combination with a 16-QAM stream &tepth 2
or a combination of a 32-QAM stream Repth land two subsequent 16-QAM stream$aipth

2 andDepth 3is enough to achieve the same spectral efficiency as 16-QAN-DEDM. A

detailed study of the optimal constellation size comboratican be addressed in future work.
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Figure 4.11: The performance df6-QAM eU-OFDM at different depths as a function of the elec-
trical SNR. Note that the electrical energy per bit reprdsehe average electrical
energy per bit for all streams combined in accordance withdkefinition in (4.39)
and (4.41). The curve named “Theory” represents the théwaly performance
bound.

A theoretical bound for the BER of eU-OFDM as a function of #lectrical SNR can be es-
timated using the well-established formula for calculgtine BER of conventional real bipolar
M-QAM OFDM [93]. The only necessary modification in that forlaus a scaling of the re-
quired SNR by a factor di« to account for thg-dB performance degradation in U-OFDM and
to account for the SNR penalty incurred in eU-OFDM. The psgabtheoretical bound is equiv-
alent to the BER curve for the information streanbaipth 1lin eU-OFDM because in that stream
any distortion is caused only by the AWGN process at the vecaince any inter-stream inter-
ference is completely removed by the subtraction operatidhe demodulation procedure. The
BER of the U-OFDM signals at higher depths increases withdtph because the performance
is affected by the BER at lower depths. Any errors in the hibddulation at a given depth prop-
agate into the performance of the data streams at subsedgjethis because they translate into
imperfections in the iterative signal cancellation algori. This results in reduced signal quality
at all subsequent U-OFDM streams. With an increase in the, 8idPbit errors are reduced. As a
result, the performance at all depths converges to the qeafoce of the stream Btepth 1 This
performance trend is illustrated in Fig. 4.11. The preskrgsults show good agreement between

the theoretical performance bound and the results of thetd/Garlo simulations conducted.
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4.3.3.2 Optical Power

The average optical power of the time-domain eU-OFDM sigf1, 60]:

D D
Py = Elseu(t)} =E {Zw} =Y E{s4(t)} (4.42)
5 1 d=1 d=1
= (1)(0)052 Qdfl'
d=1

The optical SNR of the system is defined as in (2.21) [21, 60]:

Eb,opt _ PsgseU _ E{SeU(t)}
No B, No B, No

(4.43)

The ratio of (4.39) and (4.42) can be used to establish dopfdtip between the electrical SNR
and the optical SNR. Hence, for a given value of the opticaRStde equivalent achieved elec-
trical SNR can be calculated using this relationship. Thba, closed-form BER bound as a
function of the electrical SNR can be used to establish aopadnce bound as a function of the
optical SNR. Fig. 4.12 illustrates the close agreement éetnthe proposed theoretical bound
and the Monte Carlo simulations conducted. All calculadignesented in this section are valid
for an ideal front-end transmitter device under the assiamghat modulation using eU-OFDM
does not require biasing of the LED. However, a typical LEBuiees a minimum bias voltage
at which the device “turns on” and begins to emit light. In &stimation of the optical efficiency
of the system, a zero bias can be assumed, because befofg@guns on” any light intensity
output is negligible. However, when the electrical efficgmf the system is estimated, the bias
should be taken into account. If the bias level is small ngab the dynamic range of the infor-
mation signal, it would not introduce considerable vapiasi in the estimated energy efficiency
relative to an ideal system. Furthermore, the “turn on” keasl is device-specific. Consequently,

it is disregarded in the presented theoretical study foterabf simplicity.

4.3.4 Results and Discussion

This section presents the performance of eU-OFDM in a lid&&GN channel. Appendix C
presents a study which illustrates why an investigation flataAWGN channel is sufficient for
comparing the performance of different OFDM based modutasichemes. As in Section 4.2.3,

the only non-linear effect considered in this section is dffect of clipping any negative val-

89



Unipolar Orthogonal Frequency Division Multiplexing

| © Depth 1
-8 Depth 2
-4~ Depth 3
10 °| - Depth 4
-¥ Depth 5
_4—® Theory
10 10 12

Figure 4.12: The performance of6-QAM eU-OFDM at different depths as a function of the
optical SNR. Note that the optical energy per bit represéinésaverage optical
energy per bit for all streams combined in accordance withdbfinition in (4.42)
and (4.43). The curve named “Theory” represents the thémaktperformance
bound.

ues in the information signal due to the electrical charéttes of an ideal LED. The novel
scheme, eU-OFDM, generates a strictly positive signal tretefore, it completely avoids clip-
ping of the signal from below, while DCO-OFDM is subjectedtiés non-linear effect. In the
presented study, the maximum depth of eU-OFDM is chosen tO-b8 because at this depth,
the larger part of the spectral efficiency gap between DC@¥afand U-OFDM is closed. In
addition, for this value oD, the implementation complexity is still quite managealid toe the-
oretical/simulation results provided in this section carcbmpared against experimental results
described in Chapter 6. Therefore, in all results preseintéitis section, the spectral efficiency
of eU-OFDM is87.5% of the spectral efficiency of DCO-OFDM, in agreement with [Eah1.

The average BER achieved for the decoded information aeallhd in eU-OFDM is compared
against the BER of DCO-OFDM and U-OFDM for differemf-QAM constellation sizes. Fig.
4.13 presents the BER results for constellation sizes- 2,4, 8, 16] as a function of the elec-
trical SNR. For U-OFDM, an actual constellation size\éf is used for each respective value of
M, so that equal spectral efficiency can be achieved by the gulgemes. The results have been
presented for BER values down 16—* because most forward error correction (FEC) codes in

practice are able to deliver reliable communication at BERSs [94]. The electrical efficiency
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Figure 4.13: Comparison between the performance of eU-OFDM, U-OFDM, 2G®D-OFDM
for different M/-QAM modulation orders as a function of the electrical SNRY (
BPSK; (b)4-QAM; (c) 8-QAM; (d) 16-QAM. The optimum bias levels for BPSK,
4-QAM, 8-QAM, and16-QAM DCO-OFDM are estimated using Monte Carlo sim-
ulations and set at dB,6 dB, 7 dB, and7.5 dB, respectively, following the descrip-
tion in (2.23).

improvement of eU-OFDM over DCO-OFDM begins at aro@dB for BPSK and increases to
about4 dB for 16-QAM. In DCO-OFDM, the bias levels for the differei -QAM constellations
are optimised through Monte Carlo simulations and appédae io agreement with previous work
as in [14, 95]. The introduced bias levels are deemed optireehuse in each of the presented
cases adding less bias leads to more clipping distortiontaecefore, to higher BER for a given
SNR. At the same time, adding more bias leads to higher erBsgipation without any reduc-
tion of the BER. The bias levels are expressed as the estifs®® increase in dB relative to a
bipolar OFDM signal as described in (2.23). In eU-OFDM, fanaximum depth ofD=3, the
SNR penalty is¥~1.95 dB according to Fig. 4.10(a). This SNR penalty is constanspeetive

of the constellation size. Therefore, the apparent inereaenergy efficiency of eU-OFDM over

DCO-OFDM with an increase in thie/-QAM modulation order can be explained and even quan-
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Figure 4.14: Comparison between the performance of eU-OFDM, U-OFDM, 26®D-OFDM
for different M-QAM modulation orders as a function of the optical SNR: (a)
BPSK; (b)4-QAM; (c) 8-QAM; (d) 16-QAM. The optimum bias levels for BPSK,
4-QAM, 8-QAM, and16-QAM DCO-OFDM are estimated using Monte Carlo sim-
ulations and set at dB,6 dB,7 dB, and7.5 dB, respectively, following the descrip-
tion in (2.23).

tified. Fig. 4.13 also clearly illustrates the loss in enegfficiency for U-OFDM as the spectral
efficiency increases. In Fig. 4.13(d}QAM U-OFDM is more energy-efficient than both BPSK
eU-OFDM and BPSK DCO-OFDM. In Fig. 4.13(b)-4.13(¢-QAM U-OFDM and64-QAM
U-OFDM are less energy efficient tharQAM eU-OFDM and3-QAM eU-OFDM, respectively,
while at the same time exhibiting approximately the sameieficy ast-QAM DCO-OFDM and
8-QAM DCO-OFDM. In Fig. 4.13(d)256-QAM U-OFDM is evidently less energy efficient than
both 16-QAM eU-OFDM and16-QAM DCO-OFDM. Fig. 4.14 presents the same performance
trends in all three investigated modulation schemes asdaifumof the optical SNR. For BPSK
and4-QAM, eU-OFDM exhibits an efficiency advantage of abogtd B over DCO-OFDM. This
optical power advantage reaches alnib$B for 16-QAM. At the same time, U-OFDM exhibits
an advantage only for a constellation size\déf= 4 compared with BPSK eU-OFDM and BPSK
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Figure 4.15: Performance of eU-OFDM compared against the performand2@d-OFDM for
different M-QAM modulation orders as a function of the electrical SNRRe ©p-
timum bias levels fo64-QAM, 256-QAM, and1024-QAM DCO-OFDM are esti-
mated using Monte Carlo simulations and sef#&dB, 11 dB, and13 dB, respec-
tively, following the description in (2.23).

DCO-OFDM in Fig. 4.14(a).

A performance comparison between eU-OFDM and DCO-OFDMesgmted for higher spectral
efficiency values as well. Fig. 4.15 and Fig. 4.16 show redolt M/ = [64, 256, 1024]. In this
study, U-OFDM is not considered because it was already dstraiad that the scheme clearly
loses its energy advantage over both eU-OFDM and DCO-OFDI56-QAM U-OFDM com-
pared to16-QAM eU-OFDM/DCO-OFDM. The results presented in Fig. 4.1&l &ig. 4.16
show that for1024-QAM, eU-OFDM can reach savings of approximat&IyB in electrical en-
ergy dissipation over DCO-OFDM and savings of approxinyaselB in required optical power.

Such results can make a significant difference in future-sjgged OWC systems.

4.4 Extension to Other Unipolar OFDM-based Modulation Schenes

The concept described in this paper is based on the uniqwedomain structure in every pair
of U-OFDM frames. Analogous unique structures are alsognteis) the other two well-known

unipolar OFDM modulation schemes — ACO-OFDM and PAM-DMT. nde, the eU-OFDM

concept could be extended to ACO-OFDM and PAM-DMT.
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Figure 4.16: Performance of eU-OFDM compared against the performand@@®D-OFDM for
differentA/-QAM modulation orders as a function of the optical SNR. Tptémmm
bias levels for64-QAM, 256-QAM, and 1024-QAM DCO-OFDM are estimated
using Monte Carlo simulations and set@bt dB, 11 dB, and13 dB, respectively,
following the description in (2.23).

4.4.1 Asymmetrically-clipped Optical OFDM (ACO-OFDM)

In ACO-OFDM, only the odd subcarriers are modulated. As aseqnence, the samples within
one time-domain frame of the bipolar signaln|, before the asymmetrical clipping have the
property:sin]= — s[n + Ng /2] as shown in Section 2.7.2.2 [21, 61]. If only the even suliear
are modulated, the time-domain frame has the propefiyj=s[n + Ng/2] [21]. The opposite
relations also hold as described in Section 2.7.2.2. Toeefas long as the interference in
the first half of the frame, from sampleto sampleNg;/2—1, is equivalent to the interference
in the second half of the frame, from samplg; /2 to sampleNg—1, any distortion due to
interference falls only on the even subcarriers in the feegy domain. Hence, it is orthogonal to
the information, which is modulated only on the odd subeasr{21, 61]. A way to enhance the
data rate of ACO-OFDM is presented in Fig. 4.17.

The demodulation process at the receiver would be applidteisame manner as for eU-OFDM.
The information aDepth 1can be recovered directly as in conventional ACO-OFDM bseau
all subsequent data streams are arranged such that thegt mflg on the even subcarriers in
the frequency domain. After the first stream is decoded, ff@mation can be remodulated

again and subtracted from the overall signal. Then, framf@shware equivalent @epth 2can
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Figure 4.17: lllustration of the enhanced ACO-OFDM concept up to deptiCB. indicates the
unique cyclic prefix of each framed,; indicates the first half — from sampleto
sampleNg /2—1 — of theith ACO-OFDM frame aDepthd. By indicates the
second half — from sampl¥g; /2 to sampleNg,—1 — of theith ACO-OFDM frame

at Depthd.
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Figure 4.18: lllustration of the enhanced PAM-DMT concept up to depth P itdicates the
unique cyclic prefix of each framed,; indicates the first half — from sampleto
sampleNg; /2—1 — of theith PAM-DMT frame aDepthd. By; indicates the second
half — from sampléVg; /2 to sampleNg;—1 — of theith PAM-DMT frame aDepth
d. Furthermore,Ay;[n] = Agi[Ngi/2 — 1 — n] and By;[n] = By [N /2 — 1 — 7]
so that the Hermitian symmetry of the interference at eagtidis satisfied.

be recombined and the demodulation procedure can contgimr ¢the stream dDepth 1 The

algorithm can be applied until the information from all stmes is recovered.

4.4.2 Pulse-amplitude-modulated Discrete Multitone Modtation (PAM-DMT)

In PAM-DMT, all subcarriers are modulated with imaginaryrdyols from an)M-PAM scheme

as described in Section 2.7.2.3 [21,62]. In case the im@wé® over a single PAM-DMT frame
duration possesses a Hermitian symmetry in the time-dgntaiinequency profile is a real signal.
Hence, the interference is completely orthogonal to théubggformation which is encoded in
imaginary symbols [21]. A way to introduce additional PAMVID data within the modulation

signal is presented in Fig. 4.18.
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The demodulation process at the receiver is analogous ttethedulation process of eU-OFDM
and the demodulation process of the proposed enhancedversACO-OFDM from Section
4.4.1. The information aDepth 1can be recovered directly. Afterwards, the data is remodu-
lated and then subtracted from the overall signal. Thenjddetical frames aDepth 2can be
recombined, after which they can be demodulated as the tdBteptdh 1 The information at all

additional depths is recovered in a similar fashion.
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4.5 Summary

A novel modulation approach for the generation of enerdigient unipolar OFDM signals,
coined U-OFDM, has been introduced in this chapter. Themeheffers significant energy
savings in terms of electrical energy consumption and appower requirements when com-
pared to the conventional DCO-OFDM. All benefits, howeveme at a&50% reduction in the
scheme’s spectral efficiency. When equal spectral effigiehassumed, U-OFDM manages to
outperform DCO-OFDM only for relatively small/-QAM constellation sizes. A modified ap-
proach, termed eU-OFDM, has been proposed as a solutiom tgptictral efficiency reduction
problem in U-OFDM. Using this approach, the spectral efficiegap between U-OFDM and
DCO-OFDM is practically closed, while significant power sms are attained.

The problem of spectral efficiency loss has been a longalgstisue in the inherently unipolar
state-of-the-art techniques including: ACO-OFDM, PAM-DMnd the novel U-OFDM. The
solution proposed in this chapter in the form of eU-OFDM eitglthe OFDM frame structure
in a novel way and allows multiple information streams to ta@ms$mitted simultaneously. The
novel concept effectively introduces a new degree of freedothe signal space of U-OFDM,
ACO-OFDM and PAM-DMT. For the first time, the spectral effivdy of DCO-OFDM has been
matched by an inherently unipolar OFDM-based modulatidres® which does not require an
increase in thé/-QAM modulation order and still attains manageable impletagon complex-

ity as well as significant energy benefits.
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Chapter 5

Non-linear Distortion in OFDM-based
Modulation Schemes for OWC

Non-linear distortion is anticipated in an optical wirdesmmunications (OWC) system. Dur-
ing the design process, it is important that one fully uniderds and is able to quantify the
effects of non-linear distortion on the system performantke orthogonal frequency division
multiplexing (OFDM) modulation signals are particularlylmerable to non-linear distortion due
to the generally high peak-to-average power ratio (PAPBY pfossess. There exist multiple ap-
proaches for analysing the effects of non-linear distartin an OFDM-based information signal.
One particularly popular approach proves that in the fraquelomain, non-linear distortion ef-
fectively translates into additional Gaussian noise, \@hgiatistics can be estimated with the help

of the Bussgang theorem.

The current work provides an extension to the Bussgangeheapproach where a novel method
for approximating non-linear distortion allows a closednfi theoretical solution to be obtained
for an arbitrary distortion function. The technique can ppl&d to most existing OFDM-based
modulation schemes in OWC, in particular: direct-currigiaised optical orthogonal frequency
division multiplexing (DCO-OFDM), asymmetrically clippgeoptical orthogonal frequency di-
vision multiplexing (ACO-OFDM), pulse-amplitude-modtdd discrete multitone modulation
(PAM-DMT), unipolar orthogonal frequency division muligxing (U-OFDM). The latter three
are shown to have equivalent performance in a non-linedtiaeld/hite Gaussian noise (AWGN)
channel, thus, providing further evidence that these quiscare, in essence, three different ap-

proaches towards the same energy-efficiency goal.
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5.1 Introduction

In an OWC system, an information signal is subject to a nunabdinear and non-linear dis-
tortions. The linear distortions like signal attenuatiom antersymbol interference (ISI) can be
compensated at the receiver with amplifiers and equalis€rge non-linear distortions, how-
ever, are often irreversible. Some examples include: @e&titn effects in the digital-to-analog
converters (DACs) at the transmitter and quantisationceffan the analog-to-digital converters
(ADCs) at the receiver, as well as the effects of the noralireutput characteristic of a light
emitting diode (LED). That is why, during the system desigocpss, it is necessary to be able

to characterise and evaluate distortion effects as cogiplas possible.

A number of possible sources of non-linear distortion exisitn OWC system. An electronic
device usually has a limited dynamic range and often a m@ali characteristic within that dy-
namic range. Furthermore, transitions between the digitgdal domain and the analog signal
domain always lead to signal quantisation effects evereietactrical components behave almost
ideally. As indicated in the system description in Fig. 2 processed digital time-domain signal
has to be passed through a DAC in order to obtain a signal,hand@ia be used to modulate the
LED. As a rule of thumb, an increase in the resolution of a DAGéases the design complexity
and cost. At the same time, decreasing the resolution leaa®te pronounced signal quantisa-
tion effects. In addition, non-linear distortion is alwaygticipated in OFDM-based systems due
to the high PAPR of the information signal and the limitedgarmf the electronic components
which leads to clipping effects. An adequate analysis ofdis®rtion effects on an information
signal allows for making informed choices between cost adiracy in the design of the DAC

and ADC components.

The most prominent source of non-linear distortion in an O8y&tem is the LED at the analog
front-end of the transmitter. The voltage-to-current [\felationship in an LED is not linear.
However, when a suitable V-I transducer is designed, thissition step in the system can be
almost completely linearised. However, the current-gbili(I-L) relationship between the cur-
rent through the LED and the emitted light intensity is aleminear. Furthermore, there is
inevitably a minimum and a maximum allowed current level &iclk the diode can properly
operate. Therefore, the OFDM signal is inevitably clippewdiry the processing stage in order
to ensure that the analog signal fits within the active rarigdeeoLED. Analogously, non-linear

effects due to the non-linear relationship between ligkgrisity, current and voltage are also
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present in the photodiode (PD) at the receiver. Howeves,ftbint-end device is anticipated to
operate in a much smaller range, which means that the distast expected to be insignificant

compared to the distortion incurred at the transmitter.

A number of publications on non-linear distortion in OFDMsed modulation schemes already
exist in the literature [14, 15, 63-66, 96—99]. A large numiiethese works are focused specif-
ically on the non-linear distortions that occur in an OWCtegs [14, 15, 63—-65]. The analysis
of the non-linear distortion effects is often quite comatexd. Some general procedures for ob-
taining an analytical solution [66] have been introducethmliterature. However, a closed-form
solution is not always feasible. The current work presents\el complete generalised proce-
dure whichalwaysleads to a closed-form analytical solution. It can be appleeall the cases
presented in [14, 15, 63—-65] as well as to any other arbitna@ynoryless non-linear distortion,
which can be anticipated in an OWC system using OFDM moduiafl he specific case studies
presented in the current work provide a complete picture@frhportant non-linear effects at the
OWC transmitter, where the most significant non-linearadigin is anticipated. The application
of pulse shaping techniques is also considered in the coafeon-linear distortion unlike in

previous works on the same subject [14, 15, 63—-65].

The rest of this chapter is organised as follows. Sectiotirir@duces the concept of pulse shap-
ing and describes the effect of common pulse shapes on thstigated OFDM-based modulation
schemes, specifically focusing on the inherently unipoleD®! algorithms: 1) ACO-OFDM in
Section 5.2.1; 2) PAM-DMT in Section 5.2.2; and 3) U-OFDM iac8on 5.2.3. Section 5.3
introduces the generalised algorithm for the analysis ofliveear distortion in an OFDM-based
communication system. Section 5.4 explains how the aal/fiiamework can be applied to the
different OFDM-based modulation schemes analysed in tbr&wncluding: 1) DCO-OFDM in
Section 5.4.1; 2) ACO-OFDM in Section 5.4.2; 3) PAM-DMT inc8ien 5.4.3; and 4) U-OFDM
in Section 5.4.4. Section 5.5 confirms the validity of thelgsia by means of Monte Carlo sim-
ulations, and presents the effects of non-linear distomio the system performance for different

transmission scenarios. Finally, Section 5.6 provideglcmiing remarks.
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5.2 Pulse Shaping

A pulse shaping operation enables a set of digital samplbs toapped to a continuous analog
signal with desirable properties. It is often employed imaaunication channels with limited
bandwidth. The typical flat bandwidth response of off-thels LEDs, for example, is arourtl
MHz for white phosphor-coated LEDs and up2® MHz when blue filtering at the receiver is
employed or when a colour LED is used [33]. It is usually dadie that the frequency profile
of the transmitted information signal fits within the flat ldandth of the front-end elements in

order to avoid significant distortion.

Different pulse shaping filters have different time-dompioperties as well as a different band-
width span. A commonly-employed pulse shape is the squdse prhich corresponds to the
zero-order hold function of a DAC [100]. This shape is of lamplementation complexity and
has a duration in the time domain which is limited to the peiwd a single information symbol.
However, it spans an infinite spectrum profile. Thereforeaitnot be realised without distor-
tion to the information signal. In practice, when squarespsilare used, the signal would also
be low-pass filtered following the zero-order hold elementrider to limit the frequency profile
of the resulting signal. A common reference point for thedvadth is the first zero crossing
in the frequency domain, which occurs1afTy if T is the symbol duration in the time domain.
Another very similar shape is the triangle pulse, which &gponds to a first order interpolation
technique [100]. This shape is effectively the convolutidtwo square pulses, so the magnitude
of its out-of-band components is reduced and the overallasigrofile is improved to some ex-
tent (theoretically it is still infinite). The pulse duratiohowever, spans over two symbol periods
in the time domain which causes the time-domain informasiamples to be convoluted. Exact
recovery of the original discrete information signal (with ISI) requires very accurate sampling
at the receiver. Furthermore, matched filtering cannot e dethout introducing ISI. In theory,
the sinc function is the most bandwidth efficient interpiolafilter [100]. It requires a bandwidth
of 1/275, so itis approximately two times more efficient than a sqpatse low-passed at the first
zero crossing in the frequency domain. However, the sinnspdime-domain impulse response
with an infinite duration. This means that for practical msgs the shape has to be truncated.
Also, due to the longer impulse response, this pulse shapeéres more processing during the
pulse shaping and the matched filtering operations. Iniadditime jitter can introduce signifi-
cant ISI. For these reasons, the raised-cosine filter angbitified version, the root-raised cosine

filter, are typically used in practical implementations.eylenable the generation of an interpo-
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Figure 5.1: (a) The ACO-OFDM signal pulse-shaped after the negativeptesnare initially
removed. (b) The pulse-shaped ACO-OFDM signal after théiaddf a bias level
necessary to make it unipolar.

lation pulse with an arbitrary frequency span betweg2il; and1/T; depending on a specified
roll-off factor. The raised cosine allows the designer aé& between the length of the pulse
in the time domain and the bandwidth requirement of the imfdion signal. In practice, these
filters are implemented by oversampling the discrete in&diom signal, interpolating it with the
desired pulse shape and then supplying it to a DAC, whichistensf a zero-order hold and a

low-pass filter as illustrated in Fig. 2.2.

As described in Section 2.7 and Section 4.2.1, the infoonagignals in ACO-OFDM, PAM-
DMT, and U-OFDM are turned into unipolar signals after thgateve samples are removed. A
bipolar pulse shape like the sinc and the raised-cosine fik@sform aunipolar signal into a
bipolar signal. An example is shown in Fig. 5.1. This issue can belveddy introducing a
bias level which makes all samples non-negative. Howefliergtfect of this process is an in-
crease in the electrical energy of the signal by approxilp&e dB, according to Monte Carlo
simulations. Alternatively, all negative samples after fulse shaping operation can be clipped
at zero again, but this leads to the distortion illustratedrig. 5.2. If the pulse shaping oper-
ation is performed before the negative samples in ACO-OFBMVI-DMT, and U-OFDM are
clipped, then, the clipping operation would produce a ulaippulse-shaped information signal.
Furthermore, as shown in (2.27), the clipping operatioddda a unipolar signal that can be rep-
resented as the sum of the original bipolar signal and artlmtoterm which contains frequency
components both inside and outside the desired bandwidih u$eful signal is preserved inside

the limited bandwidth and is not affected by the distortienm as described in Section 2.7. The
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Figure 5.2: (a) Distortion in ACO-OFDM/U-OFDM after clipping the nege¢ samples of the
pulse-shaped signal. (b) Distortion in PAM-DMT after theyative samples of the
pulse-shaped signal are clipped.

rest of this section provides a detailed proof to this claim.

Given thatF; denotes the sampling frequen@y,denotes the time-domain symbol perid@t:F, T,
andp[t] denotes the discrete pulse shape, then the portion of thisaoapled pulse-shaped dis-
crete bipolar signal (before any negative values are dalippehich contains the information in a

given OFDM frame can be expressed as:

Nfft 1 Nﬁtfl
§'[t] = ) s[n, 0lp[t—(n—N,,)T|+> _s[n, O]p[t—nT|+
n=Ng, —Nep n=0
Ng, —Nep+NE,—1
+ > s plt—(Ng+Nep)T—(n — Ny, )T). (5.1)

n:NFft —Ne¢p

In 5.1, N&, stands for the length of the cyclic prefix that is sufficienrémove any effects of
p[t] between individual OFDM frames, an¢h, 0] denotes the:'" sample of the OFDM frame
at position0, assumed to be the current frame. The portion of the distireg pulse-shaped
bipolar signal which is relevant for sampling the fi%‘— points of the frame at positiohcan be

expressed as:

Ng, —1 Ng, /2—-1
S1[t] =) s[n, 0]p[t—(n—Ng )T] +> s[n, 0]p[t—nT]+
n=Ng, —Nep n=0
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N, /2—14+N§,

+ Z s[n, O]p[t—nT] (5.2)
=Ng, /2

The discrete-time pulse-shaped bipolar signal relevansdmnpling the next% points of the
OFDM frame at positior) can be expressed as:

Ng, /2—1 Ng —1
Solt] = > s[n,0p[t—nT]+ > s[n,0]p[t—nT]+
n=Ng/2—N¢p n=Ng, /2
Ng, —Nep+NE—1
+ > s plt—(Ng+Nep)T—(n — Ny, )T]. (5.3)
n=Ng, —Nep

The discrete-time pulse-shaped unipolar signal, readgifptal-to-analog conversion and trans-
mission, can be expressed as

i) = V2t {881} = 5 (411+ 1511 (5.4)

where the factok/2 is applied in ACO-OFDM and PAM-DMT in order to equalise thartsmis-

sion energy. At the receiver, the discrete-time samplesgifen frame after matched filtering
can be expressed as:

S[n) = (sft] # B[t] + n]) * p[]|,—r =

]‘ / /
- (5 (16 + 1) =+ ] ol
]+ Isu/ 1)) +hle+nld) pld]|n<ge

=nT : (5.5)

s/ [0) il +nld) sl <

t=nT

where[] = [] denotes the convolution operatait] denotes the AWGN process at the receiver,
andh[t] denotes the discrete time-domain impulse response of thencmications channel. The
cyclic prefix is assumed to be of sufficient length in orderamove any ISI between individual
OFDM frames due to the channel and to turn ¢batinuoustime convolution of the unipolar in-
formation signalg[t], and the channeh|t], into circular convolution in theiscretetime domain.

Hence, the ISI effect can be completely reversed by eqtialisa Assuming perfect channel
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state information, the time-domain representation of tiaised samples at the receiver can be

expressed as:

Sp[n] = (sft] + nft] + b= [t]) * plt]],_,,; =

1 ! / -1
— (5 1+ 19D + i <171 <ol

t=nT

N,
,n< —5t

(s1/[t]+[s1'[t]]) +nlt]h ™ [¢] ) #p[t]|
) ‘tfnT N . (56)

(s2' [t +[s2' 1))+l () sl <

|
—~
Sk Sk

5.2.1 ACO-OFDM

From Section 2.7.2.2, in ACO-OFDM|n| = —s[n+ N, /2]. Thereforeg’;[t] ~ —s'>[t+ %T]
except for the third terms of the expressions in (5.2) an8) (3. he differences occur because in
the time domainp[t] spans a non-causal impulse response beyond a single infornsgmbol
duration and beyond the boundaries of the OFDM frame. WKgn<< N,,,

Saft + 5], At

however, these

differences are practically insignificant. This result lrep that|s'; [t]| ~

the receiver, the distortion term in the fir%*—t points, %\s’l[tﬂ « h[t] * p[t]‘ . is equivalent
n

. . . I\ . .
to the distortion term in the second™ points,i.e., %|s’2[t]| * h[t] * p|t] ‘nT, becauses'; [t]| ~

s's [t + %T} ‘ Therefore, the distortion due to clipping reflects only be eéven subcarriers
asin (2.26).

5.2.2 PAM-DMT

From Section 2.7.2.3, in PAM-DME|n| = —s|[N,, —n]. Therefore, based on the representations
in (5.2) and (5.3)s'1[t] & —s'2[N,, T — t]. There are differences in the first term in (5.2) and the
third term in (5.3). The differences are caused by the nasalaime-domain impulse response
of p[t]. However, they are not significant pr << N, . Therefore, it can be concluded that
Is'1[t]| =~ |s'2[N, T — t]]. The impulse response of the pulse-shaping filter is an awectibn.
Hence,p[t] = p[—t]. In equation (5.6), the distortion term after the equalisaprocedure at the

receiver consists %\s 1[t]] * plt] - and ﬁ|s 2[t]] * plt] . Itis Hermitian symmetric in

t=n
the time domain. Therefore, the distortion translatesaneal signal component in the frequency

domain and is orthogonal to the useful information as erpldiin Section 2.7.2.3.
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5.2.3 U-OFDM

As described in Section 4.2.1, the U-OFDM bipolar (beforippihg of the negative values)
discretetime signal is encoded in two consecutive frames. The awvepded and pulse-shaped
discrete-time bipolar part of [t] which contains the information of theositive block can be
expressed as,[t] in the form of equation (5.1). The oversampled and pulspethaliscrete-
time bipolar part of'[t] which contains the information of threegativeblock can be expressed in
the same form as,[t]. If s,[n] are the bipolar time-domain information symbols of fiusitive
block, ands, [n] are the bipolar time-domain information symbols of tregativeblock, then by
designs,[n] = —sy[n]. Hence, a closer inspection of equation (5.1) revealsstht = —s',[t]
except for the third terms in the presented summation. Tifieréinces appear becaus] spans
a non-causal impulse response. WHél, << N, these differences are not significant. The
samples of the positive frame and the samples of the nededivee after matched filtering at the

receiver become respectively:

solni= (5 (5l + 151 i+ (1] ol 5.7

t=nT

salnl= (5 (Sl I$51e) <l ) sp(e) 58)

t=nT

wheren; [t] andn[t] are two independent identically-distributed realisagionhthe AWGN at the
receiver. At the receiver, the original bipolar OFDM sanspdee reconstructed by subtracting the

samples of th@egativeblock from the samples of thgositiveblock:

Sp[n] = 8p[n] — Suln] =

1

= <§ (/p[t]=s'n(1)) * h[t]+m1 [t] —n2 [t]> *(t) (5.9)

t=nT

The non-linear distortion termsg|s'y [¢][  h[t] * p[t]|,_,  and 3|s'u[t]| * h[t] = p[t]|,_, . are
equivalent and as such are completely removed by the stibtrazperation in the demodulation

process. The noise variance doubles due to the subtradisimosvn in Section 4.2.1.

One important implication of these proofs is that the pulssping process can be incorporated
in the non-linear distortion framework for ACO-OFDM, PAMNDI, and U-OFDM described in

the rest of this section. When pulse shaping is applied #ftenegative values in these schemes
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are clipped at zero, then the distribution of the sampleséntime domain pulse-shaped signal
changes. This compromises the accuracy of the analysislaborate, the time-domain OFDM
samples follow a Gaussian distribution. Hence, in ACO-OFDMM-DMT, and U-OFDM,
the positive samples alone as well as the negative sammles #llow a Gaussian distribution
clipped at zero. The pulse shaping process is a linear aperathich linearly combines the
discrete-time samples of an OFDM frame, scaled by the savales of a pulse-shaping filter’s
impulse response. Linearly combining samples which followlipped Gaussian distribution
does not render samples that follow the same distributionth® other hand, linearly combining
samples which follow a Gaussian distribution generategplswhich also follow a Gaussian
distribution. Therefore, if the pulse shaping operatiopdgformed before the signal is clipped at
zero, the pulse-shaped samples after the clipping operatiow a clipped Gaussian distribution.

This distribution enables the analysis presented in theofdhis section.

5.3 Complete Framework for a Closed-form Theoretical Analgis of
Non-linear Distortion in OFDM-based OWC

The non-linear distortion analysis approach describeckitti®@n 2.8 has been used in a number
of works in an analytical or semi-analytical fashion [14,86]. The resulting analytical solu-
tion, however, is never guaranteed to be in closed-form.rEtme a closed-form solution is
required with this approach, an additional creative stepdsired because the derivation has to
be tailored according to the non-linear distortion functimder investigation. In this section, a
general derivation procedure is presente@taysleads to a closed-form analytical solution for
an arbitrary memoryless distortion function. The concegpt be easily applied to most of the
OFDM-based modulation schemes presented in this work. @imainder of this section intro-
duces the modified technique and describes how it can beedgplDCO-OFDM, ACO-OFDM,
PAM-DMT, and U-OFDM.

An arbitrary memoryless distortion function(.X'), can be represented with a set of intervals,
I, having cardinality||, and with a set of continuous polynomials which can be camei as
accurate approximations of the function in each of the mspmeintervals. Such polynomials
can be generated by interpolation of empirical data, or bynmonial expansion techniques such

as Taylor polynomial expansion. The selected polynomiglreke can set the accuracy of the
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approximation. Then, the functiofiz) becomes:

2(x) = Z > e, (U@ — Tming) — U@ = Tmax,) (5.10)

wherei denotes thé'® function interval,n; is the polynomial order in interval ¢, ; denotes the
§* coefficient of the polynomial in interval U(z) is the unit step function, S@, ; andzyax ;
are the lower and the upper boundary of interjalespectively. Using this representation, the

attenuation factow in (2.33) becomes:

B L ()

Il n
- 0'_)2( /—oo Z Z Ci-,jxj—i—l (U(‘T - ijﬂiﬂ,i) - U(.T - xmax,i)) _Qb <—> dzx
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Il n; .
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o ;jgocm /xmin,i ’ 0X¢ <UX> !

Il n; i1
(14_4) i c d7t D(tyfcmin,iyxmax,iyoaax)
772 2 4
i=1 j=

(5.11)
t=0
where the functiorD(t, a, b, i1, o) is defined in (A.1). The time-domain signal varianeg,=
o2, is derived in (2.17). It should be noted that after the pstsaping operation, the variance of
the oversampled time-domain signal distribution is notstant over time and that the individual
time-domain samples are not really independently digiethu However, in [66], Dardaet al.
have shown that for the commonly-used pulse shapes in gedittis does not compromise the
validity of the analysis technique. The simulations condddn this work and the results pre-
sented in the next section also support this claim. The talons that characterise the statistics
of Y}, in (2.34)-(2.36) can be expressed as:

BUG} =B} = [ ale)o (£ )do

oo Ox Ox

o) \I\ g ' ) N
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1l ny S
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i=1 j=0 ZTmin,i Ox Ox
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1l n ;
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With the help of equations (A.1), (A.5), (A.6) and the stamdailes for differentiation, it is rather
straightforward to obtain closed-form expressions fot 1}, (5.12) and (5.13). The procedure
is also easily programmable on a computer. A simple exanfew to compute (5.11), (5.12)

and (5.13) in closed-form is presented in Appendix B.

The presented analysis based on the Bussgang theoremdigoratiero-mean Gaussian signals.
The four modulation schemes - DCO-OFDM, ACO-OFDM, PAM-DMIOFDM - are all non-
zero-mean modified versions of the original bipolar zeram®FDM signal. As a result, the
modifications have to be taken into account in the analystsder to correctly interpret the ef-
fects of the non-linear distortion. All manipulations oétariginal bipolar OFDM signal up to the
point where an inverse fast Fourier transform (IFFT) openaits performed during the demod-
ulation procedure at the receiver have to be consideredeXanple, ifz;(x) is a memoryless
distortion at one stage in the system, for instance, caugedigping of the signalz;(z) is a
subsequent memoryless distortion, for example caused égtigation at the DACz3(z) is a
third memoryless distortion, for example, caused by addipgsitive signal bias, then the over-
all distortion effect after the three separate conseculis®rtions isz(s'[t]) = z3(z2(21(s'[t]))).
Regardless if a distortion is linear or non-linear, it cad ahould be incorporated in the analysis
provided that it is memoryless. In this work, it is assumeat tho distortion with memory is

present in the system or any such distortion can be completglalised, for example ISI.
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5.4 Application to OFDM-based Modulation Schemes

5.4.1 DC-biased Optical OFDM (DCO-OFDM)

The presented analytical framework can be applied to DCO¥®@Etraightforwardly as it would
be applied to conventional bipolar OFDM. The positive bifithe signal can be analysed as part
of the overall non-linear transformation and its effectsntd need to be considered separately

like in other similar works [14, 15].
5.4.2 Asymmetrically-clipped Optical OFDM (ACO-OFDM)

The clipping at zero operation in the modulation process ©OAOFDM is a non-linear trans-
formation, but has no adverse effect on the odd subcarrfdfesystem. A slight modification
in the analytical procedure has to be made in order to acdounhis effect. In ACO-OFDM,
the bipolar time-domain OFDM signal before clipping of thegative samples consists of a set
of positive samples and a set of negative samples. The twoo$stamples have identical dis-
tribution and identical contribution to the value of eachdulated subcarrier in the frequency
domain [61]. As a result, when one of the sets is set to zei®,hidis no adverse effect on the
useful signal apart from an amplitude attenuation factay.®f Since only the positive samples
are used in the transmission, the non-linear distortiorhéendystem pertains only to the set of
positive samples. As a result, the effect of the non-lingéstodion on the modulated subcarriers
is the same as if the same distortion function mirrored ailaero is applied on the unclipped
bipolar OFDM signal. Hence, in the calculation processjikervals of the non-linear transform
can be specified fromi to co. Then (5.11),(5.12) and (5.13) can be calculated for thervat

[0; o] and scaled by 2 to account for the complementary identidabh¢he signal distribution.

With this modification, the analysis equations become:

I ny i
2 d]JrlD(t,.Tmin,i,meax,ia 070X)
-0 Z 2 s » (5.14)
1
dJD t Tmin '“ Tmax Z? O UX)
E{Y} =2 Z Z T (5.15)
=1 j=0 =0
E{[2*(X)} =
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I n; ny

dj-i-j'D(t’ Lmin,i» Lmax,is 07 Ux)
9 ) TP 19
i=1 j=0 j/=0 t=0

The estimated noise variance due to the distortiﬁ&l, has to be halved before it is added to
the variance of the AWGN, because the noise has no cornelafith the signal and, therefore,
distributes evenly on both odd and even subcarriers. Theaktg-noise ratio (SNR) should be
further scaled by a factor 6£5 due to the removal of the negative samples. Then in the a@nalys
of ACO-OFDM, the achieved SNR in (2.37) becomes:

[new 2E )

b LT (5.17)
g g.

NY 2(01%I + TY)

It should be noted that the originally negative samples ahatclipped to zero do not influence
the modulated subcarrier values because having a valuerof tteey are excluded from any
contribution in the IFFT transform at the receiver. If thesenples, are distorted, however, and
have a value which is different from zero, they begin to inflees the result in the frequency
domain. Therefore, it is not enough to only analyse the disto of the positive samples, as
described in this section, but the distortion of the clipasnples should also be taken into
account. Let’s define the overall distortion of the inforfoatsignal up to the demodulator as
zq(s'[t]); this is just the distortion to the signal without includitige distortion due to the AWGN.

If zq(0) # 0, then the zeros generated due to clipping of the negativelsarare distorted. Their
distortion distorts the information in the the odd sub@siwhich is avoided when these samples
are0. In order to account for this effecty(0) can be interpreted as a direct current (DC) shift
and subtracted fromy (s'[t]). Then, the analysis described in this section can be appiigdut
having to additionally model the distortion coming from ttlistorted clipped samples. Hence,

the effective overall distortion function on the positiv&é DM samples is:

2(s'[t]) g >0 = 2a(s'[t])s >0 — 2a(0) (5.18)

5.4.3 Pulse-amplitude-modulated Discrete Multitone Modlation (PAM-DMT)

The time-domain information signal in PAM-DMT possesses shme statistical properties as

the information signal in ACO-OFDM. The power of the additiaussian noise introduced by
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the non-linearity distortion is equally split between tkalrand the imaginary components of the
subcarriers in the frequency domain. As a result, the nuamaliity distortion analysis for PAM-
DMT is exactly the same as for ACO-OFDM. It should be noted #@aM-DMT usesM -ary
pulse-amplitude modulation\{-PAM) while ACO-OFDM uses\/2-QAM for modulation of the
frequency subcarriers at the same spectral efficiency ofybtem. In a real additive Gaussian

noise channel)/-PAM and M 2-QAM have identical bit error rate (BER) performance.

5.4.4 Unipolar Orthogonal Frequency Division Multiplexing (U-OFDM)

In the modulation process for U-OFDM, the signs of the negatamples are switched, the
samples are transmitted as positive samples and then tbawdinto negative samples by the
subtraction operation at the demodulator as describeddtidbet.2.1. As a result, any non-linear
transformation of the bipolar OFDM signal is symmetric arduero,i.e., z(s'[t]) = —z(—s'[t]).
Because all time-domain samples are transmitted as postimplesz (s'[t])y <o is @ mirrored
version ofz(s'[t])¢[y>0- Thereforez(s'[t]) = —z(—s'[t]) in the calculations of (5.11),(5.12) and
(5.13). Alternatively, because the Gaussian probabilkysity function (PDF) of OFDM is sym-
metric around zero, it is possible to specifi’[¢]) only in the interval]0; co] and perform the
calculations of (5.11),(5.12) and (5.13) only in this imar If this approach is adopted, in all
calculations, the final result has to be doubled to accourth#onegative half of the signal distri-
bution just as in the analysis case for ACO-OFDM and PAM-DNIfe subtraction operation at
the demodulator effectively doubles the system AWGN. HdRBc®&7) is calculated as:
i _ By

2 T 952 2
0%y 20’N + 0%

(5.19)

Note that the bipolar signal is obtained by subtractingribgativeblock from thepositiveblock

at the demodulator. However, when all zero samples cornepg to clipped negative samples
from the original bipolar signal are distorted4g(0)£0, then all originally positive samples are
shifted by—z4(0) after the subtraction operation and all originally negaamples are shifted
by z4(0), wherezq(s'[t]) is the non-linear distortion function up to the subtractiperation at the
demodulator. This means that the subtraction operatidmeadémodulator introduces additional
distortion, which has to be accounted for by subtractin@) from z4(s'[t]), i.e., the resulting

overall non-linear distortion function is:
2(s'[t])s' >0 = 2a (s [t])s'[=0 — 2a(0). (5.20)
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The analysis of ACO-OFDM, PAM-DMT, and U-OFDM indicates tlzdl three schemes expe-
rience exactly the same SNR deterioration for the same inea#l distortion effects because the
time-domain information signals in the three schemes aagacierised by equivalent statistical
properties for the same spectral efficiency. This conciug@lso supported by the numerical re-
sults presented in the following section. Therefore, inigoiuto the equivalent performance in a
linear AWGN channel, the three schemes are expected toieghilivalent performance in a non-
linear AWGN channel as well. Hence, this work provides fartbvidence that the three schemes

are simply three different but equally-valid approachegarals the same energy-efficiency goal.

5.5 Numerical Results

This section investigates the joint effect of three nordindistortions at the OWC transmitter.
The effects under investigation include clipping which@ats for the limited dynamic range of
the electronic devices, quantisation effects in the DAG] e I-L output characteristic of the
LED. Non-linearities at the receiver site are not includedhe investigation because they are
considered negligible in comparison to the non-linearatffet the transmitter. The non-linear
distortion at the receiver can be analysed analogouslyuk&concepts presented in Section 5.3
and Section 5.4. In the analysis and in the numerical sinomgtpresented in this section, the

oversampled pulse-shaped sigsié] has an oversampling ratio 6.

For comparison purposes, the average electrical enerdyitpé&, ..., and average optical energy
per bit, £, .., consumed at the transmitter have been defined as in (2.dgp&1), but the non-

linear transfer characteristics have also been includéakeiisNR definition:

Pace _ Elzdiec(s'[1])]

Eb,elec: Bn = BU s (521)

P:;),tg _ E[Zopt(sl[t])]
B By

B opt = (5.22)

where P'® denotes the average electrical power of the time-domairrimdtion signal, pro-
portional to the mean square of the electrical sigd%ﬂ;’tg is the average optical power of the
time-domain information signal, proportional to the aggrantensity of the time-domain optical

signal;n is the spectral efficiency of the respective modulation sehdefined in (2.15), (2.28),
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(2.30) or (4.7)ze1ec(s'[t]) is the current signal flowing through the diode includingdigtortions
up to that point in the systemy,(s'[t]) is the light intensity output of the diode including all
distortions up to that point in the system;is the double-sided signal bandwidth in Hz. For the
examples presented in this sectiog,.(s'[t]) includes clipping of the signal, quantisation effects
at the DAC as well as the addition of a positive bias level,levhi,(s'[t]) includes also the I-L

output characteristic of the diode.

The zero-order-hold DAC investigated in this work has a tedirange of output amplitudes
betweens’,,,;, ands’,,.x, and also has a finite bit resolutiap,. The discrete output levels of the
device are assumed to be equally spaced in the intérfval; s'iax], @and the distance between
any two levels is assumed to be:

SImax - S,min

Each quantisation threshold is set in the middle betweenneiwghbouring quantisation levels.
For instance, the threshold betwe€p;, ands’in + dq is set ats’ i + dq /2. The values o] ;.
ands, .. are a function of the desired DAC accuracy and of the LED agnge [imin; imax)-
Therefore, these signal limits account for the combineppatig effect at the DAC and at the

LED. In the presented investigations, the resolution ofDAE is set tog, =8 bits.

After the information signal is quantised by the DAC outpbi@cteristic, it is biased by a con-
stant positive signal and is passed through the LED outpartacteristic. The LED output char-
acteristic is a continuous function, specified in the irtefi,i,; imax]. It represents the transition
from a current signal to an optical signal in the device. Tipot characteristic of the LED used
in this study is obtained through interpolation of the datespnted in the device datasheet [101].
A third-degree polynomial is used in the interpolation maare. The calculated coefficients are

provided in Table 5.1. The relationship between the dewitesat and the radiated luminous flux

Interval Ci 3 Ci2 Ci 1 Ci,0
i=15 (1) < imm 0 0 0 | 0.1947
i =2 < ipin < i(t) < imax | 0.2855| -1.0886| 2.0565 | -0.0003
1= 3 i < 1(1) 0 0 0 | 1.2531

Table 5.1: Polynomial coefficients of the LED output characteristig; is the coefficient of de-
greej in interval i.

has been adopted from the datasheet as a suitable reptiesentahe relationship between the
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current and the optical radiation power.

The information signal is contained in the current signabtigh the LED. The initial (before
distortion and biasing) average energy per bit of the oalgbipolar OFDM signal is defined as
E,. The actual dissipated electrical energy per bit at the LE@efined ags, .. assuming that
the device resistance is normalised fd and taking into account the quantisation effects and the
addition of a bias level,e., Ey, qec = E{i%(t)}/(Bn) = E{(23(22(21('[t]))) + ivias)?}/(Bn)
wherez; (s'[t]) denotes the clipping effect on the oversampled pulse-shapmal,s'[t], z2(+)
denotes the quantisation effect of the DAC, ap() denotes the conversion step from a voltage
signal to a current signal, which is assumed linear with gaiRor the evaluation of the optical
efficiency of the system, the quantify, ,,; is defined asky, opr = E{za(z3(22(21(8'[t]))) +
ibias) }/(Bn) wherez,(-) denotes the transition step from a current signal to an apgignal in

the LED, characterised by the polynomial described in Table

The typical3-dB modulation bandwidth of white commercially-availablgDs is in the order
of 2MHz [33]. This bandwidth is assumed in the presented ingastins. The coherence band-
width of a typical indoor optical channel is in the order of 81z, which is significantly higher
than the assumed modulation bandwidth of the LED [33]. Tioeegethe channel can be assumed
flat within the communication bandwidth and ISI does not havie considered. In an alterna-
tive scenario, where ISI becomes an issue, the non-liyeanilysis presented in this work still
applies provided that channel knowledge is available atéheiver, and the information signal
can be equalised. In the following investigation, the aursggnal at the receiver is assumed to
be:

i(t) = 2(i(t))H(O)R (5.24)

where H(0) is the optical channel gain define in Section 2.5, dds the PD responsivity.
Taking into account the LED emission spectrum and the PDorespity to the different optical
wavelengths, the average responsivity to white light isated as® = 0.52 [102]. This value
is used in the numerical simulations. The optical channil dapends on a number of different
factors as described in Section 2.5. In the current invattig, the channel gain is arbitrarily
selected depending on tié-ary quadrature amplitude modulatioh/¢ QAM) modulation order
in use. The aim is to use a channel gain which requires the loBi2 toperated in its full active
region because then the energy advantage of ACO-OFDM, PAM-2and U-OFDM over DCO-
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OFDM should be most pronounced. If the information signgliees a small modulation depth
of the LED and varies only slightly around the bias level,éhergy consumption depends almost
entirely on the bias level, which means that there will batie¢ly small performance differences

between the four schemes.

In an OWC system, the main contributor to the AWGN is expetteloe shot noise at the photo
detector due to background light. The power spectral deoéthe noise in this study is specified
in the order ofN,=10"2! W/Hz in agreement with other similar work [33]. This value is used

in all numerical simulations. Then, the variance of the AW@I&ET:BNO.

Fig. 5.3-5.5 present the investigation results which camgaQAM DCO-OFDM, 16-QAM
ACO-OFDM, 4-PAM PAM-DMT, and 16-QAM U-OFDM - all with equivalent spectral effi-
ciency of 1 bit/s/Hz. The assumed optical channel gainf$0)=4x10-% because this value
allows all the investigated schemes to achieve BER valutieiorder ofl0—3 and10~* - within
the requirements of most forward error correction (FECesaequired for successful communi-

cation [15, 33, 94] - and at the same time to use the activemagfithe LED as fully as possible.

In the conducted investigation, the bias levels for ACO-QFFPAM-DMT, and U-OFDM are
set toip;s = 0.1 A, while the bias level for DCO-OFDM is set g, = 0.19 A. The distribution
region|—3oc; 30] is quantised for DCO-OFDM, and the distribution regjor3o] is quantised for
the other schemes. Any signal values which fall outside teegnted regions are clipped. These
clipping levels are set as the default clipping levels. Thg@N power is constant. In order
to increase the SNR in the system, the information signalutiin the LED has to be amplified.
However, if the modulation signal falls outside the allowmxkrational range of the LED when
amplified, it is clipped further due to the non-linear outpbaracteristic of the LED, presented
in Table 5.1. As a result, the BER curves presented in Fig-5%53are V-shaped. There is
a clear dip in the curves because at first, an amplificatiorhefinformation signal increases
the SNR, however, after a certain point, the clipping ditar becomes more dominant than
the improvement due to the increase in the transmitted pdaarthe performance comparison
between the different schemes, the power of the transnsttgdhl is used rather than the power
of the received signal because it gives a better illustnatibthe energy efficiency in the system
where most of the energy is consumed at the transmitter. dthieveed SNR at the receiver can
be calculated by using the power levels presented in Figb&and by taking into account the

optical channel gain, the responsivity gain and the noisecpat the receiver.
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Figure 5.3: A performance comparison betwe¢fQAM DCO-OFDM,16-QAM ACO-OFDM,
4-PAM PAM-DMT, andl6-QAM U-OFDM in terms of the electrical power at the
transmitter P37, The power dissipation due to the bias level is not taken auto
count.
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Figure 5.4: A performance comparison betwe¢tQAM DCO-OFDM,16-QAM ACO-OFDM,
4-PAM PAM-DMT, andl6-QAM U-OFDM in terms of the electrical power at the

transmitter P;"¢. The power requirement estimation includes the contritsuf the

bias level to the electrical power dissipation.
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Figure 5.5: A performance comparison betwe¢fQAM DCO-OFDM,16-QAM ACO-OFDM,
4-PAM PAM-DMT, and16-QAM U-OFDM in terms of the optical power at the
transmitter P, 7%, The bias level contribution to the power dissipation isstaknto
account.

Fig. 5.3 presents the electrical energy efficiency of the smhemes if the bias level is not taken
into account. As expected, for bipolar signals, DCO-OFDEhdly outperforms the other three
schemes. The benefits of the latter, however, are causedebyiabing requirement. This is
shown in Fig. 5.4, where ACO-OFDM, PAM-DMT, and U-OFDM reguiapproximatelyldB
less energy per bit for a BER ab— and approximately the same energy for a BER @f*
compared to DCO-OFDM. The results in Fig. 5.5 indicate th&>O0FDM is approximately
1dB less optically efficient than the other three schemes for R BEL0~3, and approximately
0.3dB worse for a BER ofi0~*. The presented curves clearly demonstrate that the BERwalu
decrease as expected with the increase in the SNR up to ingeoiat. Afterwards, the active
region of the LED is completely depleted, and any increaghersignal power leads to increase
in the clipping distortion and, hence, to higher BER. OJethk conducted theoretical analysis
matches quite well the results of the Monte Carlo simulatifor square pulse shapes. When a
root-raised cosine filter is used to pulse shape the infaomaignal, the Monte Carlo results are
slightly better than the theory because the matched filtdreateceiver filters out the frequency
components of the distortion noise which fall outside trgnal bandwidth. Nevertheless, the

results for the root-raised cosine filter follow closely theoretical approximation and confirm
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Figure 5.6: Low channel gain,H (0)=2x10~%, scenario which illustrates the advantage of a
smaller constellation. The performance 4QAM DCO-OFDM, 16-QAM ACO-
OFDM, 4-QAM PAM-DMT, andl 6-QAM U-OFDM is compared.

the validity of the presented analytical framework. Forgtical calculations, the presented anal-
ysis can serve as a good approximation of a lower bound ondtiermance of a system which
employs a pulse shaping filter with limited bandwidth. To best of the author’s knowledge,
other techniques for the analysis of non-linear distortidmch are present in the literature do not
even consider bandlimited pulse shaping filters and work siinple square pulse shapes (Box-
car filter) for which the analysis presented in this work ia@{14, 15,63—-65]. The BER curves
for ACO-OFDM, PAM-DMT, and U-OFDM fall on top of each other peedicted by the theo-
retical analysis. This clearly demonstrates the equitglerformance of the three schemes in a
non-linear AWGN channel. The requirement for bigdérQAM constellations in ACO-OFDM,
PAM-DMT, and U-OFDM makes these schemes more vulnerabl®melinear distortion when
compared to DCO-OFDM. Larger constellations are more valvle to distortion. An example
is presented in Fig. 5.6 where the channel gain is decreasHd() = 2x 1075, the bias level

in DCO-OFDM is set tay.s = 0.5 A, and it is kept af;.s = 0.1 A in the other three schemes.
Despite the higher energy requirement, in this scenario ERFDM is still able to achieve a
BER of 10~%. On the other hand, the other three schemes do not even r&R af 10~3. This
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Figure 5.7: Performance comparison dfQAM DCO-OFDM,16-QAM ACO-OFDM,4-QAM
PAM-DMT, and16-QAM U-OFDM in a high channel gainf (0)=4x10"*, sce-
nario: (a) Electrical power efficiency (in terms &%) including energy dissipation
due to the bias current; (b) Optical power efficiency (in temﬁPjgf) including the
bias level.

example illustrates how a slight change in the channel ¢iomdican make a big difference in the

selection of a modulation scheme for a given system confiigur.a

The final investigation is performed for a scenario wherectiennel gain is significantly higher,
H(0) = 4x10~*. In this case, the required modulation depth of the informmasignal is much
lower than in the other cases and the main contribution toggneonsumption is the positive
bias level of the signal. Fig. 5.7 presents the results fisrélkample. The bias level of DCO-
OFDM isipias = 0.1018 A, which is the minimum bias level required to fully accommiadéne
information signal. The bias level in the other three schemekept at the minimum level of
ibias = 0.1 A. The difference in the electrical energy efficiency betwB&O-OFDM and the
other three schemes is approximatelg6 dB. The difference in the optical power requirement
is approximately0.04 dB. All four schemes are almost equivalent in their energy ireguents
because the main contributor to the energy dissipatioreibits of the LED. Note that the power
efficiency of ACO-OFDM, PAM-DMT, and U-OFDM is always expedtto be lower than the
theoretical values presented in the respective introdygiapers - [61], [62], [18] - because any
clipped values that are ideally set to zero at the modulateractually set to the bias level at the

transmitter and, therefore, also contribute to the powssigéation.
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5.6 Summary

In this section, a complete analytical approach for the yaiglof memoryless non-linear dis-
tortion in an OWC system has been presented. The novel agpmables the analysis of an
arbitrary distortion function and the derivation of anaigt solutions in closed form. The con-
cept is valid for four OFDM-based modulation schemes pregdsr intensity modulation and
direct detection (IM/DD) systems: DCO-OFDM, ACO-OFDM, PADMT and U-OFDM. An
investigation has been conducted on the joint distortiéeces caused by quantisation in a DAC
and by the non-linear relationship between the electricalent and the emitted light in an LED.
These distortion effects are anticipated to be the majorcesuof non-linearity in an OWC sys-
tem. Monte Carlo simulations conducted exhibit good agexgmwith the proposed theory, thus

confirming the validity of the analysis technique.

The analytical work as well as the numerical results preskimt this section indicate that ACO-
OFDM, PAM-DMT, and U-OFDM exhibit equivalent performanced non-linear AWGN chan-
nel, which suggests that the schemes are three differergdually valid approaches towards
energy efficiency. The presented performance analysisstwat the optimal choice of a mod-
ulation scheme is strongly dependent on the communicasioesario and can vary. The theo-
retical analysis approach presented here provides a quitlaecurate way to estimate system
performance and to optimise the system parameters wittwupugtationally expensive Monte
Carlo simulations and numerical integration. Further wamkthe subject can include an analyti-
cal approach for modelling the effects of non-linear disboron the performance of the enhanced

U-OFDM concept, presented in Section 4.3.1.
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Chapter 6
Experimental Demonstration of

High-speed Optical Wireless
Communication Using OFDM

This chapter presents a performance investigation of aleifight communications (VLC) sys-
tem based on a single novel Gallium Nitride (Gahh-sized light emitting diodeyLED). A
device of such size exhibits a frequency profile with a 3-dRlalation bandwidth of at least 60
MHZz - significantly higher than the typical commerciallyadtable white lighting light emitting
diodes (LEDs). The modulation scheme used in this investigas orthogonal frequency divi-
sion multiplexing (OFDM). It enables the non-flat frequemegponse of the device to be used
in an optimal fashion. Adaptive data and energy loadingriegles are successfully applied in
order to achieve a demonstration of optical wireless comaation at speeds exceeding 3 Gb/s.

To date, this is the fastest demonstration of a wireless \W<sesn using a single LED.

The chapter presents a systematic study of the achievatderatas, the practical transmission
distances and the coverage area that are achievable witlel@ss VLC link using a single GaN
uLED with a diameter of 5¢um. The work on GaNtLEDs is extended by discussing the possible
deployment scenarios at a practical transmission distahaeleast 1 m and the feasibility of a
Gb/s wireless link at a distance of up to 10 m without the needdmplex optics is demonstrated.
All results have been obtained indoors at ambient lightawglls of 1000 Ix. The results presented
in this chapter illustrate the enormous potential of thémetogy and demonstrate that high-speed

VLC is not limited to short-range applications.

The inherently unipolar OFDM modulation schemes, asymioadly clipped optical orthogonal
frequency division multiplexing (ACO-OFDM) and pulse-aityde-modulated discrete multi-
tone modulation (PAM-DMT), presented in Chapter 2.7 havenbstudied theoretically quite
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extensively. The novel unipolar modulation schemes, daiporthogonal frequency division

multiplexing (U-OFDM) and enhanced unipolar orthogonabinency division multiplexing (eU-

OFDM), presented in this work have also been studied quitneively in Chapter 4 and Chapter
5. However, very little work seems to have been done on madthplementation of such mod-
ulation schemes. To the best of the author’'s knowledge, uiheit work presents the first ex-
perimental proof-of-concept demonstration of both U-OFBxd eU-OFDM and clearly demon-
strates the significant energy advantages that these tweosshcan introduce in an optical wire-

less communications (OWC) system, consistent with therétigal results from Chapter 4.
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6.1 Introduction

Incoherent solid-state lighting elements such as LEDs arg prominent VLC transmitters due
to their low cost and high availability. They are envisioresithe most likely candidates for
VLC front-end devices. Several physical challenges ardiftipmthe communication speeds in
VLC and are hindering the future development of high-spesmmercial VLC systems [10].
One major challenge is the slow modulation response of cawiatevhite luminaires based on a
blue LED chip with a yellow phosphor coating, popular foihligng applications. The relatively
long carrier life-time of the yellow phosphor leads to a si@gponse time and restricts the flat
modulation bandwidth of the device to several MHz [10]. A e¢oan workaround for this issues
is the application of a blue short-pass filter at the recewbich removes the slow component
from the modulated signal and enables flat modulation frecjes of up to 20 MHz [10]. Despite
the bandwidth limitation of the LEDs, sighal processinghtgques such as equalization, high-
order modulation/multiplexing, and parallel data trarssitin have enabled communication of
up to 1 Gb/s using a single commercially-available phosleated LED and up to 3 Gb/s using
commercially-available red-green-blue LEDs [10,12,103]

Significant research effort is being directed towards theld@ment of faster LEDs. An example
of such novel devices are resonant-cavity light emittirepds (RCLEDSs) [39]. The application

of an RCLED has enabled demonstrations of communicatids lifi up to 3 Gb/s over a plastic
optical fiber (POF) [40]. Other devices with comparable mation bandwidth can be manufac-
tured by reducing the innate junction capacitance of thdeiand by controlling the differential
carrier lifetimes through injected current density. Foamyple, in [34],uLEDs with small di-
ameters, of the order of tens afm, are introduced. The reduced size of the LEDs leads to
notable improvements in their modulation frequency resporiVLC links with a transmission
speed of up to 512 Mb/s [34] and uptdsb/s [35] have been successfully demonstrated for such
uLEDs using on-off keying (OOK) modulation. Another simildevice has been used in [36] for

a demonstration of 807 Gb/s communication link over a POF.

In this chapter, the communication capabilities of GANEDs [34] in combination with OFDM
are investigated in Experiment I. An experimental measerdémf theuLED bandwidth and a
physical demonstration of an OFDM-based system are pesde@FDM is chosen because it
allows cost-effective equalisation with single-tap eggeak in the frequency domain. Moreover,

this modulation scheme allows adaptive data and energyaditm to different frequency regions
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based on the properties of the communication system. Iniaddihe scheme can easily avoid
low-frequency distortion effects caused by ambient ligieiference and by the baseline wander
effect in the electrical components. The purpose of the rax@at is to establish the maximum
modulation bandwidth and the highest data rates that cashieved with auLED. As a result,

to the best of the author’s knowledge, the fastest singleireless VLC system is presented in

this chapter.

The high-speed demonstration in Experiment | is realised sihort transmission distance of
5cm. The main reason for the limited distance is the use of av&hdwidth positive-intrinsic-
negative (PIN) photodiode (PD) receiver without dedicatgdics, suitable for precise mea-
surements. The current chapter also presents Experiménthich an alternative avalanche
photodiode (APD) receiver with dedicated optics is useds @lows the wireless link to be es-
tablished over practical distances for indoor OWC. Theibélty of a Gb/s communication link

is demonstrated in a wide indoor distance range between Hrfi@Gm. A discussion on coverage
and practical applications is also conducted. In partic@#aperiment 1l includes: 1) Study | in
which the goal is to investigate the possibility of estdbhg a Gh/s transmission over a range
of distances fronl m to 2.5 m where the LED emission profile is optimised at each transmis
sion distance; 2) Study Il in which the goal is to demonsttia# high-speed transmission can be
achieved within the range froinm to 2.5 m even if the LED transmission profile is not optimised
for transmission at each distance; In essence, this stedyntaes the application ofidlED in a
mobile application, where the receiver can move in threeedsions relative to the transmitter; 3)
Study Il in which the goal is to demonstrate that a Gb/s tmgission can be established even at
longer transmission distances of upltom, which could be ideal for the realisation of high-speed

indoor wireless links intended to replace longer wires.

Following the high-speed wireless link demonstration, aergy-efficient OFDM realisation is
also presented in Experiment Ill. In this experiment, tlzesikility of U-OFDM and the feasibility

of eU-OFDM is demonstrated for the first time in a proof-oficept realisation of a VLC link.

The measured results clearly indicate that a LED can be tggket a minimum biasing level,
and despite the issues of reduced communication bandwndtkignificant non-linear distortion,
an inherently-unipolar OFDM-based modulation scheme siscb-OFDM and eU-OFDM can
be realised and significant energy savings can be achiegadistent with the simulation results

presented in Chapter 4.
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The rest of this chapter is organized as follows. Sectiond&@usses the possible applications
and deployment scenarios fol. EDs. Section 6.3 presents the first high-speed transmissio
investigation where: a description of the experimentalugets provided in Section 6.3.1; the
modulation parameters are described in Section 6.3.2;xberienental results are presented in
Section 6.3.3 including the communication channel charatics in Section 6.3.3.1 and the
achievable data rates in Section 6.3.3.2. Section 6.4 metee second high-speed transmission
investigation at practical indoor distances where: thesgrpental set-up is described in Section
6.4.1; the modulation parameters are shown in Section;@h2esults of the study are presented
in Section 6.4.3 where the results of Study | are present&dation 6.4.3.1, the results of Study
Il are presented in Section 6.4.3.2 and the results of Stiidyré presented in Section 6.4.3.3.
Section 6.5 presents the energy-efficiency demonstrasomgW-OFDM and eU-OFDM where:
the experimental set-up and the modulation parametersipgliced in Section 6.5.1; a num-
ber of signal processing techniques necessary for thetigatien are described in Section 6.5.2
where a novel empirical technique for evaluating the pemntorce effects of non-linear distortion
is described in Section 6.5.2.1, a signal pre-distorti@mnéue required for the successful im-
plementation of the modulation schemes is described ind@e6t5.2.2, and the technique for
estimating the energy dissipated by the modulation signalescribed in Section 6.5.2.3; the
performance results and a comparison to direct-currexgelol optical orthogonal frequency di-
vision multiplexing (DCO-OFDM) is provided in Section 635. Finally, Section 6.6 provides

concluding remarks.

6.2 Envisioned Usage Scenarios

The typical ceiling heights in indoor environments rangaf2.5 m to 3.5 m. Conventionally,
luminaires are mounted at the height of the ceiling or up toreximately 0.5 m below. The
typical mobile receivers for high-speed communicatioreas@re anticipated to be located in the
range between an average desk height of ab®3tm up to the average human height of about
1.75m. Therefore, wireless VLC transmission in indoor enviremts is likely to encompass
links at distances of up to approximately3 m. An example office deployment is presented in
Fig. 6.1(a).

In a practicaluLED deployment scenario, where simultaneous illuminadod high-speed data

communication have to be provided by the light sources,gelarray ofuLED devices would
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be required since a singkeLED with a diameter ob0um has a maximum output power of
about4.5 mW. Alternatively, a hybrid system consisting of high powernite LEDs and high
bandwidthuLEDs could be used to meet the requirements for simultanélmsination and
communication. The results presented in this chapter haeamportant implications. Firstly,
the high-speed communication experiments illustrate titergial of theuLED technology and
demonstrate that the novel devices can be modulated at igénfrequencies of up to 800 MHz.
Secondly, the presented results on achievable coveratpeemguick practical estimation of the
number of devices that are required in a given applicatich gpecific coverage requirements.
The results demonstrate the possibility for achieving aocpdented extremely dense deployments
of high-speed parallel data links-(1 Tb/sim?) using uLEDs. Note that indoor lighting with
simultaneous high-speed wireless access is not the onlicaippn for auLED. A device of
such size can be easily integrated into a typical electrdisiglay. Moreover, any indicator light
can be easily turned into a high-speed data access port. &ikDs can replace wire interfaces
in high-speed data links at short distances and have that@t® play a significant role in the
future concept of “the internet of things”. For illuminatigpurposes, white light emission can
be achieved through combination ofiaED with a number of novel colour-converter materials
[104] or through the introduction of additional red and greevices as in commercially-available
red-green-blue (RGB) LEDs.

An alternative application of a GapLED is high-speed underwater communication. A potential
deployment scenario in such a context is depicted in Fig(bh.1An unmanned underwater
vehicle (UUV) can be used for taking measurements or retigedata from fixed underwater
sensors such as the ones mounted on other UUVs, bridge fitamslaoil platforms.etc. Blue
light, centred at a wavelength #50 nm, is a good choice for underwater wireless communication

as it suffers relatively low attenuation in that propagatmedium.

6.3 Experiment|

6.3.1 Experimental Set-up

The OFDM-based experimental system set-up is presentem)irbl2. First, a pseudo-random
bit stream is generated and encoded ifdeary quadrature amplitude modulatiof/¢QAM)

symbols. The resultind/-QAM symbols are modulated onto different frequency sutiesr
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(a) Office

(b) Underwater

Figure 6.1: Envisioned system deployments

and rescaled accordingly if adaptive energy loading is eygul. Afterwards, an inverse fast
Fourier transform (IFFT) operation is applied on a block yihbols. This generates a discrete
time-domain signal, which is up-sampled by a facto2 @nd pulse-shaped with a discrete root
raised cosine (RRC) filter with a roll-off factor 6f1. The pulse-shaping filter confines the fre-
quency profile of the information signal within a desired daidth, thus reducing intersymbol
interference (ISI) effects when compared with the squaideepwhich is used when no pulse
shaping is applied. The small roll-off factor of the filterusas the frequency requirements of
the system to approach the theoretical Nyquist rate set hgieat sinc pulse [93]. The use of
the RRC filter also allows for straightforward and accuratgamned-filtering at the receiver, thus
eliminating any excess additive white Gaussian noise (AWiBkhe receiver system. Following
the pulse-shaping operation, any signal values outsidaltbeed operational range set by the

electrical properties of theLED, are clipped. All digital processing is performed in MI&AB ®.
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Figure 6.2: Experimental set-up for Experimet I.

The resulting conditioned discrete signal is sent to artrayi waveform generator (AWG), Ag-
ilent 81180A, which maps it to an analog signal. The analdgutof the generator is amplified
with a high-power amplifier, Mini-Circuits ZHL-6A-S+, whicdrives theuLED by modulating
the voltage over the device. The selectddED emits blue light with a relatively narrow wave-
length distribution centred aroudd0 nm and has a maximum optical radiation of approximately
4.5 mW [34]. A constant direct current (DC) bias level is aditie the information signal using
a bias-T, Mini-Circuits ZFBT-4R2GW+. The light emissioroin theuLED is collected via an
optical condenser 01TA25 from Comar Optics and imaged ohtglaspeed photodetector, New
Focus 1601-AC. The analog output of the photodetector isicagh by a digital oscilloscope, Ag-
ilent MSO7104B. Afterwards, the digitized information s is processed in MATLAB with

a sequence of processing steps that include: synchramsatiatched-filtering, down-sampling,

fast Fourier transform (FFT), equalisation, abldQAM demodulation.

6.3.2 Modulation Parameters

The modulation scheme employed in the current investigai®CO-OFDM, described in Sec-
tion 2.7.2.1. As a prerequisite of the Hermitian symmetrpased in the OFDM frame, the DC
subcarrier and the-shifted subcarrier are set to zero. In addition, half of shbcarriers are
fixed as complex conjugates of the other half of the subaarri;m an OFDM frame, a total of
Ng¢ subcarriers are equally distributed in the bandwidth rgrgle/275; 1/27;] whereTy is the

time-domain sampling period which corresponds to the Nstguate. Some subcarriers might
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be left unmodulated in order to avoid distortion effectsirambient light sources and from the
DC-wander effect. Certain subcarriers can also be omiftsymal-to-noise ratio (SNR) levels
are not sufficient in a given frequency band. The spectratieffcy of the scheme, is defined
in (2.14) and the double-sided bandwidth of the system sutatied as:

B= Ti Hz. (6.1)

S

Then, the data rate of the system is:
Ry, = Bn bits/s. (6.2)

In this experiment, the FFT size is setA&;=1024. After exhaustive experiments, the optimal

cyclic prefix length is determined to b€.,=5.

The active range of theLED is limited in terms of a minimum and a maximum signal level
Hence, clipping of the OFDM signal, which has a high pealkterage power ratio (PAPR) as
described in (2.16), is practically unavoidable. Exhaesgixperiments have shown that clipping
levels at -3.2 and 3.2, whereo is the standard deviation of the time-domain signal, dbedri
in (2.17), lead to an optimal utilisation of the limited. ED active range. The optimal bias level is
determined to be at a voltage 6f;..=5.2 V corresponding to a bias current §f,,=40 mA. The
peak-to-peak voltage swing of the modulating signal is 8&f,a = 3.5 V in order to utilise the
full dynamic range of the.LED. The sampling frequency of the AWG is fixed &t=3.2 Gs/s,
which results in a maximum achievable single-sided bantiwadl B /2=800MHz since a RRC

pulse shaping filter with an oversampling ratio2as also applied to the digital signal.

6.3.3 Results and Discussion

6.3.3.1 Communication Channel

The communication channel is estimated with a set of pildD®IFrames that consist of pseudo-
random4-QAM symbols with equal energy. The absolute channel gaihthe absolute achieved
SNR, obtained using error vector magnitude estimationshosvn in Fig. 6.3 as a function of
the subcarrier index. The channel gain follows the frequemofile of theuLED. The 3-dB
attenuation point occurs at aroufl MHz. However, overall the channel gain decreases quite

gradually and the channel is suitable fad-QAM modulation in almost the full bandwidth up to
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Figure 6.3: Estimated: (a) channel gain; and (b) SNR.

a frequency of abou800 MHz. The estimated achievable SNR in the communication channel
follows closely the estimated channel gain. This suggéstisthe AWGN power spectral density
in the system is uniform within the communication bandwidifhe estimated SNR values at
the low-frequency subcarriers are slightly lower than expe when compared with the channel
gain. This effect is attributed to the non-linear distartin the system which limits the achievable
SNR. The effect is discussed in more detail in Section 6l5%20te that in the presented results
in Fig. 6.3(b) the achievable SNR is estimated both for ttse @ghen an RRC filter pulse shaping
at the transmitter with matched-filtering at the receivexgplied to the communication signal and
for the case when a simple square pulse without matchedrfdtés applied to the information
signal. The conclusion is that the RRC filter notably impsotee SNR with improvement in
the order o2-3 dB in the higher frequency range. In order to show that theravgd frequency
profile of the RRC filter is the main reason for the improvemamd not the matched filter, an
SNR estimation is also performed for an oversampled andhwedtéiltered version of the square-
pulse information signal. The matched-filter shows coasisimprovement over the case where
no matched filter is applied. However, the achieved SNR isdgarly lower than the SNR
achieved after the application of the RRC filter. The corioluss that the introduction of an
RRC filter pulse-shaping technique leads to a notable difiez in the practical implementation
of an OFDM-based VLC system.
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Figure 6.4: Allocated: (a) bits; and (b) energy.

6.3.3.2 Adaptive Bit and Energy Loading

The adaptive bit and energy loading algorithm adopted ircthieent experiment is based on the
work of Campello, who has defined the optimal bit and energgilog conditions for the prob-
lems of rate maximisation and performance margin maximaisan [23]. A number of other
works exist on the subject. For example, Fasahal. have proposed algorithms for margin
and rate maximisation of a constrained multicarrier systefl05]. The algorithm used in the
current study, presented in Algorithm 1, resembles the ma®gimization algorithm in [105].
Other notable publications on the subject include: 1) Sawvahnd Shively’s algorithm for a

constrained system, which adopts a bit removal approactsarcessfully reduces the compu-
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tational complexity [106]; 2) Levin's algorithm which ogges in the logarithmic domain for
reduced complexity and successfully incorporates thessacg overhead for Reed Solomon and
Trellis forward error correction (FEC) codes [107]; 3) Fasand Di Blasio’s dynamic loading
algorithm which reduces the complexity by modifying thevioes bit and energy allocation in
the OFDM frame rather than conducting the entire allocagimcess [108]; and 4) Lee at al.'s

algorithm which extends the adaptive bit and energy loadorgepts to a multiuser system [109].

For the current experimental set-up, the optimal bit alioceaccording to the algorithm is shown
in Fig. 6.4(a). The achievable communication capacity far ¢stimated SNR values on the
different subcarriers is also presented in the same figsk [Bhe gap between th&/-QAM

bit loading and the capacity can only be closed using chaooding techniques. In general,
however, thelM/-QAM bit loading follows the communication capacity trerathd the achieved
throughput is close to the theoretical maximum. Fig. 6.4fmws the energy that is assigned
to each subcarrier. The adaptive algorithm attempts torerswonstant achieved SNR on all
received subcarriers that have been loaded with the 3dri@AM constellation. The optimally-
loaded modulation signal achieves a data-rat&p£3.75 Gb/s with a BER=2 x 10, Based
on the International Telecommunication Union (ITU) recoemdations, the addition of a FEC
code with an overhead of abott, such as the RS(1023,1007)/BCH(2047/1952), is expected
to guarantee reliable communication for the achieved bireate (BER) [110]. Because of the
FEC overhead, the actual achievable throughput becdtpes.5 Gb/s.

Algorithm 1 Adaptive Bit and Energy Loading

total_allocated_energy < 0

set all subcarrier constellations to zero
set the allocated energy on all subcarriers to zero
set the candidate constellations for all subcarriers toBBPS
while total_allocated_energy < total_available_energy do
(energy-requirement, selected_subcarrier) « find the subcarrier that requires the smallest additional en
ergy to upgrade to its candidate constellation
if total_allocated_energy + energy_requirement < total_available_energy then
upgrade selectedubcarrier to its candidate constellation
upgrade energy on selectsdbcarrier to the required energy for the upgraded coasitatl
upgrade the candidate constellation for selectebicarrier to the next available constellation size
total_allocated_energy <« total_allocated_energy + energy_requirement
end if

end while
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Figure 6.5: Experimental set-up for Experiment II.

6.4 Experiment |

6.4.1 Experimental Set-up

Fig. 6.5 presents a diagram of the experimental OFDM-basegi &§stem set-up for Experiment
ll. The system control interface is implemented in MATLRB and the procedure is operated
by a laptop computer. The system functionality is very simib the functionality in Experi-
ment | and is described as follows. First, a pseudo-randdmstigiam is encoded into a sequence
of M-QAM symbols. Afterwards, the generatdd-QAM symbols are assigned to different
frequency subcarriers and rescaled to appropriate ardplitevels if adaptive energy loading
is employed. An IFFT operation is applied on a block @+-QAM symbols, and a discrete
time-domain modulation signal is produced. The samplesaneitioned for digital-to-analog
conversion by oversampling and a pulse shaping operatidnafRRC filter. Following the pulse-
shaping procedure, any values outside the allowed dynamnigerof theuLED, are clipped. All
digital processing steps are implemented in MATLRBThe conditioned pulse-shaped digital
signal is sent to an AWG, Agilent 81180A, which performs tiizio-analog conversion via a
zero-order-hold digital-to-analog converter (DAC). Thealng output of the generator is am-
plified with a high-power amplifier, Mini-Circuits ZHL-1A-& A DC bias level is introduced
to the modulation signal using a bias-T, Mini-Circuits ZFBR2GW+. The biased signal is
used to drive thetLED by modulating the voltage over the device. The sath&D as in Ex-

periment |, emitting blue light with a relatively narrow tisution and a peak wavelength of
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Figure 6.6: Receiver configuration for Experiment Il, originally proged in [105].

450 nm, is used in this experiment [34]. The maximum optical atidn of theuLED is around
4.5 mW. In order to facilitate transmission at longer distandes light output of thetLED is col-
limated using an aspheric lens, Thor Labs ACL108 with a dieamef 1 cm and a focal distance
of 8mm. At the receiver, the incoming light is first passed thtoagBrightline Fluorescence
447/60 nm filter. The blue filter is used to reduce the col@mbient light which is responsi-
ble for additional shot noise energy and reduces the lireage of the employed APD receiver.
The receiver constitutes a custom-designed polymethyhaoeglate optical concentrator (with
a field of view (FOV) 0f30°) and a 1.95-mme-in-diameter photodetector, Pacific SiliSensor
AD1900-9-TO5i. The analog output of the APD is turned intoddtage signal with a differ-
ential transimpedance amplifier (TIA), Maxim MAX3665. Figu6.6 provides a description of
the non-imaging concentrator and a cross section illustraif the receiver. More details on the
receiver system are provided in [111], where this receiearfiguration is first introduced. The
differential output of the TIA is further amplified by a paif ®ini-Circuits ZHL-6A-S+ ampli-
fiers, and, afterwards, it is sampled and digitized by a digiscilloscope, Agilent MSO7104B.
The second amplifier stage is introduced in order to incréaseoltage swing of the oscilloscope
input, which improves the overall quality of the receivedrsil before the processing stage. The
frequency response of the complete receiver system (APD pliftans + oscilloscope) is pro-
vided in Fig. 6.7(a). The digitised received signal, retig from the oscilloscope, is processed
in MATLAB ® with a sequence of steps that include: synchronisationgheatfiltering, down-
sampling, FFT, equalisation, add-QAM demodulation.

6.4.2 Modulation Parameters

The modulation parameters in Experiment Il are very sintitathe parameters in Experiment

I with a few small differences. First, an RRC filter with an msa&mpling ratio of4 and a roll-
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Figure 6.7: Receiver characteristics.

off factor of 0.1 is employed in Experiment Il since the lower modulation haiddh utilised
in this experiment allows for higher degree of oversampliggthe AWG. In relation to this,
the single-sided communication bandwidth is se236 MHz due to the lower bandwidth of the
APD receiver compared with the bandwidth of the PIN receisad in Experiment I. Exhaustive
experiments have shown that the achievable SNR at thisdepésted in Fig. 6.7(b), is sufficient
to accommodate at leastQAM on the high-frequency subcarriers (where the SNR isdest),
and no significant increase in terms of data rate is achidvetbie bandwidth is used. The
Nyquist rate criterion and the oversampling ratioddh the RRC filter translate into a sampling
rate of2 Gs/s at the AWG. Most of the other parameters in this experirhave been kept the
same as in Experiment |, described in Section 6.3.2. The athigr difference is the selection
of a lower peak-to-peak voltage swing of the informatiomasigfor which a level o2.5V is
selected since higher voltage levels do not seem to intedutotable performance difference.
The system performs adaptive bit and energy loading on tifierelit subcarriers according to
Algorithm 1.

6.4.3 Results and Discussion

Three performance investigations are conducted in thisraxgnt. The first study investigates
the feasibility to design a singletED VLC system which supports a target data-ratd &fb/s
at fixed practical distances for an indoor communicatiomade. The second study investigates
the system performance in terms of achievable data-rataraius short-range distances after
the transmission profile of theLED has been optimized for a target data-ratel @b/s at a

distance of2m — approximately the average transmission distance for lailenceceiver in an
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indoor deployment scenario as described in Section 6.2sdaree, the first study represents a
fixed point-to-point transmission link, while the seconddst represents a mobile point-to-point
transmission with a fixed transmitter configuration. Thedlsitudy investigates the feasibility of
longer transmission, which spans beyond the expectedaiyygquirements for most indoor sce-
narios. Such a link can be used to replace cable connectiantarge indoor space, in airplanes,
ships,etc The presented performance results can easily be scaleldtgeanumber ofiLEDS,
which can be combined in a single transmitter array in ord@rovide increased communication
coverage or to provide extremely high data rates by explpithe possibility for high-density
deployment of individual parallel transmission links. Adisults, presented for the three studies,
have been obtained at office ambient lighting leveld @f0 Ix. This demonstrates that strong
background lighting does not hinder the performance of tiesgnted high-speed communica-
tion system which uses an APD receiver. All results have laehieved at a BER:3x 1072 for

which a number of FEC codes with an overhead@%fcan provide reliable communication [110].

6.4.3.1 Studyl

At different indoor distances, the light emission profiletioé transmitter is adjusted such that a
spot of light is generated, where the data-rate achievalileeacentre of the spot isGb/s after
taking into account th&% overhead for the FEC code. Once the link is realised, theverces
moved towards the edge of the spot in order to estimate therage provided by the transmit-
ter light emission profile. The achievable data-rate iswested at the point where the received
signal variance drops bydB. The distance from the centre is recorded for this pointses-
ond measurement is performed at the visible edge of the Jpp@t.data rate is again estimated
and the distance is recorded in order to determine the gisibVerage of the transmitter. The
estimated data-rate is presented in Fig. 6.8(a) and thecspetage is shown in Fig. 6.9. Ata
transmission distance betweem and2.5 m, al Gb/s transmission can be achieved by adjusting
the uLED emission profile which is accomplished by varying theatise between the device

and the aspheric lens used for light collimation.

An interesting observation can be made based on the presesidts. If the noise at the receiver
is independent of the information signal, when the variaoicthe received signal is decreased
by 3dB, this should translate into &dB decrease in the achieved SNR. In turn, this would

result into a spectral efficiency decrease of approximatdlig/s/Hz, according to the Shannon
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Figure 6.8: Achievable data-rate for different distances betweenrdresmitter and the receiver.
The FEC overhead (assumed to be 7%) is not included in themied results.

capacity formula and approximately- 2 bit/s/Hz according to the typical SNR requirements for
M-QAM [93]. Since the communication bandwidth2s0 MHz, the achievable data-rate should
decrease by approximate®p0 — 500 Mb/s. From the results in Fig. 6.8(a), it is clear that the
data-rate decreases less than expected. Therefore, iecambluded that the dominant source of

noise at the receiver is dependent on the information sigméldecreases as the received signal
level decreases.

As shown in Fig. 6.9, at most transmission distances3ttiB signal energy attenuation occurs
at approximately the same distance of aloim from the centre of the light spot and the visible
edge of the light spot occurs at arouriimm. This indicates that the light emission profile is quite
collimated. Nevertheless, as the transmission distarweases, the losses due to imperfections
in the light collimation increase and the achievable damgeadually decreases towards the spot
edge. At the same time, the light distribution within the tsjgonot uniform for the different
distances due to imperfections in the lens. This effectspaasible for variations in tha-dB
attenuation distance from the spot centre. It is espegiatipounced at a transmission distance of
1 m, where the3-dB attenuation occurs at aroum® mm from the spot centre. The effect of non-

uniform light distribution within a light spot can be corted with the addition of a holographic
diffuser at the transmitter.

The results of this study demonstrate the feasibility of acpical VLC system usingtLEDs.
However, in a deployment scenario where substantial cgeeisadesired, such a system would

require an array oft{LEDs. On the other hand, the confined coverage which a singkED
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Figure 6.9: Light spot radius at different distances between the trattienand the receiver.

can achieve enables high-density deployment of commuaitéhks which could significantly
boost the data-rate per unit of coverage area. In relatidhi$o it should be noted that dense
deployment of wireless links in radio frequency (RF) carydrg achieved through beamforming
and beamforming in RF is achieved with multiple antennasranlliple transmitter chains that
require high energy dissipation as well as high computati@md hardware complexity. As
demonstrated in this experiment, beamforming in VLC is jlmssvith a single LED device and
simple passive optical components.

6.4.3.2 Study Il

In this study, the light emission profile of the transmitteroptimised such that the data-rate
achieved at the centre of the light spot is approximateb/s at a distance & meters . Then,
the receiver is placed at different distances from the traitesr and the data-rate and coverage are
characterized in the manner described in Section 6.4.31& r@sults are presented in Fig. 6.8(b)
and Fig. 6.9. The light emission is optimised for transnoissat2 m. As the receiver is moved
further from the source, the light beam diverges. This iases the overall link coverage. How-
ever, the achievable data-rate decreases due to the regNEedt the receiver. When the receiver
is moved towards the source, the light beam becomes narréwexresult, the spot coverage de-
creases, and the data-rate increases due to the improvedFaNRansmission distances shorter
than2 m, data-rates beyontlGb/s are achievable at the expense of reduced coverageudgeca
of the high received light intensity at shorter distances)-linear effects at the receiver appear
as the APD approaches saturation. Nevertheless, all comatiom results are well-within the
limits for FEC.
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6.4.3.3 Study lll - 10 Meter Transmission

In the third study, the distance between the transmittertlaadeceiver is set tb0 meters. Data-
rate and coverage measurements are performed twice. Dberigst measurement, the receiver
configuration is used as it is, while during the second megsent an additional aspheric lens,
Edmund Optics Plano-Convex lens with a 75-mm diameter acal fength, is introduced at the
receiver. In the first measurement, a data rat¢5af4 Mbps is achieved. In the second measure-
ment, the additional lens improves the light collectiomgigantly, and, as a result, the data-rate
can reach.1 Gb/s (without FEC). At this transmission distance, 3t signal attenuation point
is at a distance df.5 cm from the spot centre. The visible spot radius is adauh. The achieved
results are consistent with the fact that light divergesenaionger transmission distances due to
the imperfect light collimation. Therefore, the data-red@ be improved by using better transmit-
ter optics, which improves light collimation, or, alterivaty, the receiver optics can be modified

to allow for improved light collection.

6.5 Energy-efficient OFDM Communication

The high-speed communication capabilitiesubfEDs using OFDM have been demonstrated in
Experiment | and Experiment Il. Experiment 11l aims at derstoating the possibility of using
U-OFDM and eU-OFDM for modulating thel EDs, which is expected to lead to a significant re-
duction in the energy consumption at the transmitter andstgraficant reduction in the required
optical power. The latter is desired in low-illuminationes@rios such as dimming applications.
Adaptive bit loading has not been utilised in this experitimrause fixed constellation loading
allows the results from this study to be more easily relateith¢ theoretical results presented in
Section 4.3.4.

6.5.1 Experimental Set-up

The set-up for this investigation is presented in Fig. 6T modulation procedure begins with
the generation of a discrete OFDM/U-OFDM/eU-OFDM signahgsMATLAB ®. The signal
generation process includes a series of steps: pseudomahitl generation)}/-QAM modula-
tion, IFFT, oversampling, and pulse shaping. For U-OFDM abdOFDM, the pulse shaping

procedure is performed after tip@sitiveand thenegativeframes are generated but before any
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Figure 6.10: Experimental set-up for Experiment Ill.

negative values are removed, as described in Section 5&2diStrete time samples of the result-
ing signal are sent to an AWG, Agilent 81180A, which outputsaaalog waveform by perform-
ing digital-to-analog conversion with a 12-bit zero-ortt@td DAC. The output signal from the
AWG is used to directly modulate the voltage over the LED. Ali¢G employs a DC-coupled
output amplifier with a maximum voltage swing®¥/ and a maximum DC offset of.5 V. At the
same time, the LED has a turn-on voltagexgfV. Therefore, in order to utilise the active region
of the device for transmission of the information signafsis added to the information signal
using a bias-T, Mini Circuits ZFBT-4R2GW+. The LED emissisrcollimated with an aspheric
lens, Thorlabs ACL108, and directed towards the receivaragpheric lens, Thorlabs ACL4532,
collects the light at the receiver site and focuses it on aptidtodetector, New Focus 1601-AC.
The output of the photodetector is a continuous analog kighiah is filtered with a commercial
low-pass filter, Mini Circuits SLP-50+, in order to removeyaxcess noise from the signal due
to the large bandwidth> 1 GHz) of the photodetector. The output of the filter is capdundth

a digital oscilloscope, Agilent MSO7104B, which performgitl to analog conversion with a
12-bit analog-to-digital converter (ADC). The digitiseidrsal is processed in MATLAB with

a series of steps that include: synchronisation, matchiedirfid, down-sampling, FFT, channel
estimation, equalisation, and -QAM demodulation. Any additional demodulation steps wvihic
are required in U-OFDM and eU-OFDM are performed in accordawith the demodulation

process described in Section 4.2 and 4.3.1.

142



Experimental Demonstration of High-speed Optical Wirel€®mmunication Using OFDM

The parameters which describe the OFDM techniques usedsiséiction are: 1) an FFT size
of Ng;=1024, where only 501 subcarriers are modulated with unigt&AM symbols due to
the Hermitian symmetry requirement described in Secti@r22and because the first 10 subcar-
riers are omitted due to the baseline wandering effect; 2licprefix length of V.,=5; 3) a
single-sided communication bandwidth Bf2=20 MHz for DCO-OFDM and U-OFDM where
the achievable SNR is expected to be relatively flat basechendsults in Experiment |; the
bandwidth for eU-OFDM is set t@/2=23 MHz in order to compensate for the spectral effi-
ciency difference since a maximum modulation depttDef3 is used in eU-OFDM; 4) digital
clipping of the OFDM time-domain signal at3o, and 3oy, in order to reduce the high PAPR
of the OFDM signal; the range 6f3c; 30] contains more thad9.7% of the signal distribution,
and according to the results presented in Section 4.3 gpiire than enough to ensure that the
digital clipping does not limit the performance of the commimation system for the presented
modulation orders; in U-OFDM and eU-OFDM, every single mfiation stream is clipped at
[0; 30]; 5) RRC pulse shaping with an oversampling factor of 4 andlaofbfactor of 0.1.

6.5.2 Signal Processing Techniques
6.5.2.1 Channel Estimation

For bit and energy loading at the transmitter as well as foabsgtion at the receiver, the com-
munication channel has to be accurately estimated. Therefosuitable channel estimation

technique should be employed. The received signal can bessed as:
S[k] = H[k]S[k] + N[k], (6.3)

whereH[k]| is the complex channel gain in the frequency dom@ajh] is the transmitted signal in
the frequency domain, aid[%] is the frequency-domain realisation of the AWGN procesbat t
receiver. It is assumed thHi{k| contains all frequency-dependent attenuation and phésor
of the information signal from the moment the signal is gatedt in the OFDM/U-OFDM/eU-

OFDM modulation process at the transmitter until the monitéatdemodulated at the receiver.

In order to allow for better characterisation of the commngation channel, two separate estima-
tion techniques have been used. In the first technique, preullentical copies of a single OFDM

pilot frame are transmitted in series. The AWGN is assuméxe tero-mean. Therefore, whah
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identical copies of the pilot frame are transmitted, the camication channel can be estimated

using a conventional mean estimator as follows:

COSSWS {HsH N}
HIk] = NSk NSk] ‘ (6-4)

The noise variance.e., the noise energy, can be estimated using a conventioriahearestima-

tor as follows:

i[k) - AfKIS[E]|

62 k] = = N1 . (6.5)

>

In the rest of this chapter, the described channel and naisance estimation technique is re-
ferred to as Estimator I. The estimated channel gain can &g insthe equalisation procedure.
The estimated channel gain and the estimated noise variamclee used to estimate the achiev-
able SNR levels at each subcarrier in the OFDM frame. The SétiRhation can be used to
determine how much data can be transmitted on a given sidgrca#ts a result, modulation of
some subcarriers might be avoided or the modulating syndmalil be pre-equalised to ensure
equivalent performance for all subcarriers that are loaditd the same constellation size. It
should be noted that the SNR quantity described in this@ectdoes not take into account the
energy dissipated in the DC component of the informationaligAs a result, It is different from
the SNR defined in (2.19). Another aspect of the communicaystem that should be discussed
is the inherent non-linearity of a real OWC channel. Nordindistortion occurs in the digital-to-
analog/analog-to-digital conversion, in the electrimabptical transition in the LED front-end,
and in the transition step from an optical signal to an eiedgdtisignal in the photodetector. The
DAC of the employed AWG and the ADC of the oscilloscope havebitdrecision, which is
enough to consider any non-linear distortion from thesmeldgs insignificant for the achievable
SNR levels reported in this chapter. The PIN photodetestoperated in a range which appears
to also introduce negligible distortion to the informatisignal. Therefore, it is safe to assume
that any significant non-linear distortion in the systemxgezted to be caused by the LED out-
put characteristic. The received time-domain informatggnal without the AWGN takes the

following form:

S[n] = hin] *x z(s[n]) (6.6)
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wherez(-) denotes the non-linear electrical-to-optical conversitp at the LED|;] « -] denotes
the convolution operator, andn] is the time-domain impulse response of the communication
channel. According to the analysis in Chapter 5, a time-doman-linear distortion of an OFDM
signal translates into an SNR penalty in the frequency dontgstimator | is designed for a linear
AWGN channel. When the communication system contains figmnit non-linear distortion,

Estimator | is unable to capture its effect because (6.4)adlgtestimates:

(sl HIKSI + Al
U =5 =~ s 67

rather than the true communication channel frequency resgdd[%|. In (6.7),3{-} denotes the
FFT operation and|[k] is the non-linear distortion in the frequency domain. WHenrion-linear
distortion is significantd[k] could lead to inaccurate estimation of the communicaticanalel.

It also compromises the estimation of the noise variancé.B)(because the way Estimator | is
definedd[k] does not contribute to the estimated noise variance. Torexgh the high SNR com-
munication scenarios, where the non-linear distortioméslimiting factor for the performance,
the SNR levels estimated with Estimator | could be inaceurais a result, a second estima-
tion approach, named Estimator I, is introduced in conjiamcwith Estimator I. In Estimator
II, multiple different realisations of an OFDM pilot frameeatransmitted sequentially instead of
one frame copy being sent multiple times as in Estimator Estimator I, the communication

channel is estimated as:

o>

. 1SN Sk 1 o HIK|(S[K] + di[k]) + Ni[k
HM:N%&H:N; m[]wéb K 6.6
In (6.8), both the AWGN realisations and the non-linearatigtn terms are averaged out during
the channel estimation procedure. Therefore, the chastiel@ion procedure is expected to be
more accurate when the non-linear distortion is the lirgifiactor for the system performance.
Furthermore, the technique in Estimator Il improves theueacy of the noise variance estima-
tion procedure because the non-linear distortion termrifriés to the sum in (6.5). In certain

practical scenarios, where the non-linearity distort®significant, it can be beneficial to apply
both Estimator | and Estimator Il in order to evaluate how Imtie non-linear distortion affects

the performance of the communication system. This, in toam, be used when optimising the

active range of the LED.

145



Experimental Demonstration of High-speed Optical Wirel€®mmunication Using OFDM

60 O Measured O Measured
—Polynomial fit 1.2/—Polynomial fit

2 4 0
VIV VIV

(a) V-1 characteristic of the LED. (b) V-L characteristic of the LED.

Figure 6.11: LED characteristics.

6.5.2.2 Non-linear Distortion

The main source of non-linear distortion in the presentetimanication set-up is the output
characteristic of the LED. The voltage-to-current (V-Iachcteristic of the LED is non-linear as
illustrated by the measured data presented in Fig. 6.1Tfe current-to-light (I-L) characteristic
of the LED can be assumed linear for the most part of the dexdtiee region. For high current
values, however, the light output of the device tends toratduas the output efficiency of the
LED decreases with increasing current density and inargasimperature. As the information
signal modulates the voltage over the LED, Fig. 6.11(b)gmtsthe input-output (voltage-to-
light (V-L)) relationship of the LED. The active region ofdldevice starts at aroursy/, where
the light output begins.

For energy efficiency purposes, the LED should be operathhvess possible in its active region.
This part of the region, however, causes significant nogalirdistortion to the information signal
as can be inferred from the data in Fig. 6.11(b). The samelasina can be made from Fig.
6.12(a) and Fig. 6.12(b). In Fig. 6.12(a), the channel gamOCO-OFDM estimated with
Estimator | exhibits noticeable variation, while the cuo@mputed with Estimator Il appears
smooth. This is a good indication that the non-linear digioris significant. The data in Fig.
6.12(b) leads to the same conclusion because the SNR valinesdifferent subcarriers of DCO-
OFDM computed with Estimator Il are abo8tB lower than the SNR values computed with
Estimator I. A non-linear pre-distortion technique ddsed in [112] was attempted in order to
mitigate the effects of the non-linearity. The techniquasists of simply computing the inverse

of the V-L function presented in Fig. 6.11(b) and then pagshe discrete modulation signal
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Figure 6.12: Communication channel characteristics estimated for arb®Fsignal centred at
around 3.5V with a peak-to-peak voltage swing of abdw¥. Subcarriers with
indices [0; 10] have not been used for communication due to significant DC-
wandering effects at the transmitter, caused by AC-cogpfirthe bias-T.

through that inverse function before converting it to anlegaignal. The effect of this pre-
distortion technique is illustrated in Fig. 6.12(c) whene SNR curves estimated with Estimator
| and Estimator Il are closely adjacent to each other. Thggests that the non-linearity has
been significantly reduced. It is interesting to note, havethat the SNR after the pre-distortion
does not appear to be better than the SNR estimated with &stirti before the pre-distortion
technique. The BER results obtained during the experimieate also confirmed that the pre-
distortion technique does not seem to improve the perfocenaf DCO-OFDM. However, the
pre-distortion is very beneficial for U-OFDM and eU-OFDM. ¥thno pre-distortion is applied,
both schemes exhibit performance outside the FEC limitsh BeOFDM and eU-OFDM appear
to be more sensitive to non-linear distortion than DCO-OFDWhe effect is likely to arise

from the fact that the time-domain information signal inflbbethemes is concentrated in a more
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non-linear part of the LED active range compared with therimiation signal in DCO-OFDM.
The higher modulation depths of eU-OFDM are especially exdble to this effect because the
imperfections in the time-domain signal due to non-lingatadtion add up in the demodulation
process. When no pre-distortion is used, U-OFDM and eU-ORBHire significant bias in
order to be realised in the relatively linear region of theDL¥-L characteristic. This tends to
significantly reduce any energy advantage they have over-DEOM. When the pre-distortion
is applied, both U-OFDM and eU-OFDM can be realised with minin biasing requirements

and demonstrate a significant energy advantage over DCOMDFD

When operated at low current densitg,, at low bias currents, the LED appears to have a slower
frequency response. lItis clear from Fig. 6.12(a) that tequency response of the LED is not
flat. In order to ensure equivalent received SNR levels &BIDM subcarriers, a pre-equalisation
technique has been employed. It consists of rescaling thggallocated to each subcarrier in-
versely proportional to the SNR values computed with Edtimihand presented in Fig. 6.12(c).
As a result, the achieved SNR profile looks flat as shown in &iR(d).

6.5.2.3 Estimation of Energy Dissipation

In order to estimate the average electrical power disgipattthe transmitter front-end, the voltage
over the LED is probed and captured with the oscilloscopgemMards, the V-l characteristic of
the LED is used in order to estimate the current which flowsubh the device. The average

electrical power for each modulation scheme is estimated as

Ntota
pave _ 2ot VIn|I(Vn])
elec — N, 3
total

(6.9)

whereV|n| is thenth discrete voltage sample captured by the oscilloscbpgis the V-I char-
acteristic presented in Fig. 6.11(a), alNg,, is the total number of discrete voltage samples

captured with the oscilloscope.

In order to compare the optical efficiency of the differentdulation schemes, the average irradi-
ance level at the receiver is measured with a commerciallilable spectral irradiance receiver,
Labsphere E1000. The irradiance receiver is positionedaoepof the receiver lens. The av-
erage irradiance level is measured for each scheme whileEBeis being modulated with the

respective information signal.
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6.5.3 Performance Results

The current section presents a performance comparisorebptidCO-OFDM, U-OFDM and eU-
OFDM for the communication set-up presented in Sectiornl@iSing the electrical and optical
power metrics presented in Section 6.5.2.3. A number oéaystlated factors cause the results
presented here to differ from the results presented in&edtB.4 and would have to be modelled
in future work for a good match between theory and experiaiemeasurements. First, the
frequency response of the transmission system is not flahaeds to be equalised through pre-
distortion. This leads to an SNR penalty. Second, the fpaees optical channel loss has to be
accounted for in order to establish an accurate relatipristtiween the transmitted optical power
and the received optical power. Third, the frequency respai the receiver system including
any absolute gain factors needs to be characterised exgadly in addition to the AWGN
levels at the receiver. Fourth, the non-linear relatiomdietween voltage, current and light in
the LED, as well as the significant turn-on voltage requineinfalmost3 V), introduce additional
differences that have to be accurately modelled and esiinfar a good match between the
theoretical/numerical results and the experimental tesuFinally, the non-linear relationship
between voltage and current leads to differences betweem#ihod for estimating electrical
power in the simulation results presented in Section 4.84tle experimental results presented
in the current section. Nevertheless, the performancestaterived from the theoretical analysis
and the Monte Carlo simulations, can be identified in thelteguesented in Fig. 6.13 and Fig.
6.14.

When compared with binary phase-shift keying (BPSK) eU-@Finhd BPSK DCO-OFDM4-
QAM U-OFDM is more efficient both in terms of electrical andticpl power. The difference
to eU-OFDM in terms of both electrical and optical power ip@Eximately1.5dB at a BER
of 1073 and almos dB at a BER ofl0~*. Compared with BPSK DCO-OFDM-QAM U-
OFDM requires3.5 dB less electrical power angidB less optical power for a BER dfo—3,
and it also requireg dB less electrical power argi5 dB less optical power for a BER dh—*.
The 16-QAM U-OFDM scheme performs worse tharQAM eU-OFDM using approximately
equivalent optical power antldB more electrical power at a BER 6—3. For a BER ofl0~*,
the difference between U-OFDM and eU-OFDM is approximatetiB in terms of electrical
power and approximately dB in terms of optical power in favour of eU-OFDM. At the same
time, 4-QAM DCO-OFDM is approximatelyl dB worse thard-QAM eU-OFDM in terms of

electrical power at a BER af0—2 and2 dB worse at a BER of0~*. In terms of optical power,
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Figure 6.13: Performance comparison as a function of the electrical podissipated in the
LED: (a) BPSK DCO-OFDM/eU-OFDM vs.4-QAM U-OFDM (0 Mb/s); (b)
4-QAM DCO-OFDM/eU-OFDM vs. 16-QAM U-OFDM @0 Mb/s); (c) 8-QAM
DCO-OFDM/eU-OFDM vs. 64-QAM U-OFDM (60 Mb/s); (d) 16-QAM DCO-
OFDM/eU-OFDM vs.256-QAM U-OFDM @0 Mb/s).

DCO-OFDM is0.7 dB worse at a BER of0~3 and1 dB worse at a BER of0~* when compared
with eU-OFDM. The non-linear distortion introduces a netible effect on tha6-QAM U-
OFDM signal and the corresponding curves in Fig. 6.13(b)Rigd6.14(b) exhibit a noticeable
change in slope for a BER lower than—3. In Fig. 6.13(c),8-QAM eU-OFDM exhibits & dB
improvement over DCO-OFDM in electrical power dissipatfona BER of10~3 and a BER of
10—, At the same time, the optical power requiremeng8-@AM eU-OFDM is approximately
1dB less than the optical power requiremenisePAM DCO-OFDM for both a BER ofl0—3
and a BER ofl0~*. The U-OFDM scheme fol/ > 64 could not be realised within the FEC
limits due to the non-linear distortion. The non-linear-gdistortion procedure does not appear
to improve the performance when the signal exceed¥’. This could be due to non-linearity
in the upper part of the LED active region which is not memesgl so a more complicated pre-
distortion procedure, like the one in [113], should be ambliFor16-QAM, eU-OFDM is again
more efficient than DCO-OFDM with dB of electrical power improvement arids dB of optical
power improvement at a BER af—3. At a BER close td0~*, the eU-OFDM scheme requires
approximately the same electrical and optical powerGa®AM DCO-OFDM as the non-linear

distortion limits the system performance. For higidrQAM constellation sizes, eU-OFDM
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Figure 6.14: Performance comparison as a function of the optical poweasueed at the re-
ceiver: (a) BPSK DCO-OFDM/eU-OFDM vs4-QAM U-OFDM Q0 Mb/s); (b)
4-QAM DCO-OFDM/eU-OFDM vs. 16-QAM U-OFDM @0 Mb/s); (c) 8-QAM

DCO-OFDM/eU-OFDM vs. 64-QAM U-OFDM (60 Mb/s); (d) 16-QAM DCO-
OFDM/eU-OFDM vs.256-QAM U-OFDM Q0 Mb/s).

could not be realised within the FEC limits.

Non-linear distortion due to the LED output characteristppears to limit the performance of
the eU-OFDM OWC system. The memoryless pre-distortionrtiegle described in Section
6.5.2.2 improves the performance significantly. In a futunplementation, the issue of non-
linearity could be avoided by introducing a transconducéaamplifier (TCA) which modulates

the current through the LED rather than the voltage over thacd. The LED efficiency drop

could be reduced with appropriate heat-sinking technig&esthermore, the issue of LED effi-
ciency drooping at high current densities suggests thaggredficient implementations, both for
communication and illumination applications, would behfbhm a system configuration with

multiple LEDs operated in parallel at the lower end of theitivee region. This could reduce the
non-linear distortion in eU-OFDM as it would enable the attpower to be scaled linearly with

the number of output devices.
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6.6 Summary

The results presented in this chapter have demonstratddasibility of a3.5-Gb/s optical wire-
less link using a single Gallium NitrideLED and OFDM modulation which allows for adaptive
bit and energy loading leading to an optimal utilisation led tommunication resources. To the
best of the author's knowledge, this is the highest achielagd rate in a single-LED wireless
VLC demonstration up-to-date. The demonstration has beeionmed for a narrow-field-of-
view link over a5-cm distance. The coverage can be improved with the inttamluof dedicated
optics, with ganging of multiplgLEDs in order to increase the transmitted optical power din wi

the introduction of a more sensitive photodetector suchasRD.

The feasibility of a Gb/s link has been demonstrated for a GaAED using simple lenses and
an APD photodetector over a practical distance ranging idew meters, for a potential indoor
short-distance scenario, to at ledastm for a longer-distance transmission. In the context of
energy and spectrally efficient wireless communicatiohis, is an important result taking into
account the total output optical power4b mW of theLED and comparing it to RF systems.
These results suggest great implications for a large nuwfeotential VLC applications. The
area coverage of a single_ED is in the order of a fewem?, and so is insufficient for ubiquitous
coverage. Yet, itis more than enough to avoid stringenhatignt requirements. The introduction
of integrated arrays of multiple transmitter devices cdeddsufficient to provide simultaneous

illumination and Gb/s communication in an indoor enviromme

A proof-of-concept experimental investigation of VLC ugieU-OFDM modulation and U-
OFDM modulation has been presented in this chapter. Thétsaesfithe study indicate that both
techniques can be realised in practice and can deliverfisigni energy savings over the con-
ventional DCO-OFDM. The most significant limitation for thee of U-OFDM and eU-OFDM

in practical OWC systems is expected to be the non-linegortiien. Techniques for non-linear
distortion mitigation, such as signal pre-distortion, egrable both schemes to be realised. Fu-
ture work on non-linear distortion reduction by the use gbiaoved predistortion techniques and
by the use of transmitter front-end devices with more lire&put characteristics is expected to

enable even higher performance results to be achieved WHAEDM.
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Chapter 7

Conclusions, Limitations and Future
work

In this thesis, a number of unipolar orthogonal frequeneysain multiplexing (OFDM)-based
modulation schemes suitable for intensity modulation amect detection (IM/DD) systems
have been investigated. The well-known concepts of direotent-biased optical orthogonal
frequency division multiplexing (DCO-OFDM), asymmettigaclipped optical orthogonal fre-
quency division multiplexing (ACO-OFDM) and pulse-amptie-modulated discrete multitone
modulation (PAM-DMT) have been studied in more detail coredaio what is already avail-
able in the literature. Some of the existing issues withahm®dulation schemes have been
identified and suitable solutions have been suggested. Bhehvas led to novel and improved
modulation techniques for which suitable theoretical, dation and experimental analysis has
been presented. The non-linear distortion in the opticatesy has been analysed from a new
point of view and the existing analytical concepts have Heeher extended with a technique
that always leads to a closed-form analytical solution. Woek concludes with experimental
demonstrations of high-speed optical wireless commuica{ OWC) using OFDM and a proof-
of-concept demonstration of unipolar orthogonal freqyaticision multiplexing (U-OFDM) and
enhanced unipolar orthogonal frequency division mulkipig (eU-OFDM) leading to the energy

savings predicted by the presented theoretical work.
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7.1 Summary and Conclusions

The recently introduced concept of subcarrier-index matituh orthogonal frequency division
multiplexing (SIM-OFDM) has been studied in detail. A noeslcurate analytical framework
to compute the bit error rate (BER) of SIM-OFDM in a linear gidd white Gaussian noise
(AWGN) channel has been proposed. As a result of the analypi®pagation error effect within
the SIM-OFDM frame has been discovered. The error propadimits the performance of
SIM-OFDM and does not allow the scheme to deliver the ardteip energy savings in compar-
ison to conventional OFDM. An enhanced SIM-OFDM modulatsmheme has been proposed
as a means to correct this issue. The performance of the rremschas been analysed in a
linear AWGN channel, which can serve as a basis for furthegarch on the topic. The modi-
fied structure of the enhanced SIM-OFDM successfully aviidserror propagation effect and
allows the scheme to deliver energy efficiency improvementse order ofl dB in comparison
to OFDM. Furthermore, the frame structure used in the erdth&¢M-OFDM leads to a reduc-
tion of the time-domain signal peak-to-average power @®sPR), which has been found to be

proportional to the number @ictivesubcarriers employed in the scheme.

Even though the enhanced SIM-OFDM offers an inherently ceduPAPR and lower energy
requirements in comparison to conventional OFDM, the kahispectral efficiency of the novel
concept makes it unattractive for high-speed OFDM-basethwonication. Nevertheless, SIM-
OFDM can be used in energy-efficient low-spectral-efficjeapplications. Furthermore, SIM-
OFDM can also be used in adaptive bit and energy loading sosnavhere the SIM-OFDM

concept can be combined with the conventional OFDM concegaiise SIM-OFDM is suitable
for modulation of those subcarriers where the signal-tisenaatio (SNR) is low and does not al-
low for high spectral efficiency modulation. This enabledreutilisation of the communication

channel resources.

A novel unipolar OFDM-based modulation scheme termed U-MHAias been proposed. The
novel scheme is an alternative to the concepts of ACO-OFD¥RAM-DMT. A theoretical
framework has been presented for evaluating the perforenahtJ-OFDM in a linear AWGN
channel which has been compared against the performante abtmmonly adopted state-of-
the-art technique of DCO-OFDM. It has been shown that U-OFp#vorms equivalently to
ACO-OFDM and PAM-DMT with a3dB lower energy efficiency compared to a real bipolar

OFDM information signal, which can be considered as a pevémce benchmark. An improved
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decoding technique has been suggested, and this improgedetecan improve the performance
of U-OFDM with up to3dB in a linear AWGN channel, ideally closing the gap to thedten
mark performance. An accurate theoretical framework faiweating the performance of this
improved decoding technique has been proposed. All beréfilsOFDM, however, come at a
50% reduction in the scheme’s spectral efficiency. The samielgmois observed in the genera-
tion processes of the other unipolar state-of-the-artrigetes ACO-OFDM and PAM-DMT. As
a result, when the spectral efficiency of DCO-OFDM is matchgdhtroducing a larger modu-
lation order, U-OFDM, and similarly ACO-OFDM and PAM-DMTannot deliver any benefits
over DCO-OFDM for spectral efficiency values higher tiehbits/s/Hz.

A solution to the issue of the spectral efficiency loss haslgeposed in the form of a modi-
fied technique named eU-OFDM, where the structure of the IH@Frame can be exploited in
order to combine multiple individual information streanmslathus, increase the overall spectral
efficiency of the scheme while still retaining a lot of its emeefficiency. The performance of
eU-OFDM has been analysed theoretically for a linear AWGHnctel. It has been shown that
in a linear AWGN channel, eU-OFDM always performs with anrggeequirement which is a
fixed multiple of the energy required in a bipolar real OFDIgrsil for a given BER. Conse-
quently, as the modulation order of the scheme increasesernbrgy advantage of eU-OFDM
over DCO-OFDM increases as the latter requires higher kiasd, and thus more energy, for
higher modulation orders because larger constellationgatarate less non-linear distortion due
to signal clipping. The electrical energy advantage of €eD® over DCO-OFDM starts at
approximately2 dB for binary phase-shift keying (BPSK) and increases ta@pmately 7 dB
for 1024-QAM at a maximum modulation depth dd=3. At the same time, the optical power
requirement of eU-OFDM is approximately the same as thealgtiower requirement of DCO-
OFDM for BPSK and approximateydB lower for1024-QAM. The presented simulation results
suggest that eU-OFDM can achieve very significant energgiefity benefits over DCO-OFDM
or can potentially deliver higher data rates in dimming agpions since the optical power re-
quired in eU-OFDM is less than in DCO-OFDM for a given dat&rand BER. Suggestions for
an extension of the eU-OFDM concept to ACO-OFDM and PAM-DMié also been provided.

The problem of analysing non-linear distortion in an OWQeyshas been investigated from a
novel point of view. The already known approach of using this€jang theorem for analysing
the performance of OFDM signals in a non-linear system has lextended by introducing a

novel representation of the non-linear distortion funtt@s a set of polynomials. This represen-
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tation enables the derivation of a very accurate closea-fanalytical performance evaluation.
The derivation procedure can be applied for an arbitrary orgless distortion function, and the
algorithm can be easily automated following the proposathéwork. This analytical approach
can be very beneficial for the automation of the performamadysis of OFDM-based systems
in which the information signal is subjected to non-linestattion. Furthermore, this approach
could significantly reduce the computational efforts andusation times in optimisation pro-
cedures for OFDM-based systems with non-linear distonuien compared to a Monte Carlo
simulation approach. Pulse shaping techniques have b#educed in the non-linearity analy-
sis for the investigated OFDM-based techniques — DCO-OFBE&D-OFDM, PAM-DMT and
U-OFDM. It has been shown that the use of a pulse-shaping dittes not compromise the va-
lidity of the analysis technique for evaluating the effeatsion-linear distortion on the system
performance. Furthermore, it has been demonstrated, bethdtically and through numerical
simulations, that ACO-OFDM, PAM-DMT and U-OFDM perform eggiently in a non-linear
AWGN channel.

The communication capabilities of a novel Gallium Nitridga(N) um-sized light emitting diode
(uLED) with a diameter o60 um have been investigated using DCO-OFDM. It has been shown
that such devices can be modulated with bandwidths of 8pad1Hz, and a record-setting data
rate of3.5 Gb/s has been achieved using an adaptive bit and energyépaldjorithm. To the best
of the author’s knowledge, this is the fastest single-linkeless visible light communications
(VLC) system demonstration up-to-date. In addition, thessfieility of a Gb/s OWC link over a
transmission distance of up-t0 m has been demonstrated for a GalED using simple lenses.
The coverage provided by a singik ED is in the order of a fewm?, and is not sufficient for
ubiquitous coverage in a typical indoor scenario. Howetrgs is more than enough to avoid
stringent alignment requirements for realising fixed lirdésshorter distances. An integrated
array of a large number of such transmitter devices couldigessimultaneous illumination and
high-speed communication in an indoor environment. Théddhcoverage of a single device,
however, allows for the deployment of very high data deesjtin the order of- 1Tb/s/m2,

which is unprecedented in wireless communications.

Finally, a proof-of-concept experiment has been conduictedder to demonstrate the plausibil-
ity and the high potential of U-OFDM and eU-OFDM. The demaaistd results indicate that
both techniques are practically feasible and tend to delive anticipated energy efficiency. At

low spectral efficiency 0.5 bit/s/Hz,4-QAM U-OFDM achieves the best results in comparison
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to eU-OFDM and DCO-OFDM with an electrical energy efficiemayprovement of3.5dB and

a lower optical power requirement 8fdB in comparison to DCO-OFDM. For higher spectral
efficiencies, eU-OFDM achieves the best results by detigeirnprovements in electrical energy
dissipation of approximateldB and improvements in the optical power requirement of @ppr
imately 1 dB in comparison to DCO-OFDM for all of the presented casesn-hhear distortion
has proven to be a limitation for the realisation of U-OFDMI&U-OFDM in an OWC system.
Signal processing techniques, such as signal pre-dstortan mitigate the non-linearity issues

and improve the system performance.

7.2 Limitations and Future Work

The analytical work presented for SIM-OFDM in Chapter 3duals closely the results of the
conducted numerical simulations. However, the perforraaamalysis has been performed for
an ideal flat linear AWGN channel. The presented energy effay results in combination with
the reduced spectral efficiency of the modulation approaste lbeen considered as sufficient
evidence to dismiss SIM-OFDM as a suitable scheme for hagled optical wireless commu-
nication. Nevertheless, it could be suitable for enerdigieht applications where high spectral
efficiency is not required. In that sense, a more realistioroanication channel including non-
linear effects of the transmitter and receiver system i loptical an radio frequency (RF) com-
munication should be considered in the analysis. Furthexmo RF communication, the effect
of channel fading on the system performance should be awhly$he suitability of different
forward error correction (FEC) coding techniques used imveational OFDM also should be

investigated in potential applications of SIM-OFDM.

The novel modulation schemes proposed in Chapter 4 havednedysed in the context of a lin-
ear AWGN channel, which is a fair starting point for analgsthe performance of a modulation
scheme in an IM/DD communication system. The effects of lirar distortion on U-OFDM
have been analysed in Chapter 5. However, an adequate tihabapproach for modelling the
effects of non-linear distortion on the performance of eBBM has not been provided. This
is because the proposed non-linearity analysis is basetleoBussgang theorem and is valid
only for signals with Gaussian distribution. The distribatof eU-OFDM is the convolution of

the distributions of the individual U-OFDM signals used e tscheme, and, as a result, it is not
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Gaussian. Further work on the subject may include the dedign adequate analytical technique
for modelling the effects of non-linear distortion on thefpemance eU-OFDM. Furthermore, in
a practical communication system, appropriate channghagon and FEC techniques have to
be used, and the applicability of the conventional techesgqused in OFDM is yet to be investi-
gated for the newly proposed modulation schemes. The uséferest modulation orders at the
different depths in eU-OFDM should also be analysed in &itmork. In practical applications,
the effects of different synchronisation techniques onstysgem performance would have to be
evaluated for U-OFDM and eU-OFDM as well.

The non-linearity analysis presented in Chapter 5 giveg &ecurate analytical predictions in
closed form for the performance of the investigated modiaschemes which can be subjected
to arbitrary distortion effects. Nevertheless, the pregoapproach is only valid for memoryless
non-linear distortion effects. For modulation frequendie the flat region of the light emitting
diode (LED) response, the assumption of memoryless n@adlidistortion can be considered
fair. In general, however, the non-linear distortion effeio LEDs are not memoryless, as con-
firmed by others [113]. Therefore, for modulation frequesddeyond th8-dB bandwidth of the
LED, the provided analytical approach could begin to disagrith experimental measurements.
Another assumption in the analysis is the independent amtighl Gaussian distribution of the
time-domain OFDM samples. The assumption for an indepdridentically distributed (i.i.d.)
time-domain signal is only valid when all frequency subiessr are loaded with equal energy.
Therefore, when adaptive bit and energy loading is emplaydide OFDM modulation process,
the accuracy of the theoretical model could decrease. &umibre, the Gaussianity assumption
of the time-domain signal is only true for an OFDM frame size\g; > 64, which means that

for smaller frame sizes, the model could be inaccurate.

The experimental results presented in Chapter 6 do not takeaccount the overhead required
for estimating the communication channel, which, depamndimthe scenario, will inevitably lead
to a reduction in the achievable data rates. All processaggldeen performed offline. The im-
plementation cost and complexity of a real-time OFDM sys&trsuch high data rates has to be
addressed when a practical realisation of the system isdmmesl. In that sense, the implemen-
tation of a suitable FEC code is likely to be limited by the lempentation complexity and by the
hardware cost. As a result, more strict requirements ondhieeable BER might be required de-
pending on the selected FEC algorithm. Adaptive bit andgnieading has not be demonstrated

in the proof-of-concept experiment for U-OFDM and eU-OFDMstead, a fixed constellation
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size with pre-equalisation according to the channel pte@gsehas been chosen in order to illus-
trate that the expected performance trend of the two schebitaged in the analysis in Chapter
4 is achievable in practice. Further work on the subject mailude the introduction of adaptive
bit and energy loading as well as modulation of fié€=D at the maximum possible rate in order
to demonstrate the ability of the schemes to reach highdspemmunication rates comparable

to the high-speed data rates demonstrated for DCO-OFDM.
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Appendix A

Derivation of the D-Function for
Equations (5.11), (5.12) and (5.13)
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whereQ(x) is defined as the tail probability of the standard normalrithistion, andd(x) is

defined as the probability density function (PDF) of the dtad normal distribution:
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Derivation of the D-Function for Equations (5.11), (5.18045.13)
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Appendix B
Example of Non-linear Distortion

Analysis in Closed Form

This example demonstrates the application of (5.11), §mhd (5.13) for a clipping distortion of

the orthogonal frequency division multiplexing (OFDM) amfnation signal at values,,;, and

ZTmax- The non-linear distortion function is presented in Figl.BThe intervals and polynomial

coefficients corresponding to the non-linear distortiomction are presented in Table B.1.

For the presented non-linear distortion function, (5.&kgs the form:
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Equation (5.12) takes the form:
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Example of Non-linear Distortion Analysis in Closed Form

max

max

Figure B.1: Non-linear distortion function corresponding to clippired the signal atr,,;, and

Tmax-

Interval Ci1 Ci,0
1=1& —00 <2 < Tmin 0 Tmin
1=2 Tmin < T < Tmax | 1 0
1=3C Imax < T < 0 0 | Tmax

Table B.1: Polynomial coefficients of the non-linear distortion fuant

Using Appendix A, the derivatives of the D-Function neceg$a complete the calculations can
be computed as:
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Then (B.1), (B.2), and (B.3) become:
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Appendix C

On the Performance of eU-OFDM In a
Non-flat Communication Channel

When subjected to the same communication channel, theidodilv subcarriers between the
different orthogonal frequency division multiplexing (OM)-based modulation techniques are
subjected to the same channel attenuation (the channekiney response can be considered flat
per individual subcarrier). As a result, the signal-toseoiatio (SNR) penalty due to the channel
attenuation in each technique is the same. In order toridltesthis effect, a simple investigation
has been conducted using the free-space dispersive Vigibt&eommunications (VLC) channel
presented in [114]. An estimation for the VLC channel is preed in Fig. 3 of the cited source.
In this study, the initial delay of0 ns in the impulse response has been ignored and the channel
response has been sampled at a rat2 @samples/s (communication bandwidthld&Hz) up

to 25 ns, where the last notable contributions of the reflectigm®ear to arrive at the destina-
tion. As a result, the digital representation of the VLC am&liresponse used in the simulation
appears as in Fig. C.1(a). The channel gain for the differedulated subcarriers (fast Fourier
transform (FFT) size of 2048) is presented in Fig. C.1(b).

0.2 1
0.2 \ 0.8
= 0.15 = 0.6
< 01 04
0.05 0.2
0 : ; 0] ;
0 10 20 30 0 500 100C
n k
(a) Channel impulse response in the time (- Channel gain in the frequency domain (FFT
main (30 taps). size of 2048 with 1024 subcarriers which can be
modulated due to the required Hermitian sym-
metry).

Figure C.1: Dispersive channel used to illustrate the effects on eU-®iRhd DCO-OFDM.
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A comparison between the performance of enhanced unipolaogonal frequency division
multiplexing (eU-OFDM) and direct-current-biased opticehogonal frequency division multi-
plexing (DCO-OFDM) has been presented for differéftary quadrature amplitude modulation
(M-QAM) constellation sizes in Fig. C.2-C.5. In all of the peaged cases, it is clear that the
performance difference between eU-OFDM and DCO-OFDM isoainequivalent for both the
flat channel and the highly dispersive channel (only theeday the curves change due to uneven
SNR between the subcarriers within one frame; pre-equalizas not used in this simulation).
The results confirm the claim that a comparison in a flat chasrsufficient for comparing the

performance of two OFDM-based modulation schemes.
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(a) Flat channel 4-QAM. (b) Dispersive channel 4-QAM.

Figure C.2: Performance difference between 4-QAM eU-OFDM and 4-QAM BIFKDM for a
flat channel and a highly dispersive channel.
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Figure C.3: Performance difference between 16-QAM eU-OFDM and 16-QANDBDFDM for
a flat channel and a highly dispersive channel.
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Figure C.4: Performance difference between 64-QAM eU-OFDM and 64-QANDEDFDM for
a flat channel and a highly dispersive channel.
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Figure C.5: Performance difference between 256-QAM eU-OFDM and 254@&0-OFDM
for a flat channel and a highly dispersive channel.
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Complete Modeling of Nonlinear Distortion in
OFDM-Based Optical Wireless Communication

Dobroslav Tsonev, Sinan Sinanovic, and Harald Haas

Abstract—This paper presents a complete analytical framework
for modeling memoryless nonlinear effects in an intensity modula-
tion and direct detection optical wireless communication system
based on orthogonal frequency division multiplexing. The the-
ory employs the Bussgang theorem, which is widely accepted as
a means to characterize the impact of nonlinear distortions on nor-
mally distributed signals. This paper proposes a new method to gen-
eralize this approach, and it describes how a closed-form analytical
expression for the system bit error rate can be obtained for an arbi-
trary memoryless distortion. Major distortion effects at the trans-
mitter stage such as quantization and nonlinearity from the light
emitting diode are analyzed. Four known orthogonal-frequency-
division-multiplexing-based modulation schemes for optical com-
munication are considered in this paper: direct-current-biased
optical OFDM, asymmetrically clipped optical OFDM, pulse-
amplitude-modulated discrete multitone modulation, and unipolar
orthogonal frequency division multiplexing.

Index Terms—Nonlinear distortion, orthogonal frequency

division multiplexing (OFDM), optical modulation, wireless
communication.

I. INTRODUCTION

IRELESS data rates have been growing exponentially in
W the past decade. According to some recent forecasts, in
2015 more than 6 Exabytes of wireless data would be required
per month [1]. The continuously enhanced wireless communica-
tion standards will not be able to fully satisfy the future demand
for mobile data throughput because the available radio frequency
(RF) spectrum is very limited. Hence, an expansion of the wire-
less spectrum into a new and largely unexplored domain—the
visible light spectrum—has the potential to change the face of
future wireless communications. The advantages of an optical
wireless system include among others: 1) vast amount of unused
bandwidth; 2) no licensing fees; 3) low-cost front end devices;
and 4) no interference with sensitive electronic systems. In ad-
dition, the existing lighting infrastructure can be used for the
realization of visible light communication.
Optical wireless communication (OWC) using incoherent
off-the-shelf illumination devices, which are the foremost
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candidates for mass-produced front-end elements, is realizable
as an intensity modulation and direct detection (IM/DD) system.
This means that only signal intensity can be detected reliably.
Hence, without modification it is not possible to use all digital
modulation techniques known in RF communication. Unipolar
techniques like on-off keying, pulse-position modulation, and
pulse-amplitude modulation (M -PAM) can be adopted in a rela-
tively straightforward way. As transmission rates increase, how-
ever, unwanted intersymbol interference (ISI) appears. Hence,
more resilient techniques such as orthogonal frequency di-
vision multiplexing (OFDM) are preferred. OFDM allows
equalization to be performed with single-tap equalizers in the
frequency domain, which reduces design complexity and equal-
ization cost. It also allows different frequency subcarriers to
be adaptively loaded with information according to the channel
characteristics. This enables more optimal usage of the chan-
nel, especially when attenuation or interference is significant in
certain frequency bands [2]. Conventional OFDM signals are
bipolar and complex-valued. However, they have to be both
real and unipolar in IM/DD systems. It is possible to trans-
form an OFDM signal into a real signal by imposing Hermitian
symmetry on the subcarriers in the frequency domain. Further-
more, a number of possible approaches to deal with the issue
of bipolarity in OFDM signals have been proposed. The current
paper focuses on four of them, in particular: direct-current-
biased optical OFDM (DCO-OFDM), asymmetrically clipped
optical OFDM (ACO-OFDM) [3], pulse-amplitude-modulated
discrete multitone modulation (PAM-DMT) [4], and unipolar
orthogonal frequency division multiplexing (U-OFDM) [5]. It
analytically characterizes their performance in a nonlinear ad-
ditive white Gaussian noise (AWGN) channel which is typical
for an OWC system. Some of the schemes—DCO-OFDM and
ACO-OFDM—have already been analyzed in the context of cer-
tain nonlinearities that are present in OWC [6]—[10]. This paper
gives a more complete analysis encompassing the joint effect
of a number of different distortions which to the best of the
authors’ knowledge have not been analyzed jointly in OWC and
have never been analyzed for PAM-DMT and U-OFDM. An in-
teresting observation is that the concepts presented for U-OFDM
have been previously introduced in Flip-OFDM [11]. In addi-
tion, the four schemes, ACO-OFDM, PAM-DMT, U-OFDM,
and Flip-OFDM, perform equivalently in a simple AWGN
channel [3]-[5], [11].

An information signal in an OWC system undergoes a num-
ber of distortions, including nonlinear ones. Linear distortions
such as attenuation and ISI can be compensated with am-
plifiers, equalizers, and signal processing. Nonlinear distor-
tions, however, often make irreversible changes to the signal.

0733-8724 © 2013 IEEE
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Fig. 1. Optical wireless communication system.

Therefore, it is necessary to be able to characterize and evaluate
distortion effects as fully as possible. Such examples include
quantization effects in the digital-to-analog converters (DACs)
and analog-to-digital converters (ADCs), as well as the effects
caused by the nonlinear output characteristic of a light emitting
diode (LED). A number of works have been published on distor-
tion in OFDM-based modulation schemes [6]-[10], [12]-[16].
A significant number of them focus specifically on the nonlinear
distortions present in an OWC system [6]-[10]. The analysis of
nonlinear distortion is not straightforward. Even though general
procedures have been introduced for obtaining an analytical
solution [12], a closed-form solution is not always available.
This paper describes a complete general procedure which al-
ways leads to a closed-form solution. It can be used to solve the
problems presented in [6]-[10] as well as to analyze any other
arbitrary memoryless nonlinear distortion, which can be part of
an OWC system based on OFDM. The specific case study in this
paper involves a complete set of the significant nonlinear effects
at the transmitter combining distortion due to quantization at
the DAC as well as distortion due to the nonlinear characteristic
of the LED. Pulse shaping has also been considered unlike in
previous works on the subject [6]-[10].

The rest of this paper is organized as follows. Section II pro-
vides a description of the OWC system. Section III describes the
modulation schemes under investigation. Section IV discusses
the issues incurred by pulse shaping techniques in IM/DD trans-
mission systems. Section V introduces the expected nonlinear-
ities in an OWC system. Section VI presents the theoretical
approach for obtaining a closed-form assessment of the perfor-
mance. Section VII confirms analytical solutions with numerical
simulations. Finally, section VIII provides concluding remarks.

II. OWC SYSTEM

The diagram of an OWC system is presented in Fig. 1. The
incoming bits are divided into data chunks and mapped to
symbols from a known modulation scheme such as quadra-
ture amplitude modulation (M-QAM) or M-PAM. The M-
QAM/M-PAM symbols are modulated onto different frequency
subcarriers according to one of the following schemes: DCO-
OFDM, ACO-OFDM, PAM-DMT, U-OFDM. Then, the result-
ing time domain signal is subjected to a number of predistortion

techniques, which condition it for transmission. This block in-
cludes oversampling, pulse shaping as well as clipping any val-
ues below the allowed minimum or above the allowed maxi-
mum. Clipping is performed because a DAC, an amplifier, and
an LED can only operate in a limited range, specified by their
electrical properties. The conditioned signal is fed to a DAC
which outputs an analog signal. This stage of the system con-
sists of a zero-order-hold element or other type of interpolator
followed by a low-pass filter. The output signal from the zero-
order hold is continuous in time. However, because the signal
has discrete amplitude levels, corresponding to the samples of
the oversampled pulse-shaped and clipped signal s'[t], it is an-
alyzed in terms of the discrete time-domain signal s'[¢]. It is
assumed that the oversampling is sufficient, and the pulse shap-
ing operation is such that the low-pass filter after the zero-order
hold outputs a continuous-time signal which is equivalent to the
signal at its input for all practical considerations. Hence, in the
analysis, nonlinear transformations of the signal s'[¢] are inves-
tigated. The analog output of the DAC is encoded into a current
signal by a voltage-to-current transducer with appropriate bias
and supplied to the LED. OFDM-based OWC with incoher-
ent off-the-shelf illumination devices can only be realized as a
baseband communication technique. Therefore, frequency up-
conversion is not required and, thus, has not been considered in
the presented analysis. Light intensity at the diode varies with
the current. At the receiver side, a photo diode transforms the
variations in the intensity of the received light into variations of
a current signal, which is turned into a voltage signal by a tran-
simpedance amplifier. The resulting signal is discretized at an
ADC and passed on to the processing circuitry, which includes
a matched filter, an OFDM demodulator with an equalizer, as
well as a bit demodulator.

III. OFDM MODULATION SCHEMES

The modulation schemes presented in this paper are modifica-
tions of conventional OFDM. The subcarriers in the frequency
domain are modulated with A/-QAM symbols in the case of
DCO-OFDM, ACO-OFDM, and U-OFDM and with M-PAM
symbols in the case of PAM-DMT. A time-domain block of
samples is obtained by taking the inverse fast Fourier trans-
form of a block of Nppr complex M-QAM/M-PAM symbols.
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Fig. 2. DCO-OFDM Generation. Cyclic prefix is not illustrated. (a) Bipolar

OFDM before biasing. (b) Biased DCO-OFDM.

Hermitian symmetry is imposed, which, according to the prop-
erties of the Fourier transform, generates a real time-domain sig-
nal [17]. The subcarriers at positions £ = 0 and k£ = NEFT gre
set to zero in order to satisfy the requirements of the Hermitian
symmetry. The real time-domain signal is bipolar in nature. An
LED can convey only positive signals when it is active. Hence,
the following four different methods have been designed for the
generation of unipolar signals, suitable for OWC.

A. DCO-OFDM

DCO-OFDM generates a unipolar signal by introducing a DC
bias. Fig. 2 illustrates the concept. The spectral efficiency of the
scheme is

_ logy (M)(Nrrr —2)
2(]\/vl-'*‘FT + Ncp)

provided that all available carriers are loaded with M/ -QAM. The
factors Nppr—2 and 0.5 occur due to the Hermitian symmetry
requirement. /N, is the length of the cyclic prefix.

OFDM has a very high peak-to-average power ratio (PAPR).
Following the calculations presented in [18], a lower bound for
the PAPR of real signals can be calculated as follows:

3N, (\/Mfl)
2vVM +1

where N, is the number of modulated carriers in the frequency
domain. Therefore, it is impractical to introduce a biasing level
which ensures that all possible time samples are positive. In
addition, electronic elements have an operational range, which
is limited both in terms of a minimum and a maximum value.
Hence, an OFDM signal would be clipped both from above and
from below in order to fit within the required range. A typical
value of a few signal standard deviations is used in practice for
clipping on each side of the signal distribution. This distortion
is easily modeled by the upper and lower limit of the DAC. This
modeling approach is adopted in this paper.

NDCo bits/s/Hz (1)

(@)

B. ACO-OFDM

Biasing in DCO-OFDM increases the dissipated electrical
and optical energy at the transmitter by a substantial amount.
The dissipated electrical energy is proportional to E[i?(t)] =
E[(4signal (t) + ibias(t))?], and the dissipated optical energy is
proportional to E[i(t)] = Elisignal (t) + ibias(t)], where E[-] de-
notes statistical expectation. ACO-OFDM, illustrated in Fig. 3,
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Fig. 3. ACO-OFDM Generation. Cyclic prefix is not illustrated. (a) ACO-
OFDM before clipping. (b) ACO-OFDM after clipping.

avoids the biasing requirement of DCO-OFDM by exploiting
the properties of the Fourier transform so that a unipolar signal
can be generated without biasing. As presented in [3], only odd
frequency subcarriers are modulated. This creates a symmetry
between samples in the time-domain OFDM frame. In general,
if s(k,n) is the contribution of subcarrier S|[k| to the sample at
time n, then [3]

i2rnk

S(k.,’fl) = 75[}{,]6'\"1“17T
FFT
NFFT) 1 j2m(n+ Nppp/2)k
s(kon+ - S[kle™ i
( 2 VNFFT g
1 j2nnk

S[k]eNrrr eIk,

= (3)
VNrrT

For odd values of k, s(k,n) = —s(k,n + Ngpr/2). For even

values of k, s(k,n) = s(k,n + Nrpr/2). Hence, if only the

odd subcarriers in an OFDM frame are modulated, the time-

domain signal, s[n], has the property

s[n] = —s[n + Nrpr/2]. 4)

If only the even subcarriers in an OFDM frame are modulated,
the time-domain signal has the property:

s[n] = s[n + Nppr /2]. 4)

Because complex exponential functions are orthogonal to each
other, if a signal has the property in (4), this means that in
the frequency domain only odd samples contain information.
Similarly, if a signal has the property in (5), then in the frequency
domain only its even samples contain information. Clipping the
negative samples of an arbitrary time-domain signal, s[n], can
be represented as
CLIP(sn]) = 5 (sln] + Isnl). ©
In ACO-OFDM, only the odd subcarriers are modulated.
Hence, (4) applies. Therefore, s[n] = —s[n + Nppr/2]. Then,
[s[n]| = |s[n 4+ Ngpr/2]|. This symmetry allows all negative
values to be removed. The clipping distortion |s[n]|, described
in (6), has the property stipulated in (5), and so it distorts only
the even subcarriers. The factor 0.5 occurs from the clipping and
is consistent with the analysis presented in [3]. An additional
factor of v/2 is introduced to rescale the unipolar signal and
normalize the amount of dissipated energy, which would lead
to an overall signal-to-noise ratio (SNR) performance penalty
of 3 dB. This short proof describes the analysis in [3] in a more
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concise manner. Not using the even subcarriers sacrifices about
half the spectral efficiency, compared to DCO-OFDM, and it
becomes

10g2 (]\/[)NFFT .
"0 = ———————Dbits/s/Hz. 7
NACO INerr + Noy) its/s/Hz (N

C. PAM-DMT

In PAM-DMT, illustrated in Fig. 4, the frequency subcarriers
in an OFDM frame are modulated with imaginary symbols from
the M-PAM modulation scheme. Due to Hermitian symmetry
in the frequency domain, the PAM-DMT time-domain signal
becomes [4]

Ngge —1

1 j2nkn
s[n] = > SlkleTerr = ®)
VNerr
Nppr—1
1 27kn 2mkn
= S[k] | cos + jsin
VNppr ; [k ( Nrrr J NFFT)
Nppr—1
1 27kn
= | S[k] sin . 9
VNFFT kz:;] 35Tk Nrrr ©

The time-domain structure of a PAM-DMT frame exhibits
an antisymmetry, where s[0] = 0, s[Nppr/2] = 0 if Nppr is
even, and s[n] = —s[Nypr — n]. This means that |s[0]| =0,
|s[Nep1/2]| = 0,if Nppr is even, and |s[n]| = [s[Nppr — n]|.
Therefore, if the negative values are removed, as described in
(6), the distortion term |s[n]| has Hermitian symmetry in the
time domain. This means that in the frequency domain, the
distortion is transformed into a real-valued signal. Hence, it is
completely orthogonal to the useful information. This proof has
not been formally completed in [4], but it is straightforward with
the representation of clipping in (6). The spectral efficiency of
PAM-DMT is

logy (M) (Nrrr — 2)

bits/s/Hz
2(Nprr + Nep)

(10)

TIPAM-DMT =

where M denotes the order of M -PAM modulation. It should
be noted that v/M-PAM has roughly the same performance
as M-QAM in an AWGN channel. This makes PAM-DMT
comparable to ACO-OFDM in spectral efficiency for the same
bit error rate (BER) performance.
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Fig. 5. U-OFDM Generation. Cyclic prefixes are not illustrated. (a) Bipolar
OFDM. (b) Unipolar U-OFDM.

D. U-OFDM

In U-OFDM, all possible subcarriers in the frequency domain
are modulated as in DCO-OFDM. After the time-domain signal
is obtained, it is divided into two blocks: a positive and a negative
one. The positive block is a copy of the original signal frame,
where all negative samples are set to zero. The negative block
is a copy of the original signal frame, where all samples are
multiplied by —1 to switch signs. After this operation, the neg-
ative samples are set to zero. The principle of how both blocks
form the original OFDM frame can be observed in Fig. 5(a).
The two blocks are transmitted separately. This can be seen in
Fig. 5(b). The cyclic prefixes are omitted in the given examples
for simplicity of illustration. The increased number of samples
in the time domain decreases the spectral efficiency by a factor
of 0.5 compared to DCO-OFDM, and it becomes

- logz (]\J)(NFFT - 2)
4(NFF’I' + Ncp)

At the demodulator, the original OFDM frame is obtained by
subtracting the negative block from the positive one. This ef-
fectively doubles the noise at each resulting sample, and so the
performance of U-OFDM becomes the same as the performance
of ACO-OFDM and PAM-DMT, where the clipping introduces
an SNR penalty of 3 dB.

bits/s/Hz. (11)

IV. PULSE SHAPING

An LED is modulated with a continuous electrical signal,
and it emits a continuously varying light signal. A digital im-
plementation of OFDM generates discrete values which need
to be encoded into an analog signal, suitable to modulate the
LED. The pulse shaping operation allows digital samples to
be mapped to continuous pulse shapes. The selection of the
pulse-shaping filters is important because the communication
channel restricts the bandwidth of the signals which can be
successfully propagated to the receiver. The maximum modu-
lation frequency of off-the-shelf white LEDs is in the order of
2 MHz and in the order of 20 MHz when blue filtering is ap-
plied at the receiver [19]. The transmitted information signals
must be tailored to fit in that frequency range in order to avoid
distortion. Different pulse shapes have different time-domain
properties as well as different bandwidth requirements. An ex-
ample of a pulse shape is a square pulse which corresponds
to the zero-order hold function of a DAC [20]. This shape is
easy to implement and has a time duration which is perfectly
limited within a symbol period. However, it requires an infinite
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Fig. 6. (a) ACO-OFDM pulse-shaped after removing the negative values.

(b) Addition of necessary bias to make the pulse-shaped signal unipolar.

bandwidth. Therefore, it is not possible to realize it without dis-
torting the received signal. In practice, if square pulses are used
as an interpolation technique, the signal is low-pass-filtered af-
terward to incorporate only a desired portion of the frequencies,
for example, until the first zero crossing in the frequency do-
main. This occurs at 1/7; if 7% is the symbol period. A similar
shape is the triangle pulse, which corresponds to a first-order in-
terpolation of discrete samples [20]. This shape is characterized
with an improved bandwidth profile and a longer time-domain
duration compared to the square pulse. Exact recovery of the
transmitted signal, without ISI, requires accurate sampling at the
receiver. Theoretically, the most bandwidth efficient interpola-
tion filter is the sinc function [20]. Its bandwidth requirement
is 1/2T%, so it is two times more efficient than a square pulse
low-pass-filtered at the first zero crossing. However, it spans an
impulse response with an infinite duration in the time domain.
This means that in practice the shape is truncated, and due to
the longer impulse response, it requires more processing. In ad-
dition, time jitter can introduce significant ISI. For this reason,
the raised-cosine filter and its modified version, the root-raised
cosine filter, are used in many practical implementations. They
allow the generation of an interpolation pulse with an arbitrary
bandwidth requirement between 1/27; and 1/T; dependent on
an adjustable roll-off factor. The raised cosine filter gives the
designer the freedom to choose between the length of the pulse
in the time domain and the frequency requirement of the shape.
In practice, these filters are implemented by oversampling the
discrete signal, interpolating it with a discrete pulse shape and
then supplying it to the DAC, which typically consists of a zero-
order hold and a low-pass filter as described in Fig. 1. Signals
in ACO-OFDM, PAM-DMT, and U-OFDM are made unipo-
lar after clipping of the negative values. Bipolar pulse shapes
like the sinc and the raised-cosine filter turn a unipolar signal
before pulse shaping into a bipolar signal after pulse shaping.
An example is presented in Fig. 6. The issue can be solved
by introducing a bias to account for the negative values. This
leads to an increase in the energy consumption of approximately
3 dB. Alternatively, the negative values after pulse shaping can
be clipped at zero again, but this leads to the distortion pre-
sented in Fig. 7. Therefore, it is important to implement pulse
shaping before the negative values in ACO-OFDM, PAM-DMT,
and U-OFDM are removed. Then, as described in (6), the clip-
ping operation leads to a unipolar signal that consists of the
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Fig. 7. (a) Distortion in ACO-OFDM/U-OFDM after clipping the negative
values of the pulse-shaped unipolar signal. (b) Distortion in PAM-DMT after
clipping the negative values of the pulse-shaped unipolar signal.

original bipolar signal and a distortion term which is present
both inside and outside the desired bandwidth. The useful sig-
nal, however, remains within the bandwidth limit and is not
affected by the distortion term as described in Section III. The
rest of this section provides a proof.

The sampling frequency is denoted by Fy, T denotes the
symbol period, 7" = F;T; denotes the discrete-time symbol pe-
riod, and p[t] denotes the digital pulse shape. Then, the part
of the oversampled pulse-shaped discrete bipolar signal, which
contains the information of a given frame, is expressed as

Nppr—1
St = Z s[n, O]p[t—(n—Nppr)T)
n=Nrp1 —Ncp
Nppr—1 Nepr —Nep+N& —1

+ Z sln, Op[t—nT] +

n=0

>

n=Npr1—Nep

X S[’IL, l]p[t—(NFFT +N(,P)T—(7l — NFFT)T] (12)

where NJ, is the length of the cyclic prefix sufficient to remove
the effects of p[t], and s[n, 0] indicates the nth sample of the
OFDM frame at position 0, i.e., the current frame. The discrete-
time pulse-shaped bipolar signal relevant for sampling the first

N 5= points of the current frame can be expressed as

Nppr—1

Z‘r

n=NrpT —N¢p

sl = s[n, O]p[t—(n—Nppr)T)

Nppr/2-1
+ Z sn, 0]p[t—nT)
n=0

Nppr/2-1+N8,

LD

n=NppT /2

s[n, 0]p[t—nT]. (13)

The discrete-time pulse-shaped bipolar signal relevant for sam-
pling the next & 5+ points of the current frame can be expressed
as

177



Selected Publications

TSONEYV et al.: COMPLETE MODELING OF NONLINEAR DISTORTION IN OFDM-BASED OPTICAL WIRELESS COMMUNICATION

Nepr/2-1

>

n=Npp1 /2=Nep

sHlt] = sn, 0]p[t—nT)

Nppr —1 Nppr —Nep +NE, -1
+ E sln, 0p[t—nT] + E
n=Nprr /2 n=Npr1 —Ncp

X S['H,7 1]p[t*(NFFT +]V(.P)T7(7L — NFFT)T] (14)

The discrete-time unipolar signal, ready for digital-to-analog
conversion and transmission, can be expressed as

= (10 + 1))
V2

At the receiver, the samples of a given frame after match filtering
can be expressed as

s[t] = V2CLIP (s[t]) = 15)

8[n] = (slt] * hft] + n[t]) * plt]];—r

1, ’ ¥ n *
_ <ﬁ(s[t]+|s[t]\) hlt] + M) G
(G IS D i) sl o< M
(5 Ghle+ishil) idhrnle) spt],_ o 2 <
(16)

where * denotes convolution, n[t] denotes AWGN, and hlt]
denotes the impulse response of the channel in discrete time.
The cyclic prefix is sufficient to remove ISI and to turn the
continuous-time convolution with the channel, h(t), into a cir-
cular convolution in discrete time with the channel, h[t]. As-
suming perfect channel knowledge, the equalized samples at
the receiver are expressed as

Sg[n] = (g[t] +nft] xh! [t]) *p[tHL:”T

1 ! J/ -1 )
— (5 I+ 151 + k) 171 0l

t=nT

(25 G+ D +nit)h 1) splt]| o n<ge
(5 L+ ) +nltheh 1) spltl| . Ng<on.
(17
A. ACO-OFDM
In ACO-OFDM, s[n] = —s[n + Nppr/2]. Therefore,

81 [t] & —sh [t + YEEL T except for the third terms in (13) and
(14). Differences appear because in the time domain pl[t] spans
beyond a single symbol duration and beyond the boundaries of
the OFDM frame. However, this effect is not significant when
NE, << Nppr. As a consequence, |5} [t]| & |sh[t + 25277
At the receiver, the distortion term in the first NFQFT points,

\%‘5’1 [t]] * h[t] = p[t]|nT, is the same as the distortion term

Nepr

3L points, ﬁ\s’z [t]] * h[t] * p[t]],T, because

st [t]] ~ |sh[t + YEELT|. Therefore, distortion falls on the
even subcarriers only as described in Section III-B.

in the second
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B. PAM-DMT

In PAM-DMT, s[n] = —s[Npp7 — n]. Therefore, with the
representations in (13) and (14), &) [t] ~ —s)[NpprT — t].
Again, differences appear between the first term in (13) and
the third term in (14). The differences are caused by the time-
domain span of p[t] but are not significant for N, < Nygpr.
Hence, it can be concluded that |/ [t]| &~ |s,[NpprT — t]|. The
pulse-shaping filter’s impulse response is an even function, so
p[t] = p[—t]. From (17), the distortion term after equalization
- and \%\s’z[t]\ * plt] o It
maintains Hermitian symmetry, and hence, noise due to distor-

tion is orthogonal to useful information as described before in
Section II-C.

consists of %L@’l [t]] * plt]

C. U-OFDM

The U-OFDM bipolar discrete signal is encoded in two con-
secutive frame blocks. The oversampled discrete-time bipolar
part of s'[¢] which contains the information of the positive frame
block can be expressed with the representation in (12) and de-
noted as s [t]. The oversampled discrete-time bipolar part of
s'[t] which contains the information of the negative frame block
can be expressed with the representation in (12) and denoted as
s [t]. If sP[n] denotes the original bipolar samples of the posi-
tive frame block, and s"[n] denotes the original bipolar samples
of the negative frame block, then by design sP[n] = —s"[n].
Hence, a closer look at (12) shows that s [t] = —s™ [t] except
for the third terms in the summation. The differences appear
due to the time-domain span of p|¢] but are not significant when
NCPP < Ngpr. Then, the samples of the positive frame block
and the negative frame block after match filtering at the receiver
become, respectively:

1] = (i 6710+ 1) « Bl + ) ol 1)

t=nT

19)
t=nT

0] = (5 6710+ 15" ) 100 + nald]) sl

where n; [t] and ns [t] are two independent identically distributed
instances of the AWGN process. The bipolar samples at the re-
ceiver can be reconstructed by subtracting the received samples
of the negative frame block from the received samples of the
positive frame block

8°[n] = &°[n] — §"[n]

= (% (7 [t]—8"[t]) * h[t]+ny[t]—na [f]) * plt] . (20)

t=nT

The nonlinear distortion terms §|s”[t]| * h[t] = p[t]|,_, , and
$Is" 1] = hlt] = p[t]] 1—np are equal and so are completely re-
moved by the subtraction operation. The noise doubles as de-
scribed in Section I11-D.

An important implication of these proofs is that pulse shaping
can also be incorporated in the analysis of the nonlinear dis-
tortions for ACO-OFDM, PAM-DMT, and U-OFDM. If pulse
shaping is applied after clipping at zero, then the distribution of
samples in the time domain changes, and that compromises the
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accuracy of the analysis. OFDM samples in the time domain
follow a Gaussian distribution when the number of carriers is
greater than 64 [8], [10], [12]. Hence, the positive samples of
ACO-OFDM, PAM-DMT, and U-OFDM follow the distribution
of a Gaussian function, clipped at zero. Pulse shaping is a linear
operation, which linearly combines the discrete samples of an
OFDM frame, scaled by the samples of a pulse-shaping filter.
Linearly combining samples that follow a clipped Gaussian dis-
tribution results in samples that follow a different distribution.
Hence, pulse shaping after clipping at zero produces a signal
which cannot be analyzed with the Bussgang theorem. On the
other hand, combining samples that follow a Gaussian distribu-
tion results in samples that again follow a Gaussian distribution.
Hence, if the pulse shaping is done before the clipping at zero,
the pulse-shaped samples follow a Gaussian distribution and
after the clipping operation they follow a clipped Gaussian dis-
tribution. This enables the use of the Bussgang theorem and the
analysis presented in this paper.

V. NONLINEARITIES IN OWC

There are a number of possible sources of nonlinear distor-
tionin an OWC system. Electronic devices have limited dynamic
ranges and often nonlinear characteristics within the dynamic
range. Furthermore, transitions between the digital and the ana-
log domain lead to signal quantization effects.

The processed digital time-domain signal needs to be passed
through a DAC in order to obtain a signal, which can be used to
drive the LED. An increase in the resolution of a DAC increases
the design complexity and cost. Decreasing the resolution leads
to signal quantization. In addition, nonlinear distortion occurs
from the limited range of the device which leads to clipping.
An accurate analysis of the distortion effects caused to a signal
allows for making informed choices between cost, range, and
accuracy of the DAC.

LEDs and photodiodes (PDs) are another source of nonlin-
earity. The voltage—current relationship at an LED is not linear.
With the design of suitable V-to-I transducers, this transition
step in the system can be almost completely linearized. How-
ever, the relationship between the current through the LED and
the produced light intensity is also not linear. In addition, there
is a minimum and a maximum allowed current level so that the
diode can operate properly. This means that the OFDM signal
should be clipped at the processing step in order to become suit-
able for transmission through the LED. The same effects due
to the nonlinear relationships between light intensity, current,
and voltage are present in the PD. However, this device operates
in a much smaller range, which means that distortion is not as
significant as in the LED.

VI. NONLINEARITY ANALYSIS

For a large number of subcarriers, Nppp > 64, an OFDM
time-domain signal can be approximated by a set of indepen-
dent identically distributed random variables with a continuous
Gaussian distribution [8], [10], [12]. According to [12], a non-
linear distortion in an OFDM-based system can be described
with a gain factor and an additional noise component, both of
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which can be explained and quantified with the help of the Buss-
gang theorem. If X is a zero-mean Gaussian random variable
and z(X) is an arbitrary memoryless distortion on X, then, fol-
lowing the Bussgang theorem in [21] and Rowe’s subsequent
work in [22]

z2(X)=aX+Y
EXY]=0.

@n
(22

In these equations, « is a constant, E[-] stands for statistical
expectation, and Y is a noise component not correlated with X.
Using (21) and (22), « can be derived as

o ElX2(X)]

2
X

(23)
o

where oy is the standard deviation of X. The noise component
Y can be quantified as follows:

E[Y?] = E[22(X)] — a®0? (24)
E[Y] = E[z(X)] (25)
oy = B[Y?] - B[]’ (26)

where o2 denotes the variance of Y. When the fast Fourier
transform (FFT) is applied at the system receiver, in the fre-
quency domain the noise Y is transformed into additive Gaus-
sian noise due to the central limit theorem. The variance of Y in
the frequency domain is again 0%, and its time-domain average
contributes only to the Oth subcarrier. Therefore, at each modu-
lated subcarrier an additional zero-mean additive Gaussian noise
component with variance o% is present. Overall the system ex-
periences an increase in the additive Gaussian noise power by
0% and a decrease in the useful signal power by a factor of
o?. This approach has been used in a number of works to ana-
lyze nonlinearities in an analytical or semianalytical fashion [8],
[10], [12]. The analytical solution, however, is not guaranteed
to be in a closed form. Whenever a closed-form solution is de-
sired, an additional step is required as the derivation needs to be
tailored to the respective nonlinear distortion function. In this
paper, a general derivation approach which leads to a closed-
form analytical solution with arbitrary accuracy for an arbitrary
memoryless distortion function is proposed. It is applicable to
the four OFDM-based modulation schemes investigated in this
paper. The rest of this section introduces the modified technique
and describes how it can be applied to DCO-OFDM, ACO-
OFDM, PAM-DMT, and U-OFDM.

An arbitrary distortion function z(X) can be expressed as a
set of intervals I with cardinality |I| and a set of continuous
polynomials which accurately approximate z(X ) in those inter-
vals. The polynomials can be generated through interpolation
of empirical data, or with a polynomial expansion of a function.
The polynomial degree sets the accuracy of the approximation.
Then, z(x) can be represented as
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Il ny

Z($) = Z Z cl,"/xj (U(I - Imiu,l) - U(I - Imux,l)) (27)

=1 j=0

where [ denotes the /th interval, n; denotes the order of the poly-
nomial in interval [, ¢; ; denotes the jth polynomial coefficient
ininterval [, and U(x) is the unit step function. Moreover, Ty,
and x,,x, denote the lower and upper boundaries of interval [.
Then, o can be calculated as

”)2( U}% —00 Ox Ox
1 o0 Il .
- F Z ZCZvij»l (U(l - zmin.l)
X 70 =1 j=0

U~ 2uani)) p o0 (Uﬁ) do

[l n, z

1 Lmax,l 1 T
= E g a; P =) da

Ox 1=1 j=0 Tmin,l Ox Ox

1 LLaL @itip
(@) X (taImin,hxmax.hoygx) 2
=322 i 28)

X 1=1j=0 t=0

where function D(¢, a, b, i1, o) is defined in the Appendix. The
variance of the time domain signal, O'z, can be calculated with
the following formula for DCO-OFDM and U-OFDM

1 Nepr—1
2
oy = logy (M) Ehyj. 29
* 7 Nppr ;:0 o (M;) (29)

For ACO-OFDM and PAM-DMT, the time-domain variance can
be calculated as

9 Nrpi-l
2 )

oy = g log, (M;) E 30
* T Nepr rar 25 (M;) En; (30)

where Mj is the size of the signal constellation and E,; is the
energy per bit at the jth subcarrier. The factor of two for ACO-
OFDM and PAM-DMT results from the power rescaling after
clipping of the negative samples. It should be noted that after
pulse shaping, the variance of the oversampled signal is not
constant over time. However, the authors of [12] have shown
that for commonly used pulse shapes this does not influence
the validity of the analysis. Results in this paper confirm this
finding. The calculations necessary to complete the statistical
description of Y can be expressed as

E[Y] = Ef2(X)] = /: 2(z) o <Ui) dz

oo [ Ml
/7%

SN e (U — wmin)
U — ) b (i> 0

1=1 j=0

3071
il .
waxl ] ;
- ZZCM / v’ —¢ <£> dz
I=1j=0 Jmin 1 Ox Ox
(49) o . de(L,Imin.l:xmax,l,o,dx) 31
D Sp L SLER
=1 j=0 =
’ * 1 x
E[Z*(X)] = 2 s () g
72(X)] /Wz(x)o_ng,(gx) ;
‘I‘ ny

Z chufzj (U(I - xmin,l)

=1 j=0

/—‘
o0
2

—U(I - Imax.[)) o_i(b <0’1> dz

Hl me o Tt
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j+k T T
d]+ D(t7kLmin.l-,«Lmax,lyOvo'x)
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dti+k t=0

With the help of the Appendix and the standard differentiation
rules, it is straightforward to obtain closed-form expressions for
(28), (31), and (32). The procedure can easily be programmed
on a computer. The resulting SNR at each frequency subcarrier
can be calculated according to the following relationship:
B By
= T G3)
oy oy

2
oNYy

mnew

where E} €™ is the resulting energy per bit of the jth subcarrier,
Ey; is the initial energy per bit of the jth subcarrier, 0% is the
variance of the channel AWGN, and oy is the overall noise
variance. Closed-form analytical expressions for the BER in
M-PAM and M-QAM as a function of the SNR exist in the
literature [20].

The Bussgang analysis presented so far is valid for zero-
mean signals with Gaussian distribution. All four optical mod-
ulation schemes—DCO-OFDM, ACO-OFDM, PAM-DMT, U-
OFDM—are modifications of the original zero-mean OFDM
signal and need to be treated with care for a correct assessment
of the nonlinearity effects. The analysis should take into account
all effects on the signal up to the point where an FFT operation
is performed by the OFDM demodulator at the receiver. Let’s
assume that z; (x) is a memoryless distortion at one stage of
the system, for example caused by clipping the signal within
the allowed range; z, (z) is a memoryless distortion at another
stage, for example due to quantization at the DAC; z3(x) is a
third memoryless distortion, for example the addition of a bias
level. Then, the overall distortion after the three separate con-
secutive distortions is z(s'[t]) = z3(z2(z1 (s'[t]))). It does not
matter whether a distortion is linear or nonlinear. It can always
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be incorporated in the analysis if it is memoryless. This paper
assumes that there is no distortion with memory or any such
distortion can be completely equalized, for example ISI.

For comparison purposes, the average electrical energy per bit
L)y clec and the average optical energy per bit L}, op,¢ dissipated
at the transmitter are defined as

ee _ Bz (5'[t])]
B eloc = elec __ elec 34
b,elec B77 B"] ( )
ot _ Blzop (5'[t])]
E) _ opt _ opt 35
b,opt BT] Bn ( )

where P'® is the average electrical power of the signal, pro-
portional to the mean square of the electrical signal; Py is the
average optical power of the signal, proportional to the aver-
age intensity of the optical signal; 7 is the respective spectral
efficiency defined for the various schemes in (1), (7), (10), and
(11); Zelec (s[t]) is the current signal at the diode; zop (s'[t])
is the light intensity signal at the diode; B is the signal band-
width in hertz. For the examples which are presented in this
paper, Zeec (8'[t]) includes clipping, quantization effects at the
DAC, and biasing, while z,, (s'[t]) includes the current-to-light
output characteristic of the diode in addition.

A. DCO-OFDM

The proposed analysis can be applied to DCO-OFDM in a
straightforward manner. The biasing of the signal can be con-
sidered as part of the nonlinear transform. It does not need to be
added separately like it has been done in other works [8], [10].

B. ACO-OFDM

The modulation process of ACO-OFDM includes clipping
at zero. This operation is a nonlinear transform, but does not
affect the odd carriers of the system. As a consequence, a slight
modification needs to be made to the analysis in order to ac-
count for this effect. The modified approach is described in the
rest of this section. In ACO-OFDM, the bipolar OFDM signal
before clipping consists of a set of positive samples and a set
of negative samples. The two sets have identical contribution to
each modulated value in the frequency domain [3]. Therefore,
setting one set to zero does not distort the useful signal except
for a factor of 0.5. This means that the nonlinearity analysis
can be conducted only on the positive samples. The result is the
same as if the effect of a symmetrical distortion function on the
bipolar OFDM signal is analyzed. Hence, for the calculations,
the intervals of the nonlinear transform can be specified from 0
to co. Then, (28), (31), and (32) can be calculated in the interval
[0; 00] and scaled by 2 to account for the negative half of the
signal distribution. The equations become

I n

2 dj+lD(t7$min.l¢g;mux.laOygx)
o= S>> ay s ) (36)
X 121720 t=0
ElY] =2 N ) de(t7-Tmin‘/v-'l/‘max.hovo'x) 37
¥-23 30, ot g
=1 j=0
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I=1 j=0 k=0
% dj+kD(ta Tmin,ls Lmax,l» 0, UX)

e 8)

t=0
The removal of the negative samples does not influence the
odd subcarriers, as previously explained in Section III. The
calculated noise variance, U% ,needs to be halved before addition
to the AWGN variance because the noise is evenly distributed
on both odd and even subcarriers. There is a 0.5 factor to the
SNR, stemming from the removal of the negative samples. Then

for ACO-OFDM, (33) becomes
BT oRy,
TR o

2(0%14' B )

oy
It should be noted that the zeroes from clipped negative sam-
ples need to preserve their value in order not to influence the
modulated subcarriers. The overall distortion of the signal up to
the demodulator is z4 (s'[¢]); this distortion does not include the
addition of AWGN. If z4(0) # 0, then the zeros obtained from
clipping the negative samples are distorted. The distortion on
the clipped zero values in the time domain adds distortion on the
odd subcarriers in the frequency domain. This effect is avoided
when the clipped values are zero. If zq (0) is interpreted as a dc
shift and subtracted from z4 (s'[t]), then the modified Bussgang
analysis described in this section can be applied without having
to additionally model the distortion resulting from the distorted
clipped samples. Hence, the overall distortion, experienced by
the nonzero ACO-OFDM samples is

2(8'[t]) 120 = 2a (8'[t]) 1120 — 2a(0)- (40)

C. PAM-DMT

The time-domain signal of PAM-DMT has the same statisti-
cal properties as the ACO-OFDM signal. In addition, the power
of the additive Gaussian noise from the nonlinearity is equally
split between real and imaginary components in the frequency
domain. Therefore, the nonlinearity analysis of PAM-DMT is
exactly the same as for ACO-OFDM. It should be kept in mind
that PAM-DMT employs M-PAM while ACO-OFDM employs
M?-QAM for the same spectral efficiency. In an additive Gaus-
sian noise environment, M/ -PAM and M?2-QAM perform iden-
tically in terms of BER.

D. U-OFDM

In U-OFDM, the signs of negative samples are switched,
they are transmitted as positive samples and switched back at
the demodulator. As a result, the nonlinear distortion on the
bipolar OFDM signal is symmetric around zero, i.e., z(s'[t]) =
—z(—s'[t]). Any two bipolar samples with the same absolute
value experience exactly the same nonlinear distortion. Hence,
7(8'[t]) ¢/[1) <o is formed as a mirrored version of z(s'[t]) [ >0 ac-
cording to z(s'[t]) = —z(—s'[t]). Alternatively, it can be stated
that due to the symmetry of the Gaussian probability density
function (PDF), z(s'[t]) can be specified only in the interval
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[0; 00] for the calculations of (28), (31), and (32). Each of the
equations, however, needs to be doubled to account for the neg-
ative half of the distribution as is the case for ACO-OFDM and
PAM-DMT. The subtraction of the negative block from the pos-
itive block effectively doubles the system AWGN. Hence, (33)
is modified as

By By

2 T 52 2
oxXy 205 + oy

(41

It should be noted that in the demodulator the bipolar signal is
obtained by subtracting the negative block from the positive one.
If all zeroes corresponding to clipped negative samples from the
original signal are transformed to z4 (0)70, then the subtraction
operation shifts all positive samples by —z4(0) and all negative
samples by zq(0). The function zq(s'[t]) is the overall non-
linearity distortion which the signal experiences on its path to
the demodulator. The subtraction operation in the demodulation
process effectively adds additional distortion, which needs to
be accounted for by subtracting zq (0) from z4(s'[t]), i.e., the
resulting overall nonlinearity becomes

2(s'[t]) 120 = 2a (8'[t]) 11120 — 2a(0)

as in ACO-OFDM and PAM-DMT.

The analyses of ACO-OFDM, PAM-DMT, and U-OFDM
show that all three schemes experience exactly the same SNR
deterioration for the same nonlinearity effects. This occurs be-
cause the three schemes exhibit the same statistical properties
in the time domain when their spectral efficiencies are equiv-
alent. This finding is also supported by the results in the next
section. Therefore, in addition to the equivalent performance in
a simple AWGN channel, the three schemes exhibit the same
performance in a nonlinear AWGN channel.

(42)

VII. NUMERICAL RESULTS

In this section, the joint effect of three nonlinear distortions
at the OWC transmitter is illustrated. These include clipping to
account for the limited dynamic range of the electronic devices,
quantization from a low-resolution DAC, and the current-to-
light output characteristic of the LED. Nonlinearities at the re-
ceiver are not examined since they are negligible in comparison
to the ones present at the transmitter. They could be analyzed in
an analogous manner using the concepts presented in Section VI.
In the following case study, the oversampled pulse-shaped signal
§'[t] has an oversampling ratio of 10.

The zero-order hold has a limited range of output amplitudes
between s, ;. and s .., and a finite number of bits g. The
different levels of the device are equally spaced in the interval
[8hin 5 Smax) at a distance of

/ o
max min

21 —1

s
dq = (43)
Each quantization threshold is set in the middle between two
consecutive quantization levels. For example, the threshold be-
tween s, and s ; +dq is set at s} ; + dy/2. The values
of s/ ;, and s}, are determined by the desired accuracy of

max

the DAC and by the allowed operational range of the LED,
[imin; max|. Therefore, they account for the clipping effects in-
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TABLE I
POLYNOMIAL COEFFICIENTS ¢; . IN INTERVAL [ AND OF DEGREE k
Interval a3 cl2 cL1 clo
I=1%4i(t) <imin 0 0 0 0.1947
I =2 S imin < i(t) <imax | 0.2855 | -1.0886 | 2.0565 | -0.0003
[ =35 imax < i(t) 0 0 0 1.2531

troduced by the DAC and the LED. In the conducted simulations,
the resolution of the DAC is set to ¢ = 8 bits.

After the signal values are quantized by the DAC output
function, they are biased by a constant and are passed through
the LED. The LED output function is a continuous function,
specified in the interval [imiy; imax). According to the device
datasheet [23], iin = 0.1 A and 4,,, = 1 A. The LED output
function corresponds to a transition from a current signal to
an optical signal. The output characteristic of the LED has been
obtained through interpolation of data from the device datasheet.
A third degree polynomial has been used in the interpolation,
and its coefficients are presented in Table I. The relationship
between radiant flux (power) and luminous flux (power) is linear.
Therefore, since only the relationship between current through
the device and luminous flux is available in the datasheet, it has
been adopted as an accurate representation of the relationship
between the current and the radiation power.

It is assumed that the modulating signal is contained in the
current signal through the LED. The initial average energy
per bit of the original bipolar OFDM signal s[n] is F},. The
actual dissipated electrical energy per bit at the LED assum-
ing that the resistance is normalized to 12 and including the
quantization effects and biasing is B}, clec = E[i%(t)]/(Bn) =
E[(z3(22(z1 ($'[t]))) + ibias)?]/(Bn). In this formula, z; (s'[t])
is the clipping effect in the preprocessing step applied on the
oversampled pulse-shaped signal §'[t]; zo(z) is the quantiza-
tion effect of the DAC; z3(«) is the conversion from voltage to
current, which is assumed to be linear with gain 1. In order to
evaluate the optical efficiency of the system, a third quantity
is defined as By opr = BElz4(23(22(21 (5'[t]))) + ibias)]/(BN),
where z, () expresses the transition from current to optical
signal in the LED, specified by the polynomial in Table I.

The modulation bandwidth of white-light LEDs is 2 MHz
[19]. The coherence bandwidth of the optical channel is around
90 MHz [19], which is much higher than the modulation fre-
quency of the LED. Hence, ISI does not need to be considered.
In an alternative scenario, where ISI is an issue, the presented
nonlinearity framework is still applicable as long as channel
knowledge is available at the receiver, and the signal can be
equalized. In the assumed system configuration, the received
current signal can be expressed as

i(t) = 24 (i(t)) hay

where h¢ is the channel gain due to dispersion of light, and ~
is the responsivity of the PD. Using the profile of the LED light
spectrum and the PD responsivity to different optical wave-
lengths [24], the receiver responsivity to white light is calcu-
lated as 7 = 0.52. The channel gain depends on a number of
factors—distance, receiver area, angle with respect to the trans-
mitter. In this paper, hq is selected depending on the M-QAM

(44)
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Fig. 8. Comparison between 4-QAM DCO-OFDM, 16-QAM ACO-OFDM,
4-PAM PAM-DMT, and 16-QAM U-OFDM in terms of electrical and optical
SNR. (a) Comparison of bipolar signals. Bias not taken into account. (b) Com-
parison of unipolar signals including contribution of bias to electrical power
dissipation. (c) Comparison of unipolar signals in terms of optical power re-
quirements. Bias contribution to power dissipation included.

modulation order that is used. The aim is to operate the LED in
the full range of its active region because then the improvements
of ACO-OFDM, PAM-DMT, and U-OFDM over DCO-OFDM
are demonstrated. In the cases when the optical signal varies
only slightly around the biasing point, the energy consumption
depends almost entirely on the biasing level, which makes the
energy dissipation almost constant for the four schemes.

The main source of AWGN in an OWC system is shot noise
at the photo detector caused by background light. The power
spectral density of shot noise is N, = 102! W/Hz according
to [19]. The variance of the AWGN is calculated as o§ = BN,.

Fig. 8 presents a working example which compares 4-QAM
DCO-OFDM, 16-QAM ACO-OFDM, 4-PAM PAM-DMT, and
16-QAM U-OFDM—all with the same spectral efficiency of
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1 bit/s/Hz. The simulated channel gain is hg = 4 x 1079, since
this value allows all the presented schemes to reach BER values
in the order of 10~% and 10~ !—required for successful commu-
nication [10], [19]. At the same time, this value of the channel
gain requires almost full utilization of the LED active range.
The bias levels for ACO-OFDM, PAM-DMT, and U-OFDM
are set to ipias = 0.1 A, since this is the minimum biasing re-
quirement of the LED. The selected simulation parameters set
the minimum bias level for DCO-OFDM at iy, = 0.19 A. The
distribution region [—3c; 3] is quantized for DCO-OFDM, and
the region [0; 307 is quantized for the other three schemes. Any-
thing outside those regions is clipped. These clipping levels are
chosen to be the default clipping levels as they introduce neg-
ligible nonlinear distortion according to simulations. Since the
AWGN power is constant, higher SNR values can be achieved
by amplifying the information signal through the LED. How-
ever, if that signal falls outside the allowed operational range of
the device when amplified, it is further clipped at the predistor-
tion step in order to satisfy the electrical properties of the LED.
Hence, the BER curves presented in this section are V-shaped.
The dip in the plots emerges because after a certain point the
distortion due to clipping outweighs the improvement due to the
SNR increase. Fig. 8(a) shows the electrical energy efficiency
of the four schemes when the energy dissipation due to bias-
ing is neglected. As expected for bipolar signals, DCO-OFDM
performs better than the other three schemes. The benefits of
the latter, however, are due to the biasing requirement, and this
can be observed in Fig. 8(b). In that figure, ACO-OFDM, PAM-
DMT, and U-OFDM require about 1 dB less energy per bit than
DCO-OFDM for BER = 10~% and about the same energy for
BER = 10~*. According to Fig. 8(c), DCO-OFDM is about
1 dB less optically efficient than the other three schemes for
BER = 10~* and about 0.3 dB less efficient for BER = 10~*.
It is interesting to note that, as expected, the BER values de-
crease with the increase in SNR up to a certain point. Afterward,
the active region of the LED is exhausted, and the increase in
power leads to increase in clipping, and hence, to more non-
linear distortion. It should also be noted that the theoretical
analysis coincides well with the Monte Carlo simulation results
for square pulse shapes (Boxcar filter). The Monte Carlo re-
sults for a root-raised-cosine filter are slightly better than the
other results because the matched filter at the receiver elimi-
nates some of the distortion noise which falls outside the desired
signal bandwidth. Nonetheless, the root-raised-cosine filter re-
sults follow closely the theoretical results and confirm validity
of the new analytical framework. For practical purposes, the
presented analysis can serve as a good lower bound approxima-
tion for the performance of systems which employ pulse shapes
with limited bandwidth. To the best of the authors’ knowledge,
other available techniques for analysis of nonlinear distortion in
OWC do not consider bandlimited pulse shapes. They assume
simple square pulses (Boxcar filter) [6]-[10] for which an exact
analysis is provided in this paper. The curves for ACO-OFDM,
PAM-DMT, and U-OFDM fall almost on top of each other as
predicted by the theoretical analysis. This highlights the very
similar performance of the three schemes.

ACO-OFDM, PAM-DMT, and U-OFDM exhibit better en-
ergy efficiency than DCO-OFDM. However, they require a
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Fig.9. Comparison of 4-QAM DCO-OFDM, 16-QAM ACO-OFDM, 4-QAM
PAM-DMT, and 16-QAM U-OFDM for a high channel gain, hg = 4 x 1074,
scenario: (a) Electrical power efficiency including bias current; (b) Optical
power efficiency including bias level.

bigger M-QAM constellation size for the same spectral effi-
ciency. Larger constellations are more vulnerable to distortion.
This vulnerability can put the three schemes at a disadvantage in
certain scenarios. Such an example occurs if the channel gain is
decreased to hg = 2x 1075, In this case, the minimum biasing
requirement of DCO-OFDM becomes ihias = 0.5 A, and it is
kept at ip;as = 0.1 A for the other three schemes. In spite of the
worse performance in the previous simulation, in this scenario
DCO-OFDM becomes the better choice. It is still able to achieve
a BER of 107, while all three other schemes cannot even reach
a BER of 10~*. This example shows that a minor change of the
system parameters such as a factor of two in the channel gain
can be decisive in the selection of a modulation scheme.

Fig. 9 presents a case for a significantly higher channel gain,
hg = 4x107*. In this scenario, the information signal energy
requirement is small. Hence, the main contributor to energy con-
sumption is the biasing level. The bias of DCO-OFDM is set
to ihias = 0.1018 A, which is the minimum required bias that
is able to accommodate the information signal without severe
clipping distortion. The bias of the other three schemes is kept
at the minimum, 43,5 = 0.1 A. The electrical energy advantage
of ACO-OFDM, PAM-DMT, and U-OFDM over DCO-OFDM
is in the order of 0.06 dB, while the difference in the optical
energy requirement is in the order of 0.04 dB. The four schemes
are almost equivalent in performance because the main con-
tributor to energy dissipation is the bias of the LED. It should
be noted that the electrical energy efficiency of ACO-OFDM,
PAM-DMT, and U-OFDM is lower than presented in the pa-
pers which originally introduced these concepts— [3]-[5]. The
reason for this is that all clipped values which are set to zero
at the modulator actually cannot be lower than the minimum
required current at the LED and so also contribute to the power
dissipation.

The analyzed schemes achieve higher spectral efficiency
when the M-QAM/M -PAM modulation order is increased. This
leads to more variance in the time-domain signal as described
in (29) and (30), which for the same system parameters leads
to more distortion. At the same time, bigger constellations are
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more sensitive to noise. Therefore, for higher spectral efficien-
cies and assuming the same OWC system parameters, the BER
performance suffers from additional deterioration.

VIII. CONCLUSION

A complete analytical framework has been presented for the
analysis of memoryless nonlinear distortion in an OWC sys-
tem. It allows for the analysis of an arbitrary distortion function
and guarantees closed-form solutions. The concept has been
successfully applied to four separate OFDM-based modulation
schemes proposed for IM/DD systems: DCO-OFDM, ACO-
OFDM, PAM-DMT, and U-OFDM. Examples have been given
for the joint distortion effects from quantization at a DAC ele-
ment, as well as for distortion from the nonlinear relationship
between electrical current and emitted light in an LED, which
are the major sources of nonlinearity in an OWC system. Monte
Carlo simulations show very good agreement with the proposed
theory, thus confirming validity of the approach.

Analytical derivations as well as numerical results exhibit
equivalent performance of ACO-OFDM, PAM-DMT, and U-
OFDM in a nonlinear AWGN channel. The findings suggest
that these schemes are three separate and equally valid ap-
proaches with respect to spectrum efficiency and energy effi-
ciency. A brief analysis demonstrates that the optimal choice of
a modulation scheme depends on the operating conditions and
can change with variations in the system parameters. The pre-
sented framework provides a quick and accurate way to estimate
system performance without computationally expensive Monte
Carlo simulations and numerical integration. Thus, it enables
system optimization as the influence of a large range of sys-
tem parameters can be evaluated exhaustively with reasonable
computational complexity.

APPENDIX

This section presents the necessary formulas for derivation of
a closed-form solution in the proposed novel analytical frame-
work. The formulas are defined as follows:
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where Q(z) is the tail probability of the standard normal distri-
bution, and ¢(x) is its PDF.
d"D(t, a,b, p1,0y)
dt»

(45)
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A 3-Gb/s Single-LED OFDM-Based Wireless VLC
Link Using a Gallium Nitride uLED

Dobroslav Tsonev, Hyunchae Chun, Sujan Rajbhandari, Jonathan J. D. McKendry, Member, IEEE, Stefan Videv,
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Abstract— This letter presents a visible light communication
(VLC) system based on a single 50-um gallium nitride light
emitting diode (LED). A device of this size exhibits a 3-dB
modulation bandwidth of at least 60 MHz—significantly higher
than commercially available white lighting LEDs. Orthogonal
frequency division multiplexing is employed as a modulation
scheme. This enables the limited modulation bandwidth of the
device to be fully used. Pre- and postequalization techniques, as
well as adaptive data loading, are successfully applied to achieve
a demonstration of wireless communication at speeds exceeding
3 Gb/s. To date, this is the fastest wireless VLC system using a
single LED.

Index Terms— Visible light communication, OFDM, optical
modulation, optical wireless communication.

I. INTRODUCTION

IRELESS data traffic is growing exponentially. Recent
forecasts indicate that it will be challenging to satisfy
the data-rate demands of mobile users because the avail-
able radio frequency (RF) communication spectrum is very
limited [1]. A potential solution to the looming spectrum
crisis lies in the migration of wireless communication into the
visible light spectrum. Using visible light offers a number of
advantages over RF: 1) 100s of THz license-free bandwidth;
2) simple front-end devices; 3) no interference with sensitive
electronic equipment; 4) possibility for integration into the
existing lighting infrastructure.
Incoherent solid-state lighting elements such as LEDs are
the most likely candidates for VLC transmitters. Several
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challenges are hindering the development of commercial
VLC systems [2]. Among them is the slow modulation
response of commercial white LEDs based on blue LEDs with
a yellow phosphor coating. The slow response time of the
phosphor restricts the modulation bandwidth of the device to
several MHz [2]. The application of a blue filter at the receiver
removes the slow component from the modulated signal and
enables modulation frequencies of up to 20 MHz [2]. Despite
the bandwidth limitation of the LEDs, techniques such as
equalization, high-order modulation/multiplexing, and parallel
data transmission have enabled communication of up to 1 Gb/s
using a single phosphor-coated LED and up to 3 Gb/s using
red-green-blue LEDs [2]-[4].

Significant research effort is being directed towards the
development of faster LEDs. Among them are resonant-cavity
light emitting diodes (RCLEDs) [5]. Using an RCLED has
enabled communication links of up to 3 Gb/s over a plastic
optical fiber (POF) [6]. Devices with comparable modulation
bandwidth can be manufactured by reducing the innate junc-
tion capacitance of diodes and by controlling the differential
carrier lifetimes through injected current density. In [7], a
light emitting diode with a diameter of 50 um (pLED) is
introduced. The significantly-reduced size of the device leads
to notable improvements in its frequency response. VLC links
with a speed of up to 512 Mb/s [7] and up to 1 Gb/s [8] have
been successfully established for such pLEDs using on-off
keying (OOK) modulation. For a similar device, a 1.07 Gb/s
communication link over a POF has been reported in [9].

In this letter, the communication capabilities of Gallium
Nitride pLEDs [7] in conjunction with Orthogonal frequency
division multiplexing (OFDM) are investigated. A character-
ization of the tLED bandwidth and an actual experimental
realization of an OFDM-based system are presented. OFDM
is selected because it allows cost-effective equalization with
single-tap equalizers in the frequency domain. Moreover,
OFDM allows adaptive data and energy allocation to different
frequency bands based on the communication system proper-
ties. In addition, the scheme provides an easy way to avoid
low-frequency interference caused by ambient light and by
the baseline wander in electrical components. In the current
work, a comparison is made between the performance of two
techniques for overcoming the effects of frequency-dependent
signal attenuation: 1) fixed-rate subcarrier loading with
pre-equalization; and 2) adaptive bit and energy loading. As a
result, to the best of the authors’ knowledge, the fastest single-
link wireless VLC system is presented in this letter.

1041-1135 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Experimental set-up.

The rest of this letter is organized as follows. Section II
provides a description of the experimental setup. Section III
presents the experimental results and offers a discussion.
Finally, Section IV provides concluding remarks.

II. SYSTEM DESCRIPTION
A. Experimental Set-Up Parameters

Fig. 1 presents a diagram of the experimental OFDM-based
VLC system set-up. First, an incoming bit stream is encoded
into M-ary quadrature amplitude modulation (M-QAM)
symbols. Then, the resulting M-QAM symbols are assigned
to different frequency subcarriers and rescaled accordingly if
pre-equalization is employed. Afterwards, an inverse fast
Fourier transform (IFFT) operation is applied on a block of
symbols, which produces a discrete time-domain signal. This
signal is conditioned for transmission by clipping any values
outside the allowed operational range set by the electrical
properties of the pWLED. All digital processing steps are
performed in MATLAB®. Afterwards, the conditioned digital
signal is supplied to an arbitrary waveform generator (AWG),
Agilent N8241A, which maps it to an analog signal. The
analog signal is amplified with a high-power amplifier, Mini-
Circuits ZHL-6A, which drives the pLED. The uLED emits
blue light with a wavelength distribution centered around 450
nm and has a maximum optical power of around 4.5 mW [7].
A direct current (DC) bias from a laser driver is added to the
drive signal using a bias-T, Mini-Circuits ZFBT-6GW. Light
from the pLED is imaged onto a high-speed photodetector,
New Focus 1601FS-AC, using a high numerical aperture (NA)
microscope objective, model 400A65 from Comar Optics.
The output signal of the photodetector is captured by a
digital oscilloscope, Agilent MSO7104B. Afterwards, it is
processed in MATLAB with a sequence of steps that include:
synchronization, fast Fourier transform (FFT), equalization,
and M-QAM demodulation.

The distance between the transmitter and the receiver is set
at 5 cm. This is limited by the optical power of the pLED

and the small area of the photodiode (PD). It can be increased
further with the addition of improved HLEDs, improved optics,
an avalanche PD detector, or additional transmitter elements
whose combined radiation power provides a sufficient signal-
to-noise ratio (SNR) at the receiver.

B. OFDM Parameters and Operating Condition

VLC with incoherent illumination devices can only be
realized as an intensity modulation and direct detection
(IM/DD) system. Hence, modulation signals have to be both
real and unipolar. However, conventional OFDM signals are
both complex and bipolar in nature.

It is possible to obtain a real OFDM signal by imposing
Hermitian symmetry in the IFFT operation during the signal
generation step [2], [3]. As a prerequisite, the DC subcarrier
and the r-shifted subcarrier are set to zero. In addition,
half of the subcarriers are set as complex conjugates of the
other half. In OFDM, a total of Ny subcarriers are equally
distributed in the frequency range [—1/2Ts; 1/27] where T
is the sampling period in the time domain. Data loading can
be omitted on some subcarriers in order to avoid interference
stemming from ambient light sources and from the DC-wander
effect. Subcarriers can also be left unused if SNR levels are not
sufficient in a certain frequency band. The spectral efficiency
of the scheme is:

Nt
MEpYEL san (i)l My bits/s/Hz
Nite + N, cp
where N is the FFT size, My is the constellation size on
the kth subcarrier, Np is the size of the cyclic prefix in the
time domain, and sgn(x) is the sign function. The single-sided
bandwidth of the system is calculated as:

(€]

1
B=—H 2
T z 2
Then, the data rate of the system is:
D = 2By bits/s 3)
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Fig. 2. Estimated: (a) channel gain; and (b) SNR.

In this letter, the FFT size is Ng=512. The optimal cyclic
prefix length is set to Ncp=35 after exhaustive experiments.

A bipolar OFDM signal can be employed in an IM/DD
system if a suitable DC-bias is applied [2], [3]. This allows
the bipolar OFDM signal to vary around a fixed positive
operating point. The resulting scheme is known as DC-biased
optical OFDM (DCO-OFDM). The time-domain OFDM signal
is characterized by a very high peak-to-average power ratio
(PAPR), which grows with the number of IFFT points. The
dynamic range of the pLED is limited in terms of a minimum
and a maximum signal level. Hence, clipping of the signal
on both sides of the time-domain distribution is practically
unavoidable. In the current work, exhaustive experiments have
determined that clipping levels at —3.2¢ and 3.20, where o
is the standard deviation of the time-domain signal:

My
2_ 2 Zk:() Eyvi 10g2 Mj,
Nrfe ’

o

“)

lead to an optimal utilization of the limited pLED dynamic
range. In (4), Ey is defined as the energy per bit on the
kth subcarrier. The optimal biasing point is determined to
be at a voltage of Viias=5.2 V which corresponds to a bias
current of Iyiae=40 mA. The peak-to-peak voltage swing of
the modulating signal is set at V,, = 2.5 V in order to utilize
the full dynamic range of the pLED. The sampling frequency
of the AWG is fixed at Fy=1.25 Gs/s, which results in a
maximum achievable single-sided bandwidth of B=625MHz.

C. Channel Gain and SNR Per Sub-Carrier

Channel estimation is performed with a pilot sequence
that consists of random binary phase-shift keying (BPSK)
symbols with constant energy. The relative channel gain
and the absolute SNR values, obtained through error vector
magnitude estimation, are shown in Fig. 2 for the different
frequency subcarriers. The channel attenuation follows closely
the frequency profile of the HLED whose 3-dB attenuation
occurs at a frequency of 60 MHz. The remaining elements in
the system are guaranteed to have a flat bandwidth up to a
frequency of at least 500 MHz. This assumption is supported
by Fig. 2(a) where the gain factor experiences a sudden drop
after subcarrier 220 which corresponds to a frequency of about
540 MHz. The estimated SNR profile of the communication
channel follows closely the estimated frequency profile, see
Fig. 2(b). This suggests that the additive white Gaussian
noise (AWGN) distribution in the system is uniform within
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Fig. 3. Power spectrum density of 64-QAM DCO-OFDM with the last
(a) 100 and (b) 60 subcarriers unused.

the communication bandwidth. The SNR values at the low-
frequency subcarriers are slightly lower than expected. This is
attributed to low-frequency noise from ambient light and from
the baseline wander effect. Nevertheless, the SNR on these
subcarriers is sufficient for successful communication.

III. RESULTS AND DISCUSSION

In the current study, two approaches are employed for
maximizing the utilization of the pLED communication
capabilities. In the first approach, a fixed M-QAM constel-
lation size is employed on all modulated subcarriers. Energy
pre-equalization is used in an attempt to equalize the achiev-
able SNR values on each subcarrier at the receiver. In the
second approach, both the constellation size and the energy on
each subcarrier are determined based on the achievable SNR
at that particular frequency. Based on widely-accepted results
from information theory, it is expected that the adaptive bit
and energy loading will exhibit better results as it provides
more freedom in the signal optimization procedure [10].

A. Fixed-Rate With Pre-Equalization

Pre-equalization consists of applying the inverse func-
tion of the system frequency response on all subcarriers
before transmission. This effectively scales the energy in each
frequency band with the inverse of the system gain. Hence,
after propagating to the receiver, all subcarriers should exhibit
the same average energy level. The power spectral density
(PSD) of the received signal for the case without pre-
equalization and for the case with pre-equalization is illus-
trated in Fig. 3. This shows pre-equalization leads to uniform
SNR distribution on all subcarriers. In the current experimental
setup, the highest data rate with this approach can be achieved
for a constellation size of M=64. Fig. 3(a) illustrates the
signal PSD when the last 100 subcarriers are not used, i.e.,
the signal bandwidth is about 380 MHz. Fig. 3(b) illustrates
the case when the last 60 subcarriers are omitted, i.e., the
signal bandwidth reaches 480 MHz. The case in Fig. 3(a)
achieves higher SNR values and so a lower bit error rate
(BER) because the signal energy is distributed over a smaller
frequency range. The system throughput, however, is also
lower than in the case presented in Fig. 3(b) where the data rate
reaches a value of D=2.8 Gb/s for a BER<0.002. Based on
the recommendations of the International Telecommunication
Union (ITU), it is expected that the addition of a forward error
correction (FEC) code with an overhead of about 7%, such
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as the RS(1023,1007)/BCH(2047/1952), can guarantee reliable
communication for BER <0.002 [11]. Due to the overhead, the
throughput decreases to D=2.63 Gb/s.

B. Adaptive Bit and Energy Loading

The algorithm in the current approach is based on the work
of Levin [12]. The optimal bit allocation for the current set-up
can be observed in Fig. 4(a). The theoretical system capacity
for the achieved SNR values on the different subcarriers is
also shown [13]. The small gap between the system throughput
and the capacity can only be closed through channel coding
techniques. Fig. 4(b) shows the assigned energy on each
subcarrier. The algorithm aims to ensure a constant SNR on
all received subcarriers with the same constellation size. This
optimized modulation signal achieves D=3.22 Gb/s with a
BER <0.002. With the 7% overhead for FEC, the data rate
becomes D=3 Gb/s. In general, reducing the data rate allows
the BER to be improved even without FEC. The results are
summarized in Fig. 5. The received M-QAM constellations
are also shown.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 26, NO. 7, APRIL 1, 2014

IV. CONCLUSION

The feasibility of a 3-Gb/s wireless link with a single
Gallium Nitride pLED is demonstrated in the current work.
OFDM is employed as a modulation scheme because it
allows optimal usage of a frequency-dependent commu-
nication system. Two separate approaches are tested for
optimization of the communication system utilization:
1) pre-equalization; and 2) adaptive bit and energy loading.
The latter is shown to be better with a maximum achieved data
rate of D=3 Gb/s. To the best of the authors’ knowledge, this
is the fastest single-link wireless VLC system demonstration
up-to-date.

The system throughput in the presented scenario is limited
not only by the uLED properties, but also by the characteristics
of the additional electrical components. The sampling rate of
the AWG and the frequency response of the amplifier limit the
modulation bandwidth. Work to further improve the data rate
is under way. The current demonstration is performed for a
narrow-field-of-view link over a 5-cm distance. The coverage
can be improved with the introduction of dedicated optics as
well as with ganging of multiple tLEDs in order to increase
the transmitted optical power.
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ABSTRACT

Due to the large growth of mobile communi-
cations over the past two decades, cellular sys-
tems have resorted to fuller and denser reuse
of bandwidth to cope with the growing demand.
On one hand, this approach raises the achiev-
able system capacity. On the other hand, how-
ever, the increased interference caused by the
dense spatial reuse inherently limits the achiev-
able network throughput. Therefore, the spec-
tral efficiency gap between users’ demand and
network capabilities is ever growing. Most
recently, visible light communication has been
identified as well equipped to provide addition-
al bandwidth and system capacity without aggre-
gating the interference in the mobile network.
Furthermore, energy-efficient indoor lighting
and the large amount of indoor traffic can be
combined inherently. In this article, VLC is
examined as a viable and ready complement to
RF indoor communications, and advancement
toward future communications. Various appli-
cation scenarios are discussed, presented with
supporting simulation results, and the current
technologies and challenges pertaining to VLC
implementation are investigated. Finally, an
overview of recent VLC commercialization is
presented.

INTRODUCTION

Since the introduction of mobile technologies
over 30 years ago, wireless communications have
evolved into a utility similar to water and elec-
tricity, fundamental to the socio-economic
growth of modern society. To support the ever
growing demand for mobile communications,
cellular networks have had to evolve from simple
local service providers to massively complex
cooperative systems. Indeed, meeting this expo-
nentially growing demand (Fig. 1) is the main
challenge for wireless communications over the
next decade(s).

LOOMING SPECTRUM CRISIS
Figure 1 illustrates the discrepancy between
traffic demand and network capacity as a result
of the continued proliferation of mobile com-
munications. From Shannon’s initial work in
information theory, it is clear that the capacity
of a wireless link (and, by extension, of a net-
work) is directly proportional to the available

bandwidth. On one hand, the system capacity in
previous generations of cellular networks was
diminished by limiting the spatial reuse of fre-
quencies in an attempt to minimize interfer-
ence. On the other hand, the most recent
generation of wireless technologies, Long-Term
Evolution (LTE) and beyond, rely on full fre-
quency reuse along with advanced interference
management algorithms to maximize the system
capacity (i.e., each cell may use the entire avail-
able bandwidth). Nonetheless, in spite of
employing interference management, there is a
trade-off between bandwidth use and link con-
nectivity.

Future networks are moving toward more
heterogeneous architectures where multiple
access points (APs) (e.g., macro-, pico-, femto-
cells, relays, and/or remote radio heads) are
available in each cell [1]. This will lead to even
denser spatial reuse of resources. These hetero-
geneous networks (HetNets) provide enhanced
coverage in standard cellular networks and
improve the capacity of the system. As an exam-
ple, Ericsson’s recent acquisition of BelAir is
specifically aimed at advancing Ericsson net-
works to heterogeneous deployments, offering
“small cell” WiFi integration into traditional
macro-base station (BS) coverage. Unfortunate-
ly, the increased frequency reuse introduces both
inter- and intracell interference, which limits the
achievable capacity of the network. To this
extent, the conventional methods for capacity
improvement, enhanced spatial reuse and inter-
cell interference coordination (ICIC), will be
unable to support the growing demand for
mobile communications. Therefore, a new radio
frequency (RF)-orthogonal communication
medium is required to fill the ever increasing

capacity gap.

CLOSING THE
SPECTRAL EFFICIENCY GAP WITH VLC

Visible light communication (VLC) relies on the
visible light (VL) spectrum for communication
rather than the cluttered, scarce, and expensive RF
spectra used today for wireless communications. In
fact, VL is not regulated, and can therefore be
used freely for communication purposes, signifi-
cantly reducing the costs for operators. Thus, VLC
presents a viable alternative to traditional commu-
nication methods and may be used as a comple-
ment to current RF communications [3, 4].
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Furthermore, recent studies indicate that a
substantial portion (> 70 percent) of wireless
traffic originates indoors [5]. Signal propagation
through walls, however, severely inhibits the oper-
ation of indoor data services, which is attracting
considerable interest in providing wireless com-
munications directly indoors. Indeed, VLC is well
suited to fill this function as:

* Most indoor environments are illuminated.
e VL cannot penetrate solid objects.
* VL can easily be directed through optics.
 As previously mentioned, it is interference-
orthogonal to the cellular network.
These characteristics permit very close spacing
between VLC nodes, thereby increasing the spa-
tial reuse of resources, providing higher data
density, and resulting in increased network
capacity. In addition, in an attempt to reduce
the carbon footprint of the information and
communication technology (ICT) industry, there
has been a research drive for more energy-effi-
cient networks [6]. In this context, another
advantage of VLC systems is that the energy
used for communication in VLC is essentially
free due to the lighting requirement(s) of indoor
spaces; that is, no extra energy is required for
information transmission, with minimal addi-
tional power to drive the necessary circuitry for
communication.

DIFFERENCES BETWEEN RF AND VLC

Although both VL and RF communication
employ electromagnetic radiation as the infor-
mation medium, the two concepts differ signifi-
cantly in their inherent properties. Waves in
the visible region of the spectrum cannot pene-
trate through most surfaces that are present in
everyday surroundings. Radio waves, on the
other hand, are particularly apt at providing
sufficient connectivity through the majority of
commonly used materials. As previously men-
tioned, this offers very interesting benefits.
Information may be contained within the con-
fined space of the specific premises where a
VLC system is deployed. This practically elimi-
nates the possibility of casual eavesdropping.
More important, it eliminates interference
between spatially isolated communication sys-
tems, removing one of the biggest challenges in
RF communications.

With the current state of off-the-shelf illumina-
tion components and photodetectors, VLC is real-
izable as an intensity modulation and direct
detection (IM/DD) scheme. This means that only
the signal intensity is used to convey information,
which although more limiting than RF, is also
advantageous. The wavelength of VL (380 nm to
750 nm) is much smaller than the typical area of
a photodetector, which effectively removes mul-
tipath fading (as opposed to RF communication)
from the system. In addition, signals in the opti-
cal domain do not interfere with the operation
of sensitive electronic systems and can be used
in a variety of applications where RF is not
allowed, e.g., hospitals, aircraft, chemical plants).
Indeed, the goal of VLC is not to replace RF,
but rather to complement it in the context of
HetNets where the best of both physical domains
and resulting propagation characteristics are
employed.
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Figure 1. The predicted, almost exponential, increase in demand of mobile
communications services over the last few years [2] and the corresponding

network capacity evolution. (Source: GBI Rese

POTENTIAL APPLICATIONS FOR VLC
INFRASTRUCTURE

Wireless HetNets are widely seen as the future
of mobile communications, as smaller and small-
er cells are used to offload and localize traffic.
Indeed, the simple concept of cell-size reduction
has increased the system spectral efficiency by a
factor of 2700 over the last 50 years [7]. To this
extent, even smaller VLC atto-cells are just a
logical progression to provide the next 1000
times system capacity increase. There are two
important aspects to consider with small cells,
the first being coordination with the macro net-
work, and the second the integration of WiFi
capabilities with Third Generation Partnership
Project (3GPP) technologies. This enables, for
example, mobile users to connect to WiFi APs
automatically based on authentication informa-
tion held in a mobile operator’s customer
database.

In this context, the term “light fidelity (Li-
Fi)” is defined as the subset of VLC that exhibits
high-speed, bidirectional, and fully networked com-
munications; the Li-Fi Consortium has already
begun promoting this technology. Li-Fi is envi-
sioned to fill a complementary role along with
WiFi to offload traffic from the macro BSs. The
key to a high-performing system is not merely to
increase the link-level spectral efficiency. In fact,
the most relevant aspect to a mobile vendor is
the area spectral efficiency (ASE), that is, what
mobile data rates can be offered for each user.
In this context, Li-Fi is shown to provide at least
an order of magnitude improvement in the ASE
[8]. In addition, one of the key obstacles to the
widespread application and integration of WiFi
in modern communication systems is the inter-
operability of the 3GPP technology with the
WiFi standards. Principally, Li-Fi requires adapt-
ing only the front-ends and physical layers of
typical femto- or picocells, while the above-lying
protocols, authentication, channels, and so on
can remain (fundamentally) unchanged.

However, a VLC standardization drive would

arch.)

IEEE Communications Magazine * July 2014

929



‘ ‘BURCHARDT?LAYOUT.qxp?Layout 7/2/14 3:26 PM Page 100

Selected Publications

—&-

|
VLC could also
enable indoor as well
as improve city
canyon navigation
where GPS signaling
is weak or
nonexistant. Due to
the simplicity of its
front-end hardware,
it can play a
significant role in
enabling the Internet
of Things and
machine-to-machine
communications in
general.

need to account for some of the VL-specific
problems such as intra- and inter-frame flicker,
dimming, visibility patterns, and others. The new
standard, which would be based around orthogo-
nal frequency-division multiplexing (OFDM),
could stipulate that only subcarriers above a cer-
tain frequency may be used for modulation. In
this manner, the system would always avoid
flicker issues. Similarly, dimming could be
achieved by reducing the average signal power.
For example, if direct-current-biased optical
OFDM (DCO-OFDM) is used, it would mean a
lower biasing point, as well as potentially shal-
lower modulation depth for the signal (of course,
this may result in a diminished signal-to-noise
ratio, SNR). This facilitates rapid development
and deployment of Li-Fi technology complemen-
tary to the current RF BSs with unique advan-
tages (i.e., high ASE, security, and lack of
electromagnetic interference, as mentioned ear-
lier). To this extent, the future implementation
of VLC technology should focus on retaining the
system architectures outlined in 3GPP and be
designed to comply with such standards.

A well designed HetNet should make use of
its elements in an efficient manner. Each link in
the network is employed when it is most relevant
for the respective task. Just as optical fibers and
cables are most appropriate for high-speed back-
bone functionality, and RF communication is
suitable for APs with good coverage, VLC com-
munication is best suited for high data rates, and
a secure interface between a BS and a mobile
station (MS). Such a connection is not needed
constantly. A lot of the time, a mobile device is
simply dormant, waiting for an incoming data
transmission or for the user to request one. For
these tasks to be negotiated successfully, a con-
stant connection is required. Such a connection
can be provided by the existing well established
RF connectivity. The heavy load of the high-
speed data transfer can then be allocated to the
VLC network. If a VLC connection is not possi-
ble, the MS may be served with RF until an
appropriate optical AP is nearby.

Finally, the discussion regarding the practical-
ity, performance, and future of VLC is not con-
strained by the underlying technology of the
physical illumination devices. Currently, the
most widespread devices are traditional light
emitting diodes (LEDs); however, other tech-
nologies are emerging as well — organic-based
LEDs, micro-LEDs, as well as resonant cavity
LEDs — which are fundamentally all electronics
devices capable of data transmission. Thus, the
research community is investing significant effort
into manufacturing devices that are capable of
simultaneous illumination and communication.

OTHER APPLICATIONS FOR VLC

VLC could also enable indoor as well as improve
city canyon navigation where GPS signaling is
weak or nonexistent. Due to the simplicity of its
front-end hardware, it can play a significant role
in enabling the Internet of Things and machine-
to-machine communications in general. Car-to-
car communications [9] may be one of the first
implementation scenarios as manufacturers are
beginning to make a move toward solid-state
lighting solutions.

Other possible areas that stand to benefit
from the practical implementation of VLC
include museums, hospitals, and underwater
communications [2, 10]. Museums could exploit
the already present light fixtures to not only illu-
minate their exposition pieces, but also continu-
ously transmit information about them. This
could redefine the way automated tours are exe-
cuted. Hospitals could achieve ubiquitous net-
working without any detriment to equipment
that is sensitive to RF radiation. This should
improve hospital care and reduce staff workload.

Underwater communications stand likely to
benefit most. RF and sound communication are
unable to provide fast wireless connectivity
under water. Although VLC will also face chal-
lenges in that particular propagation environ-
ment, it should deliver significant data rate
improvements when conditions allow, and other-
wise fall back to existing technology (e.g., sound
waves) to provide basic connectivity.

CHALLENGES OF VLC PRACTICAL
IMPLEMENTATION AND INTEGRATION

IMIODULATION

Realization of VLC as an IM/DD system means
that only positive and real signals can be success-
fully transmitted. This limits the modulation
schemes that can be employed. Early work in the
field suggested on-off keying (OOK) and pulse-
position modulation (PPM) as viable techniques.
However, the bandwidth of the front-end ele-
ments and the optical channel is limited. This
leads to the requirement for multi-level schemes
like unipolar pulse-amplitude modulation (PAM)
in order to achieve higher throughput. As the
communication speeds increase, the limited
communication bandwidth leads to intersymbol
interference (ISI). Hence, a more sophisticated
scheme like OFDM becomes the prime candi-
date for VLC.

Conventional OFDM generates complex
bipolar signals. Therefore, modifications have to
be made before it becomes suitable for VLC. A
commonly accepted method to generate a real
time domain OFDM signal is to impose Hermi-
tian symmetry on the carriers in the frequency
domain. The resulting waveform, however, is still
bipolar and needs to be modified further. A
number of different techniques for the creation
of unipolar signals exist. A straightforward
approach is called DCO-OFDM. It involves the
addition of a bias current to the bipolar signal,
making it unipolar [11]. However, the addition
of the direct current (DC)-bias increases the
power dissipation of the time domain signal sig-
nificantly when compared to the bipolar case.

In order to avoid this DC bias, alternative
techniques such as asymmetrically clipped opti-
cal OFDM (ACO-OFDM) exploit the properties
of the OFDM frame to generate a signal that
does not need biasing. In ACO-OFDM, only the
odd subcarriers in the frequency domain are
modulated, which leads to a symmetric time
domain signal [11]. The symmetry allows nega-
tive values to simply be set to zero without
affecting the encoded information as all distor-
tion falls on the even subcarriers in the frequen-
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cy domain. Other similar approaches that exploit
different properties of the OFDM frame but
effectively achieve the same result are: PAM dis-
crete multitone modulation (PAM-DMT), unipo-
lar OFDM (U-OFDM), and flip-OFDM.

A modulation signal can be linearly encoded
in the current that flows through an LED. The
relationship between the current and the emitted
light is not linear, as illustrated in Fig. 2. OFDM-
based systems are particularly sensitive to the
described nonlinear effects due to their high
peak-to-average power ratio (PAPR). One
approach to counter nonlinearity is to operate
the LED in a small range where its output char-
acteristic is linear enough. However, the disper-
sive nature of non-coherent light and the
resulting high path loss require the use of as
much of the device active region as possible.
Another approach is to pre-distort the signal
such that the output of the LED has the desired
shape. This, however, is limited by the accuracy
of the digital-to-analog conversion and inconsis-
tencies in the nonlinearity of the LED output
characteristic. Currently, the question of combat-
ing nonlinearity is one of the biggest challenges
for VLC systems.

MULTIPLE ACCESS

As with any communication system, however, the
ability to serve multiple users is crucial. Both
time-division multiple access (TDMA) and code-
division multiple access (CDMA) are viable
alternatives for addressing the multiple access
limitation of Li-Fi. Indeed, TDMA was utilized
within the OMEGA project for the optical wire-
less medium access control (MAC) [12], whereas
optical CDMA uses codes to separate users over
the channel. To this extent, the underlying mod-
ulation scheme is irrelevant for enabling multi-
ple access in an optical wireless system.

However, since OFDM is widely considered
as the most viable modulation technique for
VLC, orthogonal frequency-division multiple
access (OFDMA) is the natural extension to
provide multiple access. OFDMA can be
employed in VLC in a similar manner to RF
communications, where each user is allocated a
portion of the total available subcarriers in each
time slot. Furthermore, subcarrier allocations
may be varied over time, such that users’ poten-
tially varying traffic requirements and channel
conditions can be accommodated.

It should be noted that due to the constraints
of VLC (Table 1), not all OFDM subcarriers are
available for communication, as discussed earli-
er. However, this will not retard the multiple
access capabilities of the system, but simply limit
the number of subcarriers allocatable to each
user.

UPLINK

In general, most demonstrations of VLC tech-
nology up until now have focused on maximizing
the communication speed over a point-to-point
unidirectional channel [2, 10]. However, in order
to realize the envisioned Li-Fi communication
systems, it is clear that the first logical step is the
establishment of bidirectional communication
(i.e., uplink transmission). This is not straightfor-
ward, as employing the same VL band in both

Bias point

Optical power

Current

Figure 2. Typical LED output characteristic is
nonlinear in three aspects: i) a minimum cur-
rent is required for photon emission to occur;
ii) light emission saturates after a certain cur-
rent level; and iii) the relationship between
current and light output intensity is nonlinear
even within the range between minimum and
maximum allowed current.

System Information

Signal

RF Carried on electric field

VLC Carried on optical intensity

Table 1. RF vs. VLC.

directions would result in large self-interference
at a transceiver due to cross-talk, unless physical
separation of the photo diode (PD) and LED
can be administered. However, just as in RF
communications, there are two methods to sup-
port this bidirectionality: time-division duplexing
(TDD) and wavelength-division duplexing
(WDD) (termed frequency-division duplexing,
FDD, in RF).

WDD employs separate (non-overlapping)
frequency bands for downlink and uplink, such
that cross-talk between a transceiver’s LED and
PD is eliminated. For example, the near-infrared
band may be utilized for uplink transmission,
avoiding interference to/from the VL band.
However, because this band is outside the visible
region, eye safety must be ensured by transmit
power limitation. TDD, on the other hand,
allows the use of the same VL band, but down-
link and uplink are not performed simultaneous-
ly. But a VL transmitter at the device may be
uncomfortable from a user perspective, and the
power requirements for such a source may make
it impractical for device integration.

Finally, another perspective to solve this
problem is to make use of the already existing
infrastructure (i.e., RF communication).
Through the proliferation of WiFi and mobile
connectivity, the VLC downlink is maintained
while essentially piggybacking the RF networks
in order to provide uplink transmission. Howev-
er, seamless connectivity between networks and
fixed mobile convergence are long-standing
problems in RF, and therefore, this must be

Complex valued

Real valued

Bipolar

Unipolar
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Figure 3. The ratio of VLC ASE and RF ASE for different floor layouts.

solved before Li-Fi can be properly integrated in
future RF HetNets.

REsuLTS

This section present results from previous stud-
ies, indicating the enormous potential VLC has
for future networks in a multitude of application
scenarios.

HETNET ASE

Earlier, the evolution of wireless networks
toward heterogeneous architectures is described,
where multiple tiers of communication can be
located within the area normally served solely by
a macrocell. The reduced spatial separation
when reusing the RF spectra results in more
interference; using Li-Fi indoors can mitigate
this interference.

In [8], a comparison of the achievable ASE of
RF femtocells and a VLC network in a two-tier
HetNet is examined, yielding the results dis-
played in Fig. 3.

Depending on the size of the apartments
emulating the indoor environment (proportional
to the number of walls) and the number of
femto-APs allocated in the building, a Li-Fi sys-
tem can achieve over 900 times the ASE of a
corresponding femtocell network. Of course, this
gain diminishes for larger rooms and additional
femtocells; nonetheless, Fig. 3 shows that this
gain is always positive, indicating a unanimous
benefit when utilizing non-interfering VL spec-
trum rather than RF.

MuLTI-BAND COVERAGE

In the early days of mobile communications, a
cellular network was generally separated into
clusters, within which the system bandwidth was
split and divided among neighbouring cells to
mitigate co-channel interference (CCI). The lat-
est generation of wireless technologies, however,
employ full frequency reuse, using intelligent
ICIC to control interference.

One of the core advantages of VLC is the
vast available spectrum in comparison to RF.
Instead of having to divide a set system band-
width into multiple orthogonal bands, it is now
possible to simply add a non-overlapping section
of VL spectrum, and thus not only enhance the
system bandwidth, but also curtail CCI caused
by dense spatial reuse.

Such a process is described in [13], with the
results shown in Fig. 4. By adding additional
wavelengths, it is evident from Fig. 4 that:

* The dead zones in the coverage area are
substantially reduced.

* The achievable signal quality (and conse-
quently rate) have been significantly aug-
mented.

Moreover, the utilization of multiple VL spectra

allows for enhanced data density, as physically

overlapping cells can transmit on different fre-
quencies and increase the available bandwidth
per unit area, and thus the ASE.

INITIAL MULTIPLE-INPUT MULTIPLE-OUTPUT
INVESTIGATION

The finite bandwidth of front-end devices limits
the speed of a communication system. Different
laboratory experiments have shown communica-
tion capability of a single link up to 3 Gb/s [10].
However, in order to go well beyond the Gb/s
rate, it is likely that multiple-input multiple-out-
put (MIMO) would need to be employed in VLC.

Currently, there are two possible implemen-
tations of MIMO receiver systems, one based on
PDs and the other on imaging type sensors. Uti-
lizing PDs has the advantage that the hardware
implementation is relatively simple. On the
other hand, imaging sensors facilitate easy sepa-
ration of MIMO channels. However, the speed
and accuracy of their present hardware imple-
mentations considerably limit their application in
VLC-MIMO.

Recent studies of MIMO have shown that
for a well distributed configuration of transmit-
ters, receiver elements with angle diversity
have the potential to reach very high communi-
cation capacity that scales almost linearly with
the MIMO order employed [14]. Figure 5 illus-
trates two possible MIMO configurations and
the corresponding capacity distributions across
an empty 5 m x 5m x 3 m room for three dif-
ferent heights of the receiver. As apparent
from the results, the capacity is distributed
quite uniformly and grows about linearly with
the number of MIMO elements. This stems
from the possibility to isolate information
streams in space.

The concept of spatial modulation (SM) and
spatial shift keying (SSK) are shown to be partic-
ularly applicable in an optical wireless system
[15], where a low-complexity multiple-transmit-
ter generalized SSK (GSSK) signaling technique
for short-range indoor VLC is presented. In a
transmitter with N; number of transmit elements,
this signaling technique is capable of achieving a
spectral efficiency of N, b/s/Hz. GSSK supplies
higher spectral efficiency than the conventional
OOK and PPM techniques. Moreover, the GSSK
transmitter is much simpler than that of an
equivalent regular PAM system with similar
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spectral efficiency, avoiding challenges such as
LED nonlinearity.

CHALLENGES OF
VLC COMMERCIALIZATION

If VLC is to become widespread, a number of
challenges pertaining to its commercialization
must be addressed. In particular, the drive
toward an industry standard, possible market
penetration, and applications must be consid-
ered. A number of suitable application scenarios
are identified later. However, these applications
must offer a sufficient incentive for potential
companies, and the standard must look ahead of
the current technology.

STANDARDIZATION

Some consideration has already been given to
VLC standardization. Most notably, the IEEE
802.15.7 standard was established in 2009 for
short-range optical wireless communications
using VL where the physical (PHY), MAC, and
logical link control (LLC) layers are specified
with very high associated LED bandwidths. Fur-
thermore, the VLC Consortium (VLCC) has
developed several standards for VLC, published
by the Japanese electronics standards body. In
addition, the Infrared Data Association (IrDA)
has created standards for point-to-point short-
range optical communications, with data rates
from 1 Gb/s.

However, recent research showing successful
use of OFDM for VLC may drive the need for
new standardization. By considering O-OFDM,
chiefly enabled through the use of variable cur-
rent drivers and first demonstrated as a viable
transmission technique at TED Global in 2011, a
VLC system can achieve significant improve-
ments in spectral efficiency, and simplify both
multiple access and mobility considerations.
Because the PHY layer of an O-OFDM system
is so different from the existing VLC standards,
the MAC and associated higher layers are also
different. Therefore, if O-OFDM is to be at the
heart of the latest evolution of VLC, a new stan-
dardization drive is required. The nature of O-
OFDM means that only the optical front-end
and lower-level PHY would require changes to
seamlessly integrate a VLC system with the
existing higher-layer definitions of either LTE or
802.11. However, the potential of VLC is in the
PHY layer with the same features as cellular
communication, where it can replace the stan-
dard RF front-end with an optical alternative.
This consideration means that VLC can rely on
readily available IEEE 802.11 or LTE protocol
stacks. By removing the need to standardize the
entire communication system, VLC may be
employed in a large-scale network with minimal
infrastructure and coordination efforts. Such a
combination narrows the focus of any standard-
ization effort. In addition, since the publication
of the IEEE 802.15.7 standard, research in the
area of VLC has increased. Among the key find-
ings are the increased system performance result-
ing from the application of both OFDM and the
MIMO concept, which emphasizes the need for
a new industry-driven standard.

Throughput of DCO-OFDM for wavelength reuse of 1
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Figure 4. Throughput of DCO-OFDM estimated via a Monte Carlo ray-trac-
ing global irradiation simulation in a computer-aided design airplane cabin
model. Signal contributions from both line-of-sight and non-line-of-sight
propagation paths are considered. Wavelength sets of [940 nm],

[940 nm, 870 nm], and [940 nm, 870 nm, 840 nm] are employed in the differ-
ent scenarios with wavelength reuse factor of 1, 2, and 3, respectively:
a) wavelength reuse of 1; b) wavelength reuse of 2; ¢) wavelength reuse of 3.
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Figure 5. Transmitter layout and room capacity for different MIMO configurations. Black dots indicate transmitter positions, the
red dot on the floor their directions. Emission pattern is Lambertian. High-power off-the-shelf illumination devices are assumed,
limiting the capacity to well below the values reported in laboratory experiments: a) 4 x 4 MIMO configuration; b) capacity distri-
bution for 4 x 4 MIMO; ¢) 16 x 16 MIMO configuration; d) capacity distribution for 16 x 16 MIMO.

MARKET CONDITIONS

Despite the need for standardization, companies
are actively working on commercializing VLC
technology. The VLC market is projected to grow
as LED lighting becomes more prolific. The VLC
market applications have been outlined. In addi-
tion, VLC is particularly well suited to provide last
mile connectivity; indeed, projects such as the
Reasonable Optical Near Joint Access (RONJA)
initiative are deployed to service this demand.
Furthermore, the U.S. Department of Energy esti-
mates that faster adoption rate of LED lighting in
the United States over the next 20 years can deliv-
er energy savings of about US$265 billion and
reduce the demand for lighting electricity by 33
percent in 2027. This highlights the inevitable
growth and proliferation of LED devices along
with the associated VLC market potential [2].

The VLC link is untethered in the sense that a
user is independent of any one AP and can acquire
the same information from other optical APs, pro-
viding mobility and seamless handover. Moreover,
each communication link can serve multiple dis-

tinct user devices. This is the future of indoor Li-
Fi applications, which at present are providing
data connectivity in point-to-point scenarios.
Nonetheless, indoor networking applications
account for the largest overall market share. This
market for VLC is expected to grow further from
around US$83 million in 2012 to around US$4.5
billion in 2018, increasing at a rate of around 84
percent annually from 2013 to 2018. To this extent,
indoor network applications compose around 70
percent of the global VLC market, and the growth
of indoor commercial connectivity will be the
major driver of this market [10].

CONCLUSION

In this article, VLC has been introduced as a
unique and viable alternative to RF indoor com-
munication strategies, and furthermore a plethora
of application scenarios for future systems have
been presented. VLC furthers the concept of ever
smaller cells to deliver wireless data at exponen-
tially increasing rates, now and in the future. It is
clear that wherever there is man-made light, there
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is an opportunity for high-speed wireless connec-
tivity complementary to RF networks and thus
interference-free. Furthermore, the vast unused
VL spectrum can provide the necessary band-
width to meet the ever growing demands for
mobile traffic. The fact that more secure indoor
networks can be established through VLC is a
further advantage. VLC, it seems, is destined to
provide ubiquitous wireless access in the next
generation(s) of mobile communication.

Being a relatively modern technology, there
are, of course, many challenges that VLC systems
are currently facing. Apart from the inherent non-
linearity of LEDs and limits of LED bandwidth,
aspects such as signal modulation, power delivery
to the transceiver, and multiple access pose diffi-
culties for the immediate proliferation of VLC.
However, since such technical challenges have
already been conquered in RF through decades
of research, VLC is well equipped to go along a
similar but much accelerated path. Furthermore,
while the current abundance and maturity of RF
communications may impede the commercializa-
tion and standardization of VLC technologies,
there is no doubt that VLC will be needed in
future communications generations. Thus, its pro-
liferation has already begun.
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Abstract—A novel modulation technique coined SIM-OFDM
was recently proposed. SIM-OFDM uses different frequency
carrier states to convey information and leads to increased
performance in comparison to conventional OFDM. Additionally,
its innovative structure can lead to a decrease of the peak system
power, which is highly beneficial in the context of optical wireless
communication. One of the issues of the original SIM-OFDM
scheme is a potential bit error propagation which could lead to
significant burst errors. The current paper proposes a modified
technique which avoids bit error propagation whilst retaining the
benefits of the concept.

I. INTRODUCTION

SIM-OFDM is a modification of the classical OFDM mod-
ulation scheme. In OFDM a number of different frequency
carriers are modulated with a signal from a scheme such
as Quadrature Amplitude Modulation (QAM). The novel ap-
proach of SIM-OFDM tries to exploit an additional “new”
dimension in the OFDM frame coming from the state of each
subcarrier — active or inactive. This additional dimension is
employed to transmit information in an On-Off Keying (OOK)
fashion. A detailed description of SIM-OFDM can be found
in [1].

The motivation behind this new concept lies in an attempt to
optimize power usage, which is crucial in the current climate
of “green communication systems” [2]. Each active carrier
receives the energy of an M-QAM symbol and the energy
of the additional bit encoded in OOK fashion. The individual
performances of QAM and OOK are thus improved. Overall,
this leads to performance improvement of SIM-OFDM on an
energy-per-bit basis.

SIM-OFDM is still a rather unexplored topic. An analytical
approach towards deriving its performance in a fading channel
is given in [1]. The same paper reports that SIM-OFDM has
the potential to outperform the traditional OFDM modulation
scheme in terms of bit error rate (BER). However, to the best
of our knowledge, a complete analytical description of its BER
performance does not exist in literature. SIM-OFDM suffers
from bit error propagation in the presence of Additive White
Gaussian Noise (AWGN). This work provides a proposition
for a modified scheme which solves the issue of bit error
propagation. A further benefit of our modified approach is
reduction of the Peak-to-average power ratio (PAPR) which
comes from the new enhanced structure of SIM-OFDM.

The rest of this paper is organized as follows. Section
II gives a brief description of the SIM-OFDM modulation
scheme and its demodulator. Section III describes the new
enhanced modulation scheme. Section IV shows an analytical
BER derivation of the enhanced SIM-OFDM. Section V

presents the numerical simulation results, which demonstrate
the close match between analysis and Monte Carlo simulations
of the system performance. Section VI discusses the PAPR of
the modified approach. Finally, section VII gives concluding
remarks to the topic.

II. SIM-OFDM

SIM-OFDM Frame

ACTIVE - 1AM Symbol
INACTIVE 0
Boamt Boay ACTIVE  JQAM Symbol
,,r*""'—rr, —— A e .
1{1]o[t|o] lojof1fiitlol [Ll0[1]_. SIM J— &
L,,M?EEEA@/ 2 bits N bjt)sx), Modulator .
\7‘7‘\/’7)7‘ wactive| o
SIM-OFDM Block of Bits ACTIVE  JQAM Symbol/Pyv,
ACTIVE AM Symbol/Pus
Fig. 1. SIM-OFDM carrier modulation scheme. Assumption for this example

is that 1 is the majority bit in Book

In SIM-OFDM the incoming bit stream is divided into
blocks of bits, each having a length of N(M +1), where
N is the number of subcarriers, and M is the constellation
size of the respective M-QAM modulation scheme. Each of
these blocks is divided into two parts. The first N bits of the
block form a subblock, which in the rest of this paper will
be refered to as Book. The remaining N M bits form
a second subblock, which will be refered to as Bqam. This
is further illustrated in Fig. 1. Before transmission Booxk is
inspected and the majority bit type is determined by checking
which bit value, 1 or 0, has more occurences. This is done
because all carriers which have the same position inside the
OFDM frame as the bits from the majority bit type in Book
will be classified as “active”, and the rest will be classified
as “inactive”. Inactive carriers are given the amplitude value
0+ jO where j = /—1. The first & active carriers will be
given amplitude values corresponding to M-QAM constella-
tion symbols necessary to encode Bqam. The remaining active
carriers can be used to signal to the receiver what the majority
bit type of Boox is, and they will be assigned a signal whose
power is equal to the average power for the given M-QAM
scheme. This is followed by an N-point Inverse Fast Fourier
Transform (IFFT) in order to obtain the time-domain signal.
A slight modification of SIM-OFDM suggests that majority
bit type can be signaled either through secure communication
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channels, or by reserving one particular frequency carrier and
transmitting the desired value with sufficiently high signal-to-
noise ratio (SNR). This leads to a slight improvement in the
SIM-OFDM performance.

Upon reception, the signal is transformed using a Fast
Fourier Transform as in traditional OFDM. Then all subcarri-
ers are inspected. Those subcarriers whose power is above
a certain threshold are marked as active, and the rest are
marked as inactive. Then Bpok is reconstructed from the
detected states of the carriers and the known majority bit
type. Afterwards, the first % active carriers are demodulated
according to the respective AM-QAM scheme in order to
reconstruct Boam.

There are two main issues which limit the performance
of SIM-OFDM. First, an OOK detector at the destination
requires the usage of a threshold. The threshold, however,
needs to be below the power of the M-QAM symbol with
the lowest power. Otherwise, any symbol below the threshold
would be unrecognizable even in high SNR conditions, and
that would lead to an error floor above zero. On the other
hand, a low threshold requirement diminishes the advantage
of OOK when a higher order M-QAM scheme is used. This
happens because even though on average a lot of power is
used in a subcarrier for higher order M-QAM, the threshold
needs to be below the smallest symbol power. Hence, the
system’s ability to correctly distinguish subcarrier states does
not improve significantly since the threshold cannot change
much. Second, an incorrect detection of a carrier state not
only leads to incorrect demodulation of the //-QAM symbol
it encodes, but also to incorrect demodulation of all subsequent
QAM symbols. This happens because an incorrect detection
of a carrier state changes the order in Bgan and misplaces all
subsequent bits in that part of the frame. This effect has the
biggest impact on the BER performance. Effectively, in order
to demodulate an M-QAM symbol correctly, it is necessary
not only to detect its carrier as active, but also to have detected
any previous carriers — active or inactive — correctly. As the
total number of carriers, N, increases, the issue becomes
worse. The main contribution of this paper is a solution to
these two problems.

III. ENHANCED SIM-OFDM

As mentioned in section II, the error propagation becomes
worse as the number of subcarriers, IV, grows. However, a
slight modification in the way Book is encoded can limit
this effect. Instead of each bit from Book being encoded
in a single subcarrier state, it can be encoded in the states
of two consecutive carriers — a carrier pair. Fig. 2 illustrates
the principle of the new encoding scheme. Whenever a 1
is encountered in Booxk, the first carrier of the pair is set
as active and the second one as passive. Whenever a 0 is
encountered in Book, the first carrier of the pair is set as
passive and the second one as active. Effectively, now the size
of Book, which can be represented by carrier states, is %
— half the size than in the original SIM-OFDM scheme. The
benefit, however, is that for each pair it is certain that exactly
one of the carriers is active. This means that bits from Bgawm
can no longer be misplaced due to wrong detection of previous
subcarrier states. The error that can be made is limited within

each pair of carriers. In addition, there is no longer a need to
define a bit-majority in Book, and the total number of active
carriers is always the same — % The number of active carriers
within each pair is known and is always one, so there is no
need to use a threshold for OOK detection. Instead, the carrier
with higher power can be recognized as active, which would
lead to better performance in the carrier state detection.

The only disadvantage of the modified scheme, compared
to the former SIM-OFDM, is the slightly reduced spectral
efficiency. Spectral efficiency of SIM-OFDM, measured in
bits/carrier, is

OLD 100'2 (Af)
Tomi-orom = — g T 1 e))
while the spectral efficiency of the modified SIM-OFDM is
NEW 10g2 (1%) 1
Nsiv—orpM = P + 2 2

For comparison purposes, the spectral efficiency of QAM-
encoded OFDM is log,(M). This negative characteristic can
be mitigated for SIM-OFDM when carrier pairs are expanded
to blocks with a total number of subcarriers L > 2. For
example, if L = 8 is used, there are 70 combinations in which
4 out of 8 subcarriers are set as active. This means a total of
6 bits (2% = 64 < 70) from Booxk can be represented by
combinations of active subcarriers in a block of 8 subcarriers,
which already yields a better spectral efficiency than in (2). If
the number of subcarriers in the block is L, and the number
of active carriers within the block is L,, a general expression
for the spectral efficiency becomes

—

GENERAL L, log, (]W) Ung ( ﬁl[”)l J
Nsivu—orpm = I I (©)

If L, is chosen to be close to L, the system gets closer to
conventional OFDM. If L is chosen to be close to N, and
L, approaches 1, the system starts to resemble PPM. As L
approaches IV, and L, approaches %, the system gets closer
to the original SIM-OFDM.

SIM-OFDM Frame

1 QAM Symbol

0
O QAM Symbol

1 QAM Symbol

Boam Book

Llilolilo] ool lililol (tlo[1]__. SIM .
1_Nog2(M)/2 bits N bits s Modulator .
A,‘X/ﬁ/,, O B
SIM-OFDM Block of Bits

1 QAM Symbol

1 [QAM Symbol

Fig. 2. Modified SIM-OFDM modulation approach.

IV. ENHANCED SIM-OFDM BER DERIVATION

The BER derivation that follows describes the operation of
the system for L, = 1 and L = 2 in the presence of AWGN.
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Analysis for a different combination of L, and L can be made
in an analogous manner. No fading is assumed since it is not
an issue in scenarios related to optical wireless communica-
tion for which SIM-OFDM is primarily considered. There is
no dependence between the separate subcarrier pairs in the
enhanced SIM-OFDM frame. Therefore, the BER analysis of
one pair applies to the entire system.

Each carrier pair is received with an addition of AWGN.
Hence, the distributions of both carrier amplitudes resemble
the example illustrated in Fig. 3. The *X’ marks a possible
value of the amplitude of the active carrier. In this case,
all values, which the inactive carrier may take and still be
correctly recognized as inactive, are contained inside the thick
circle. Hence, integrating the Gaussian distribution, centered
at 0, inside the thick circle would give the probability for
correctly distinguishing between the passive and active carrier
in the pair. Using some results from [3], this integration is
represented by (4), where d is 1 when carriers are correctly
distinguished or 0 when they are not. The symbol ¢ stands
for the amplitude of the active carrier, and N, stands for the
power of the noise.

P(d=1llc=x+ jy) =

Vietil pVlata=6 Selew? o B
/*\/lﬂﬂﬂ'yl2 /*\/\m+jy\27b2 TN, ¢ coda

2r o latiP
L

=

r2
e Nordrdf =

TiNo

_letjyl?
=1—c¢ No

“)

Fig. 3. Contour lines of the distribution of the received carrier pair as a
function of the transmitted constellation symbol. Lines are not drawn to scale.

Equation (5) expresses the probability density that the
amplitude of the active carrier takes the value x + jy. There is
an equal probability, ﬁ, that the value of the carrier before the
addition of AWGN was equal to any one of the M constella-
tion points. Hence, the probability density that the carrier value
at the receiver is equal to x4+ jy is expressed as a weighted sum
of M different probability densities coming from the Gaussian
functions centered at the M constellation points. Symbol i,
marks constellation point number k. Symbols ${ux} and
S{px } denote the real and imaginary part of .

Plc=1z+jy) =

M ; .
1 Z 1 7<r—nm.}>2N+<y—sm.>>~’
= —_— e o
M
k=1 ©

(6))

mN,
Equation (6) expresses the probability for correctly deter-
mining the active and inactive subcarrier in a pair. Equation

(7) expresses the complementary probability - that the active
and inactive subcarrier are incorrectly determined.

P, =

P(d=1)
o0 oo
:/ / P(d=1lc =z + jy)P(c = = + jy)dzdy
M ‘
1 _leg?
=1 o ;e o

Po=Pd=0)=1-P(d=1)

6

()

Based on the calculated detection probabilities, the BER
performance for the system can be calculated. When the carrier
states are incorrectly determined, the bit from Book, which
they encode, is in error. That bit amounts to m part
of all the bits encoded in a carrier pair. Hence, the BER
contribution of Booxk is expressed as

1
logy (M) + 1

An erroneous detection of a subcarrier state leads to the at-
tempt of M-QAM demodulation of an unmodulated subcarrier,
which adds additional errors to the frame. Such erroneous
detection occurs with very high probability in the four M-
QAM symbols close to 0. Probability that wrong detection
occurs for any of the other symbols in the constellation is
low in comparison to the probability for those four. Those
four symbols encode bits which differ by only one bit on
average when the M-QAM constellation is Gray encoded.
Hence, in most of the cases only 1 bit will be wrong in
Bqawm for wrong subcarrier detection. This is especially true
for high SNR and high modulation order, M. Hence, the first
part of the BER contribution of Bqan is the same as in
(8). Whenever a subcarrier state is correctly determined, there
still exists the possibility that the QAM demodulation will
lead to errors. Subcarrier state detection is not independent
from the QAM demodulation process since both depend on
the same subcarrier value. However, the Gray mapping of
the constellation leads to very similar BER for all symbols,
especially for high SNR. This happens because symbols are
mostly mistaken for their neighbouring symbols. Hence, the
BER of M-QAM, MQAMpggg defined in [4], can be used
almost independently from the carrier state detection in (9)
in order to complete BERp,,, which is the contribution
of Bgam to the overall bit error rate. This assumption is
confirmed by numerical results in V and should become
more accurate as SNR increases since distributions converge
towards the original QAM constellation points. The final factor

indicates that the bits encoded by M-QAM are % of

BER o0 = Po ®)
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all the bits encoded in a carrier pair.
log, (M)

BER5qam = Po log, (M) + 1
()]

1
L pQAM
Togy(a0) 1 T T iMQAMeER

The final expression for the bit error rate of the modified SIM-
OFDM system is as follows:
BERsmv-orpm = BER ook + BER B Am (10)

V. NUMERICAL RESULTS

[ O SIM-OFDM 4QAM - Simulation
— SIM-OFDM 4QAM - Theory

| V SIM-OFDM 16QAM - Simulation
-|—SIM-OFDM 16QAM - Theory

O SIM-OFDM 64QAM - Simulation
-|—SIM-OFDM 64QAM - Theory

| 9 SIM-OFDM 256QAM - Simulation
| —SIM—OFDM 256QAM - Theory

o
o 10 F
@
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Fig. 4. Comparison between theoretical model and Monte Carlo simulations
for modified SIM-OFDM (L=2, L,=1) performance in the presence of
AWGN

The numerical simulations of the modified SIM-OFDM
were performed for L = 2 and L, = 1 in accordance with the
analysis in section IV. The results that compare the analytical
model with Monte Carlo simulations are presented in Fig.
4. The Monte Carlo simulations are obtained for 1000 SIM-
OFDM frames with errors.

In order to fairly compare SIM-OFDM with conventional
OFDM on a power-per-bit basis, each active carrier should
receive the energy of its M-QAM symbol and additional
energy to account for the bit encoded in the carrier states.
The comparison can be observed in Fig. 5. For the same
QAM modulation order, SIM-OFDM requires less energy per
bit than OFDM to achieve a target BER, which leads to an
energy gain. At the same time, M-QAM SIM-OFDM is less
spectrally efficient than M-QAM OFDM as illustrated in (2).
This decreases its performance for high orders of M. However,
SIM-OFDM effectively improves the BER performance when
high spectral efficiency is not required. For example, 4-QAM
SIM-OFDM produces a BER curve which is not achievable
by 4-QAM OFDM without the use of coding. SIM-OFDM
with less active carriers than the presented version — L = 2,
L, = 1 - has the potential to produce even more energy
efficient schemes.

-© OFDM 4QAM
7 OFDM 16QAM
-8 OFDM 64QAM
-©-OFDM 256QAM

—SIM-OFDM 4QAM
-+~ SIM-OFDM 16QAM
107k = SIM-OFDM 64QAM
¥ SIM-OFDM 256QAM|
2107 3
107 1
-
10°F 4
10’5 L L
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By 1
N, dB
Fig. 5. Comparison between modified SIM-OFDM (L=2, L,=1) and

conventional OFDM performance in the presence of AWGN

VI. PEAK-TO-AVERAGE POWER RATIO

Conventional OFDM modulation suffers from a high PAPR,
which can present a considerable problem to amplifier and
quantizer design in the system [4]. This aspect of SIM-OFDM
is worth discussing because the structure of the modified SIM-
OFDM frame leads to reduction of the PAPR, which is highly
beneficial especially in the context of optical wireless systems
where power is limited by eye safety regulations [5].

PAPR is defined as the ratio of the maximum achievable
power at any point in time, P,;,,, and the average power of
the signal, P, [4]:

PAPR = Duax

AVG

1)

The time domain signal, z[n], to be transmited in an OFDM
system is calculated as

j2mkn

;N
z[n] = I g X[kle™~

where X[k] is the value assigned to the &*P subcarrier. In
conventional OFDM, the peak power in time occurs at z[a]
when

12)

—j2nka
N

X[k =be ¥ be @ (13)

The complex exponential in (12) is cancelled by the complex
exponential in (13) and the result is a summation of N equal
complex numbers b. When two complex numbers with the
same power are summed, they yield a result with the highest
possible power when both numbers are the same. Fig. 6
illustrates the concept graphically. Hence, (13) guarantees a
peak value at z[a] when b has the highest possible power.
The maximum power is achieved at z[0] when each subcarrier
is modulated with the same constellation symbol with the
highest possible power. That symbol is marked as Sgp. Then
z[0] = V' NSup and z[0]z[0]* = NSupSup”. For a square
M-QAM modulation Sgp = (VM — 1) 4 j(v/M — 1) and
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Fig. 6. Graphical representation of sum of complex numbers with the same
power - [,m,p € C; [[|* = |m|* = |p|*; |21]> > |m + p|?

SupSup™ = 2(vVM —1)% [4]. Hence, the maximum power is
Pyax =2N(VM —1)2 (14)

The average power is equal to the average frame energy
divided by the number of points in time domain. The average
frame energy is equal to the average energy per carrier
multiplied by the number of carriers. The average energy per
carrier is equal to the average energy in an M-QAM symbol.
Hence, using [4],

F EQAM QAM

: ; -1
P _ Zave _ ave =FE_, = 3

AVG T N N (15)

From (14) and (15), the PAPR for conventional OFDM can
be calculated as

DO
=
=

pApR. - Pua _ 3N(VM —1)?  3N(VM - 1)
ore PAVG M-1 m+1 6
(16)

An alternative derivation of (16) can be found in [4].

In SIM-OFDM, a number of subcarriers are “switched off”,
i.e., set to 0. A complex exponential, however, never takes
the value 0; its power is always 1. Hence, it is not possible
to allocate all the signal energy at a single point in time
anymore. This already suggests a reduction of the peak power
value. Adding zeros to the expression in (12) only means that
a smaller number of complex numbers need to be summed
in order to obtain z[n]. They still need to have the highest
possible power and be the same due to the property of complex
numbers, described in Fig. 6. Hence, the peak value is achieved
at 2[0] when all active carriers are modulated with Syp. If N,
is the total number of active carriers, then

T 1\2 il
PAPR = \le _ 3Na(\/H 1) _ 3Na(\/H 1)
AVG M -1 \/ﬁ-‘r 1
19

Equations (17)-(19) are a generalization of equations (14)-(16)
for an arbitrary number of active carriers. The PAPR depends
on both the number of active carriers, expressed by N,, and
the way they are modulated, expressed by the ratio %ﬂ_l)
The best PAPR is achieved in Frequency Shift Keying (FSK)
because N, = 1 and there is no carrier modulation. The worst
PAPR is achieved in the case of conventional M/-QAM OFDM
when N, = N, and both N and M are as high as possible.
An advantage of SIM-OFDM over conventional OFDM comes
from the fact that in general it has less active carriers. For
example, M-QAM SIM-OFDM has half the PAPR when
compared to M/-QAM OFDM for any number of carriers.

VII. CONCLUSION

A modification of the recently proposed SIM-OFDM was
presented in this paper. The new scheme demonstrates im-
provement over conventional OFDM in terms of energy re-
quirement at low spectral efficiency. It is a potential technique
in the design of communication systems with a strong non-
linear characteristic where a low PAPR is required such as in
optical wireless communications where incoherent light from
off-the-shelf light emitting diodes is used to modulate data
[6]. An alternative application are uplink channels, where high
data rates are not of crucial importance, but energy efficiency.
SIM-OFDM can be beneficial in scenarios with a high density
of access points, for example in visual light communication
uplinks where sophisticated coding schemes require additional
design and processing complexity. Further research to inves-
tigate SIM-OFDM’s performance in comparison to different
coding methods and PAPR reduction techniques can fully
characterize it as a novel modulation scheme.
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Abstract—A novel modulation technique coined U-OFDM is
proposed. U-OFDM uses different time sample states and an
innovative rearrangement of the Orthogonal Frequency Divi-
sion Multiplexing (OFDM) frame which allow for the cre-
ation of unipolar OFDM signals required for Optical Wireless
Communication (OWC) with Light Emitting Diodes (LEDs). In
comparison to similar techniques like DC-biased Optical OFDM
(DCO-OFDM) and Asymmetrically Clipped Optical OFDM
(ACO-OFDM), U-OFDM is both optically and electrically more
power efficient in an Additive White Gaussian Noise (AWGN)
channel, which is prevalent in an optical wireless system.

I. INTRODUCTION

The demand for wireless data rates is growing exponentially.
It is forecast that globally in 2015 more than 6 Exabyte
of data will be sent through wireless networks per month
[1]. Continuously increasing amounts of data traffic have
led to new and refined wireless communication standards
that significantly improve the usage, and hence the spectral
efficiency of the scarce and limited radio frequency (RF) spec-
trum. Despite the improvements in current cellular standards,
the demand for mobile data throughput outstrips the supply
because the available RF spectrum is very limited. Hence, an
expansion of wireless communications into a new and largely
unexplored physical domain — the visible light spectrum — is
very appealing. The main advantages of an optical wireless
system are: (a) enormous amount of unregulated bandwidth,
(b) no licensing requirements, (c) low-cost front end devices,
and (d) no interference with the operation of sensitive elec-
tronic systems. Additionally, most of the existing lighting
infrastructure can be reused for communication, and there are
no known health concerns related to visible light as long as
eye-safety regulations are met.

The physical properties of LEDs and Photodiodes (PDs)
characterize a Visible Light Communication (VLC) system
as an Intensity Modulation/Direct Detection (IM/DD) system.
It means that only signal intensity and no phase and am-
plitude can be conveyed. This limits the set of modulation
schemes which can be employed. Techniques like On-Off
Keying (OOK), Pulse Position Modulation (PPM), and Pulse
Amplitude Modulation (PAM) can be applied in a straight-
forward fashion for the purpose of OWC. With the increase
of transmission rates, however, Intersymbol Interference (ISI)
becomes an issue. Hence, the usage of a more resilient
technique like OFDM becomes desirable. On one hand, it
allows equalization to be performed with single tap equalizers
in the frequency domain, which simplifies design. On the
other hand, OFDM allows different frequency carriers to be

adaptively loaded with bits according to the channel properties.
This improves performance, especially in channels where
signal attenuation is significant [2]. It is possible to generate
real OFDM signals by imposing Hermitian symmetry on the
carriers in frequency domain at the expense of half the spectral
efficiency. The bipolar nature of OFDM signals, however,
introduces an additional problem in VLC since LEDs can only
convey unipolar signals in light intensity. The issue can be
solved by introducing a DC-bias, which increases the power
requirement of the system and cannot be easily optimized for
any constellation size if Quadrature Amplitude Modulation
(M-QAM) is used to modulate the different OFDM carriers.
This technique is known as DCO-OFDM. A power efficient
alternative to DCO-OFDM is ACO-OFDM, which uses the
properties of the Fourier Transform and asymmetrical clipping
to create unipolar signals in time domain [3]. ACO-OFDM,
however, has half of the spectral efficiency of DCO-OFDM
and a 3 dB performance disadvantage for bipolar signals when
compared to OFDM [4]. A third novel modulation approach,
in which carrier states are used to convey information is
described in [5]. The idea is a modification for improved
performance of Subcarrier-Index Modulation OFDM (SIM-
OFDM) described in [6]. It has been developed in an attempt
to create a modulation scheme with inherently reduced Peak-
to-average Power Ratio (PAPR) for the purposes of VLC. The
newly proposed modulation scheme, U-OFDM, is inspired
by the concept from [5] in an attempt to close the 3 dB
gap between OFDM and ACO-OFDM for bipolar signals,
whilst generating a unipolar signal, which does not require
the biasing of DCO-OFDM for OWC.

The rest of this paper is organized as follows. Section II
provides a description of the U-OFDM modulation scheme
and its demodulator. Section III describes the new modulation
scheme’s performance in an AWGN channel. Section IV
presents a theoretical approach for assessing the performance
of the system. Finally, section V gives concluding remarks.

II. U-OFDM

A typical discrete real bipolar OFDM signal in time domain
is illustrated in Fig. 1. A DC shift can be added to the
signal, so that DCO-OFDM is obtained for optical wireless
communication. This is illustrated in Fig. 2. The DC bias
in this example is equal to the absolute value of the lowest
sample in the figure. In practice, OFDM has a very high PAPR.
The DC shift would have a typical value of a few standard
deviations of the original OFDM signal distribution, and any
remaining negative values would be clipped. The required bias

978-1-4673-0990-5/12/$31.00 ©2012 IEEE
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Fig. 2. Typical DCO-OFDM time domain signal

depends on the desired BER and constellation size as described
in [4]. In Fig. 2 it is easy to visualize that the power of the
signal is being increased by the DC shift when compared to
the original signal in Fig. 1.

Unipolar signals do not require a DC shift and lead to
higher power efficiency. ACO-OFDM is a state of the art
technique for achieving unipolar OFDM signals. As described
in [3], the method modulates only odd carriers in the OFDM
frame, which leads to a certain symmetry between positive and
negative values in time domain. In effect, all negative values
can simply be ignored and replaced with zeros. Any distortion,
caused by the clipping of the negative values, is projected on
the even carriers in frequency domain. The resulting unipolar
signal can be used for the purposes of OWC. By ignoring half
of the carriers in frequency domain, however, ACO-OFDM
has half the spectral efficiency of DCO-OFDM for the same
order of M-QAM modulation. In addition, ACO-OFDM has
a 3 dB disadvantage in power efficiency for bipolar signals
when compared to conventional OFDM for the same M-QAM
modulation order.

U-OFDM is a simple alternative technique which provides
the benefit of unipolar signals. The modulation process begins
with conventional modulation of an OFDM signal. After a real
bipolar OFDM signal such as the one in Fig. 1 is obtained, it
is transformed into a unipolar signal by encoding each time
sample into a pair of new time samples. If the original OFDM
sample is positive, the first sample of the new pair is set as
“active”, and the second sample is set as “inactive”. If, on the
other hand, the original OFDM sample is negative, the first
sample of the new pair is set as “inactive”, and the second

NO)

Sample pair encodes positive sign

0 N/5 10 15 t

Sample pair encodes negative sign

Fig. 3. A unipolar time domain signal

8(0)

: +

Fig. 4. U-OFDM time domain signal

sample is set as “active”. Active samples are set equal to the
absolute value of the original OFDM sample they correspond
to, and inactive samples are set to zero. That is how the signal
illustrated in Fig. 3 is obtained from the signal in Fig. 1. Fig.
3 only illustrates how the signs of the bipolar samples are
encoded in the position of the active sample in a pair. The
actual U-OFDM signal is obtained when the first samples of
each pair are grouped in their original order to form the so
called “positive” block while the second samples are grouped
in their original order to form the so called “negative” block.
The positive block is transmitted first and the negative block
is transmitted second. That is how the signal illustrated in
Fig. 4 is obtained. It can be used for transmission through
the LED. The idea behind the rearrangement procedure is
to obtain two blocks which can be linearly combined in
order to obtain the original bipolar OFDM signal. This is
done so that when both blocks are transmitted through an
IST channel, their frequency components will be attenuated in
the same way. The linear recombination will ensure that the
symbols encoded in the frequency components of the original
bipolar OFDM signal will be subjected to the same attenuation
effects by the channel. Cyclic prefixes are not illustrated in
the given example. Since the length of the OFDM frame is
doubled, the spectral efficiency of U-OFDM is about half
the spectral efficiency of DCO-OFDM and the same as the
spectral efficiency of ACO-OFDM. There is a necessity for
a second cyclic prefix to separate the positive and negative
blocks. However, for a large number of carriers its influence
on the spectral efficiency will be negligible.

Once the U-OFDM signal is received, there are two ways
in which it can be demodulated. The first way consists of
subtracting the negative signal block from the positive one,
and afterwards continuing the demodulation process with
conventional demodulation of an OFDM signal since the result
of the subtraction would be identical to the original bipolar
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OFDM signal. When demodulated this way, the proposed
scheme performs 3 dB worse than bipolar OFDM for the
same M-QAM modulation order. This is due to the fact
that the subtraction of the negative block from the positive
one effectively doubles the AWGN variance at each resulting
point. The U-OFDM performance is exactly the same as the
reported performance of ACO-OFDM in [4]. An alternative
demodulation method allows for a significant improvement of
the scheme performance. Each pair of samples as illustrated
in Fig. 3 encodes the amplitude and the sign of the original
bipolar sample. If the receiver is able to detect which is the
active sample in a pair, it can successfully guess the original
sign and simply discard the passive sample since it carries
no further information. This procedure is ideally expected to
remove about half of the noise variance, and hence improve
the performance. A simple and efficient way to achieve this
is by comparing the amplitudes of the samples in each pair
- the one with higher amplitude will be marked as active.
A similar approach for ACO-OFDM demodulation has been
reported very recently by Asadzadeh et. al. in [7].

III. U-OFDM PERFORMANCE

Performance of U-OFDM has been simulated in an AWGN
channel. No fading is observed in IM/DD systems, and so
the AWGN channel is a sufficient model for the evaluation of
optical wireless systems. The rest of this work presents only
the performance of the improved demodulation scheme for U-
OFDM since the other case completely resembles the behavior
of ACO-OFDM and is trivial. For comparison purposes the
quantities electrical energy per bit (F}, clec) and optical energy
per bit (F}, opt) are introduced in [4] as the average electrical
and optical energy per bit consumed in the system. Then
Electrical Signal-to-noise Ratio (SNRgjec) and Optical Signal-
to-noise Ratio (SNR,p;) would be defined as

SNRy, — Zbictee )
Ey opt
SNRpt = —N‘:’ @

where N, /2 is the variance of the AWGN. The bit error rate

-4-U-OFDM 4QAM |
~9-U-OFDM 16QAM
=©-U-OFDM 64QAM
-8-U-OFDM 256QAM
- U-OFDM 1024QAM
-A-OFDM 4QAM
-6-OFDM 16QAM
~©-OFDM 64QAM
-B-0FDM 256QAM
#-OFDM 1024QAM

A ACO 4QAM

¥ ACO 16QAM

0 ACO 64QAM

B ACO 256QAM

* ACO 1024QAM

No dB

Fig. 5. U-OFDM vs OFDM and ACO-OFDM for bipolar signals
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U-OFDM vs DCO-OFDM performance for different values of

(BER) performance of U-OFDM as a function of SNReje is
compared to the performances of OFDM and ACO-OFDM
for bipolar signals in Fig. 5. The theoretical BER curves of
M-QAM are used for the performance of OFDM, and the
same curves with a 3 dB shift are used for the performance
of ACO-OFDM in agreement with the analysis from [4]. The
new improved ACO-OFDM demodulation technique from [7]
is not taken into account. The curves for the improved U-
OFDM are obtained with Monte Carlo simulations. The sim-
ulations are conducted for 1024 carriers per U-OFDM frame.
As expected, U-OFDM cannot surpass conventional bipolar
OFDM for the same M-QAM modulation due to the additional
detection of active samples in time domain which is not always
perfect. However, it has noticeably better performance than
ACO-OFDM of the same modulation order. The performance
improvement reaches almost 3 dB for higher order M-QAM
modulation where U-OFDM approaches conventional OFDM.
The difference between U-OFDM and ACO-OFDM curves
also illustrates the reduction of the required power caused by
the improved demodulator. The performances of U-OFDM and
DCO-OFDM are compared in Fig. 6. ACO-OFDM creates
unipolar signals. Therefore, its performance does not need
to be considered again. The BER curves are plotted against
SNRejec. The energy consumed by DCO-OFDM depends on
the choice of a biasing point. Consistence with the work
presented in [4] will be kept for comparison purposes. Hence,
the DC shift of DCO-OFDM is defined in [4] as

Bpc = k+/E[S2(t)]

where S(t) is the bipolar OFDM signal in time domain before
the shift and k denotes the ratio of the DC shift and the stan-
dard deviation. This is defined in the same work as a bias of
10log,o(k? + 1) dB. In consistence with the work in [4], bias
levels of 7 dB and 13 dB are chosen for DCO-OFDM. They
are not necessarily the optimum biasing points for the different
modulation orders. Estimation of the optimum biasing points
and a better comparison is a subject of further research. The
spectral efficiency of U-OFDM is half the spectral efficiency of
DCO-OFDM. That is why the orders of M-QAM modulation
are chosen such that the spectral efficiencies of U-OFDM and
DCO-OFDM are the same. For example, 16-QAM U-OFDM

3
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should be compared to 4-QAM DCO-OFDM, 64-QAM U-
OFDM should be compared to 8-QAM DCO-OFDM, etc. For
a BER = 107%, U-OFDM performs better or the same as
DCO-OFDM in all the presented cases.

In order to compare the optical efficiencies of the systems,
we adopt the conditions,

PYO = E[Spco(t)] =1 @
Py =E[Su(h)] =1 )

for consistency with the work done in [4] where subbscripts
DCO and U denote time domain signals of DCO-OFDM and
U-OFDM respectively. Po?ffo and PO%L stand for the average
optical power of the DCO-OFDM and U-OFDM time domain
signals. If these conditions are fullfilled, by using [4], we can

write

BRSS K BN "
N, 1+k2 N,
E}[)J,(th _ l El[)j,elec (7)
N, T N,

Using the relations defined in (6) and (7), the performances
of U-OFDM and DCO-OFDM for different values of SNRqp¢
are compared in Fig. 7. U-OFDM surpasses DCO-OFDM in
performance for all presented cases, regardless of BER.

It should be noted that the relations in (6) and (7) are only
true for the conditions in (4) and (5). The relationship between
optical and electrical power efficiency of the system changes as
the average power of the signal is varied. The previous remark
about the optimum biasing levels of DCO-OFDM applies in
this case as well.

IV. THEORETICAL PERFORMANCE OF U-OFDM

A theoretical approach for analyzing the performance of the
improved demodulator for U-OFDM in an AWGN channel
is presented in this section. In the context of the following
mathematical formulas, o, is the standard deviation of the
AWGN, i.e., 0, = \/N,/2, 05 is the standard deviation of the

real OFDM signal, S(t), before it is encoded in U-OFDM, i.e.,

0s = \/Eb elec logy (M) /2, sgn(s) is the sign function, i.e.,

-1 ifts<0
sgn(s)=40 ifs=0 (©))
1 ifs>0

¢(z) is the standard normal distribution probability density
function, i.e.,

b(z) = ——e=% ©)

and Q(z) is the tail probability of the standard normal distri-
bution, i.e.,

L [T 44 10
= — 2

Q) = o= / e du (10)
Modeling a U-OFDM system analytically is a cumbersome
task due to the fact that during demodulation each individual
sample in time domain is subjected to a different nonlinear
transformation, which depends on two independent random
variables from the AWGN. As a starting point, we look at the
statistics of the value of a correctly detected active sample,
which is a random variable. The mean of that variable can be
viewed as a nonlinear transform to which the original S(t)
sample, s, is subjected. That function has the following form:

s —sgn(s) [T, = (T;M) Q (al> do

Ioe () (1-e(2))a

In addition, the variance of the correctly detected sample has
the following value

oo g2 z—|s z
Lege(F) (1-e(@)e
T (=) (e (2))a ~Jels) (12)
—00 On On On
Due to the Central Limit Theorem (CLT), that variance will
be part of the variance of the AWGN in frequency domain
after the Fast Fourier Transform (FFT) is performed in the

demodulation process. For the incorrectly detected active
sample, the mean and variance have the following form

sen(s) [, 20 () Q () aw

c\8) =

an

ve(s)

RO e [
s (@) e (),
vy (8) = = ,%nfzb ((%n) (1 ~Q (I%M)) dz fau(s)

(14)

Using the Bussgang theorem, introduced in [8], a Gaussian
random variable, X, subjected to a nonlinear transformation,
f(X), has the following properties

f(X)=aX+Y (15)
E[XY]=0 (16)
« = const. 17)

206



Selected Publications

Based on these properties, the constant o and the variance
of the noise Y are calculated for the two separate cases we
have defined:

[Zeste(9) 2o (£) as
o = = (18)
ye = B[V?) = / T e Lo (—) ds—a20?  (19)
—c0 [ Os
ffooc sfw(s)d%¢ (f) ds
= = 0)

s

yo = E[VZ] = /Z S29)5-0 ( :

Os

) ds—a20?2 (1)

The variance of Y will also be added to the variance of the
AWGN in frequency domain. The variances in (12) and (14)
are given as functions of the realization of the signal S(¢). On
average they will be equal to

o= [ g () as
o 1 K
Uy = /_OO vw(s)o—sqb (U—Z) ds

The probability for correct detection of an active time

sample, d., is
2 s s
— — —— | ds
/O US¢<US>Q<\/§Un>

For a large number of samples in a U-OFDM frame, the
number of correctly and incorrectly detected active samples
will have a ratio which corresponds to the probabilities for
correct and incorrect detection. Hence, the average gain factor,
@, and the average noise variance in frequency domain, N,
become

(22)
and

(23)

de

(24)

a=dcoe+ (1 —de)ay (25)

N = de(Ve +ye) + (1 — de) (Vw + ) (26)
azE elec

SNRgjec = % @7

The achieved average SNRjec from (27) can be plugged in
the well-known formula for AM/-QAM BER performance [9].
Hence, the performance of U-OFDM can be calculated as

95
BERy = BERqau <a%>

(28)

The comparison between theoretical model and Monte Carlo
simulations of the system performance is presented in Fig. 8.
There is good agreement between the presented model and the
conducted simulations.

Fig. 8.
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Theoretical U-OFDM performance vs. Monte Carlo simulations

V. CONCLUSION

A novel multicarrier modulation scheme for optical wireless

communication has been presented in this paper. The new
scheme demonstrates improvement over some known mul-
ticarrier schemes for OWC. It provides the same benefits

as

the already known ACO-OFDM modulation scheme as

well as an improved demodulation scheme for better power
efficiency in an AWGN channel. When compared to DCO-
OFDM, it shows better performance in terms of BER for the
presented scenarios. The current work additionally provides a
good theoretical analysis for the performance of the presented
scheme in an AWGN channel.
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Abstract—This paper discusses the issue of pulse shaping in
unipolar orthogonal-frequency-division-multiplexing-based mod-
ulation schemes for intensity modulation/direct detection systems.
Three previously presented schemes, asymmetrically clipped
optical OFDM, pulse-amplitude-modulated discrete multitone
modulation, and unipolar orthogonal frequency division multi-
plexing, are investigated. The current work demonstrates how
both unipolar and bipolar pulse shapes can be used for the
generation of unipolar continuous-time signals.

I. INTRODUCTION

Wireless data traffic is increasing exponentially [1]. Despite
the continuous improvements in wireless communication tech-
nology, it is expected that the future demand cannot be met
because the radio frequency spectrum has been almost com-
pletely utilised. A potential solution to the emerging problem
is the development of optical wireless communication. Main
advantages of an optical wireless system are: (a) a lot of
unregulated bandwidth, (b) license-free operation, (c) low-cost
front end devices, (d) no interference with the operation of
sensitive electronic systems, (e) reuse of the existing lighting
infrastructure, and (f) no health concerns related to visible light
as long as eye-safety regulations are met [2].

The physical properties of light emitting diodes (LEDs) and
photodiodes (PDs) characterise a visible light communication
(VLC) system as an intensity modulation/direct detection
(IM/DD) system. In other words, only signal intensity and no
phase or amplitude can be conveyed. This fact limits the set
of modulation schemes which can be employed. Techniques
like on-off keying (OOK), pulse-position modulation (PPM),
and pulse-amplitude modulation (PAM) can be applied in
a straightforward fashion. With the increase of transmis-
sion rates, however, intersymbol interference (ISI) becomes
an issue. Hence, a more resilient technique like orthogonal
frequency division multiplexing (OFDM) becomes desirable.
Conventional OFDM signals are complex and bipolar in
nature. It is possible to generate real OFDM signals by
imposing Hermitian symmetry on the carriers in frequency
domain at the expense of half the spectral efficiency [2].
The bipolarity of signals, however, introduces an additional
problem in VLC since LEDs can only be modulated with
strictly positive signals. The issue can be solved by introducing
a DC-bias, which increases the power dissipation of the system
and cannot be easily optimised for all constellation sizes of
quadrature amplitude modulation (M-QAM) used to modu-
late the different OFDM carriers. This technique is known
as DC-biased optical OFDM (DCO-OFDM). Three power-
efficient alternatives to DCO-OFDM have been proposed in

previous works: asymmetrically clipped optical OFDM (ACO-
OFDM) [3], pulse-amplitude-modulated discrete multitone
modulation (PAM-DMT) [4], unipolar orthogonal frequency
division multiplexing (U-OFDM) [5]. They use different prop-
erties of the OFDM frame for generation of unipolar signals,
which do not require DC-biasing and achieve better power
efficiency. To the best of our knowledge, all three techniques
have been discussed in the context of digital signal processing
without special consideration of the pulse shaping necessary
for the generation of continuous-time bandlimited signals.
The current work will focus on this issue and demonstrate
that while special considerations need to be taken in the
signal generation process, all the modulation concepts can be
realised with commonly used pulse shapes. DCO-OFDM is
not considered in this paper since it does not have the same
issues because unipolarity is achieved through biasing in the
analog domain.

The rest of this paper is organised as follows. Section II
provides a description of the unipolar modulation schemes.
Section III describes the problem which arises when bipolar
pulses are used for the generation of a continuous-time signal
and how it can be avoided. Section IV gives a theoretical
justification to the solution proposed in Section III. Section
V presents numerical results to confirm the theory. Finally,
section VI gives concluding remarks.

II. UNIPOLAR MODULATION SCHEMES
A. ACO-OFDM

ACO-OFDM was introduced in [3]. In this scheme only odd
subcarriers are modulated in frequency domain, which creates
a certain symmetry in time domain. In general, if s(k,n) is
the contribution of subcarrier S[k] to the sample at time n,
then [3]

1 j2mnk
s(k,n) = S[kle Ve
(k) = =51
N, 1 427 (n+Negy /2)k
s(k,n+ %): o S[kle N =
1 j2mnk
= Slkle Nie Ik 1
vV N [k M

If k is odd, s(k,n) = —s(k,n + Nm/2), and if k is even,
s(k,n) = s(k,n + Ng/2). Then, if only the odd subcarriers
in an OFDM frame are modulated, the time domain signal,
s[n], has the property

s[n] = —s[n + Ne /2] 2
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If only the even subcarriers in an OFDM frame are modulated,
the time-domain signal has the property

s[n] = s[n + Ng /2] 3

Due to the orthogonality of the complex exponential functions,
the property in (2) implies that only the odd subcarriers contain
information, and the property in (3) implies that only the
even subcarriers contain information. Clipping at zero of an
arbitrary time-domain signal, s[n], can be represented as

CLIP(s[n]) = %(s[n] +{sfn]l) @)
Because only the odd subcarriers are modulated in ACO-
OFDM, equation (2) applies to the scheme. Therefore, s[n] =
—s[n+ N /2]. Then |s[n]| = |s[n+ Ng/2]|. Hence, the clip-
ping distortion |s[n]|, described in (4), possesses the property
in (3) and falls on the even subcarriers only. The factor %
is consistent with the halving of the amplitudes, described in
[3]. An additional factor of v/2 should be used to preserve the
amount of dissipated power, which would lead to an overall
signal-to-noise ratio (SNR) penalty of 3dB. This simple proof
is an alternative to the one presented in [3].

B. PAM-DMT

PAM-DMT was introduced in [4]. It modulates the carriers
of an OFDM frame with symbols from the PAM modulation
scheme, which are multiplied by j = v/—1, and thus made
imaginary. Due to the Hermitian symmetry in frequency do-
main of the OFDM frame, the PAM-DMT time-domain signal
becomes [4]

1 N”i_l j2mkn
sln] = — Slkle N =
V&
Negg—1
1 27kn 2mkn
= — S[k] | cos + jsin =
\/N(-rt ,;O [ ] ( Ni—ft J fot )
Nege—1
27kn
= — jS[k] sin —— 5)
vV N ,; [k N (

The structure of PAM-DMT exhibits an antisymmetry where
s[0]=0, s[Ng/2]=0 if Ng is even, and s[n]=— s[Ng — n].
This means that |s[0]|=0, |s[Ng/2]|=0 if Ng is even, and
|s[n]|=|s[Na — n]|. Therefore, after the clipping operation,
described in (4), the distortion term |s[n]| will possess Hermi-
tian symmetry in time domain. This means that in frequency
domain, the distortion will be translated into a real signal.
Hence, it will be completely orthogonal to the original signal.
The authors of [4] have not formally completed this proof.
However, with the representation of clipping in (4), it is rather
straightforward as presented here.

C. U-OFDM

U-OFDM was introduced in [5]. However, the authors in [6]
present a very similar concept as Flip-OFDM. In the context of
this work, the scheme will be referred to as U-OFDM. The idea
is to separate a bipolar OFDM frame in two separate frames
- positive and negative. The positive frame is a copy of the
bipolar frame, where all negative values have been replaced

with zeros. The negative frame is a copy of the bipolar frame
where all samples are multiplied by —1, and again the negative
ones are replaced with zeros. Therefore, the positive frame
conveys the positive values in a unipolar positive signal, and
the negative frame conveys the negative values in a unipolar
positive signal. At the demodulator, they can be recombined
by subtracting the negative frame from the positive one.

II1. PULSE SHAPING

Pulse shaping is used in communication systems for the
generation of continuous-time signals that possess specific
characteristics. A simple pulse shape is the Boxcar filter (a
square pulse that corresponds to the zero-order hold function
of a digital-to-analog converter (DAC)) [7]. It is easy to
implement and simple to work with. However, it requires
infinite bandwidth, which is very wasteful in wireless commu-
nications. The most spectrum efficient pulse shape is the sinc
function sinc(t) = % [7]. However, it has a long impulse
response, which is prone to ISI due to time jitter and is hard to
realise. That is why, the raised-cosine filter and its modified
version the root-raised-cosine filter present a more practical
alternative. In addition, other pulse shapes like the hat function
(a triangular pulse that corresponds to linear interpolation of
samples) and the Gaussian filter exist. To the best of our
knowledge, pulse shaping has not been considered for the
schemes presented in Section II. It, however, is an integral part
of any communication system and raises additional questions
regarding the signal properties in the context of ACO-OFDM,
PAM-DMT, and U-OFDM.

The three modulation approaches as presented in [3], [5],
and [4] describe the process of generating a discrete unipolar
signal. Discrete signals cannot be directly translated into
continuous signals with the same properties if the bandwidth is
limited. A continuous-time signal, s(t), can be represented as
a superposition of different copies of the pulse-shaping filter’s
impulse response, p(t), scaled by the samples of the discrete-
time signal, s[n]. It is presented in (6) where F indicates
the frame order, s[n, F] indicates the discrete signal s[n] in
frame F', Ng; indicates the number of fast Fourier transform
(FFT) points in a single frame, N, indicates the length of
the cyclic prefix, which is formed by the last N, points
of s[n, F)]. It is assumed that the phase is known, so F=0
corresponds to the current frame, and ¢=0 corresponds to the
first sample position. If p(t) is bipolar, and s[n] is unipolar,
s(t) will tend to be bipolar as well. That is why, bipolar
pulse shapes like the sinc function and the root-raised-cosine
filter cannot be applied in a straightforward way to unipolar
discrete-time signals. Unipolar shapes like the Boxcar filter,
the hat function, and the Gaussian filter, can easily generate
unipolar signals, but raise questions about how bandwidth
efficient they are as well as how match filtering would be
applied without generating intersymbol interference. The root-
raised-cosine filter is a very practical pulse-shaping technique,
which completely avoids ISI if there is no time jitter and
provides an easy way to do match filtering. That is why, it
will be used as the shaping pulse in the context of this paper.
Fig. 1(a) illustrates the continuous-time signal generated by
shaping a unipolar discrete ACO-OFDM signal with a root-
raised-cosine filter. The result has negative values. This can be
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oo Nege—1 Niege—1
s(t)= Z Z s[n, F]p(t—F (Ngt+Nep) Ts— (n— N ) Ts)+ Z s[n, Flp(t—F (Ngs+Nep) Ts—nTy) (6)
F=—o00 \n=Ntt;—Ne¢p n=0
amended by introducing a DC-bias as in Fig. 1(b). However, it 5 5
would increase the average power consumption approximately
by 3dB, which would greatly reduce the power efficiency of
the scheme. Alternatively, the negative values could be clipped,
but this would lead to the distortion illustrated in Fig. 2(a). The =, <0
other two schemes PAM-DMT and U-OFDM have exactly the =
same problem with a very similar performance degradation.
6 6 . 5
5 5 0 20 40 60 0 20 40 60
@ T OIS
4 4
3 3 Fig. 3. (a) Discrete bipolar ACO-OFDM signal, shaped with a root-raised-
\:«2 \}2 cosine filter. (b) Signal from (a), made unipolar through clipping.
1 1 - 5
0 0 between the different OFDM frames. Hence, the portion of
the continuous-time signal at the transmitter, which is relevant
o : . . 7 .
0 FpNT @ 0 . W o  for sampling of the current frame, F'=0, at the receiver, can
@ T () be expressed as:
Fig. 1. (a) Discrete unipolar ACO-OFDM signal, shaped with a root-raised- N L N L
cosine filter. (b) Signal from (a), biased to avoid clipping distortion. S(f) = ZS [n]p(t*(”*NF&)TS) + ZS[W/]p(t*”TS)Jr
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Fig. 2. (a) Distortion in the 16-QAM constellation after clipping negative
values of the continuous-time signal. (b) Distortion in the 4-PAM constellation
after clipping negative values of the continuous-time signal.

The rest of this paper will show that a bipolar pulse shape like
the root-raised-cosine filter can be used without performance
degradation in the previously described unipolar schemes if
the discrete-time signal is kept bipolar and clipping is done
after the pulse shaping operation. Fig. 3(a) illustrates a bipolar
discrete ACO-OFDM signal shaped with a root-raised-cosine
filter. Fig. 3(b) presents the signal, clipped after the pulse
shaping operation. The next section shows analytically why
the wave form from Fig. 3(b) retains the modulation concepts
described in Section II, and distortion is avoided.

IV. CONTINUOUS-TIME ANALY SIS

The complete continuous-time signal is presented in (6).
Assume that the channel impulse response is causal, h(t<0) =
0, and that the cyclic prefixes completely remove the ISI

Nige —Nep+NZ,—1

DY

n=Ngg —Necp

s[n, 1]p(t_(fot+N6p)Ts_(n — Niw)Ts)

(N
where N[, is the length of the cyclic prefix sufficient to
remove the effects of p(¢), and s[n] = s[n, 0]. The continuous-
time signal relevant for sampling the first NQ‘“ points of the
current frame can be expressed as

Nigg—1 Nige /2—1
si(t)= Y slplt—(n—Ne)Te) + Y snlp(t—nTy)+
n=~Nrgpt —Nep n=0

Nige /2—14+NF,

DY

n=Nis /2

sln]p(t—nTy) ®

The continuous-time signal relevant for sampling the second

NQ“‘ points of the current frame can be expressed as

Nire /21 N —1

Z s[n]p(t—nTs) + Z s[n]p(t—nTs)+
n=~Ngg /2—Nep n=Niz; /2
fot_Nc;)+N§p_1

DY

n=N¢g — Nep

S2 (t) =

s[n, Up(t—(Nge+Nep)Ts—(n — Na ) T)

©
The continuous-time unipolar signal, ready for transmission,
can be expressed as

sc(t) = V2CLIP (s(t)) = % (s(t)+|s(®)]) (10)
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Therefore, at the receiver, the samples of a given frame after
match filtering can be expressed as

8uln] = (sc(t) * h(t) +n(t)) * ()] =y, =

= (5 0+ 1o o) 101} +00

S

t=nTy
L5 1O+ s () #h(2)+n(t) ) p(t)|
(s2(0)+|s2(D)]) =h(B)+n(t) ) p(0)|
1

where * denotes convolution and n(t) denotes additive white
Gaussian noise (AWGN). The cyclic prefix is sufficient to
remove interference and to turn the continuous-time convo-
lution with the channel, h(t), into a circular convolution in
discrete time, which can be completely reversed by equalisa-

tion. Hence, assuming the channel can be perfectly estimated,
the equalised samples at the receiver can be expressed as

8[n] = (se(t) +n() * p(t)|—pr, =

1
~ (5 O+ 10D+ al®)) 510

t=nT;
_ (23 rO+ls1(6)) +n()) + p(t)‘t:nn n<Ne
(& a0 +sa)) 4n(0) pn)] _ N <
(12)

A. ACO-OFDM

From the properties of ACO-OFDM, s[n] = —s[n+ Ng:/2].
Hence, in this scheme s1(t) ~ —sa(t + N;“TS) except for
the third terms in (8) and (9). The differences appear due
to the noncausal nature of p(¢) but are not significant when
NB, << Ng. This also implies [s1(t)] ~ |sa(t + 22T3)].
At the receiver, the distortion term in the first N2‘“ points,

\/ii|sl(t)| * h(t) * p(t)’nTs, is the same as the distortion term
. N, .
in the second =& points, %\sz(tﬂ * h(t) % p(t) e because

Is1(t)] & |s2 (t + 2eTy)|. Hence, distortion will fall on the

even subcarriers as in (3).

B. PAM-DMT

From the properties of PAM-DMT, s[n] = —s[Ng — n].
Hence, using the representations in (8) and (9), s1(t) =~
—so(NmTs — t). Differences are observed between the first
term in (8) and the third term in (9) as well as between a
single point in the third term of (8) and a single point in the
first term of (9). The differences appear due to the noncausal
nature of p(t) but are not significant for N&, << Ng. This
also implies |s1(t)| ~ |s2(NgTs — t)|. The impulse response
of the pulse-shaping filter is even. Therefore, p(t) = p(—t).
Hence, a closer look at equation (12) shows that the distortion

term after equalisation, formed by ﬁ [s1(t)| * p(t) and

t=nTs
\/L§|.92(t)| * p(t) , keeps its Hermitian symmetry, and so
it is orthogonal to the useful information as described in
Section II-B.

C. U-OFDM

The U-OFDM bipolar discrete signal is encoded in two
consecutive frames. The continuous-time bipolar part of s(t)
which needs to be sampled for the positive frame can be ex-
pressed before transmission as s, (t) in the form of equation
(7). The continuous-time bipolar part of s(¢) which holds the
information of the negative frame can be expressed in the same
form as Sy (t). If sup[n] are the original bipolar samples of the
positive frame, and s, [n] are the original bipolar samples of
the negative frame, then by design syp[n] = —sun[n]. Hence, a
closer look at equation (7) shows that s, (t) = —sun(t) except
for the third terms in the summation. The differences appear
due to the noncausal nature of p(t) but are not significant when
NJ, << Npg. Then, after match filtering at the receiver, the
samples of the positive frame and the samples of the negative
frame become respectively

Sraplnl= (1 (5up () + Jsup(B)]) = h(t) + m(t)> ()

2 t=nTy
(i3)

S = ls s * n *
funln]= (5 sun0) + un ) #0412 ) w000
(i%

where ni(t) and no(t) are two independent identically-
distributed instances of the AWGN process. The bipolar sam-
ples at the receiver can be reconstructed by subtracting the
samples of the negative frame from the samples of the positive
frame

Shb [TL] = §hup [’TL] - §hun[n] =

= <% (Sup(t)—sun(t)) * lz(t)Jrnl(t)fng(t)) * p(t)

t=nT}

s)
The nonlinear distortion terms % |sup(¢)] * h(t) *p(t)!t:nﬂ
and L[sun(t)] = A(t) *p(t)!t:nTs are equal and so are com-
pletely removed by the subtraction operation. The noise dou-
bles as shown in [5] and [6].

For all three schemes, a cyclic suffix with length NJ, could
be added at the end of each frame to counter the effect of
subsequent frames and remove the ISI and resulting distortion
due to the noncausal impulse response of the pulse-shaping
filter. The value of N, depends on p(t).

V. NUMERICAL RESULTS

Monte Carlo simulations with 16-QAM ACO-OFDM, 16-
QAM U-OFDM, and 4-PAM PAM-DMT have been conducted
in order to confirm the theory from Section IV. Figs. 4(a)-
4(c) present the results for Ng=64 and a cyclic prefix with
length N.,=5. The channel has been assumed flat with gain
1. As can be observed from the examples, the original signal
is almost completely recovered if clipping is done after the
pulse shaping. Nevertheless, some distortion is still present due
to the noncausal impulse response of the shaping filter. Figs.
4(d)-4(f) present the results for Ng=64 and the addition of
a cyclic suffix with length N5 =5. The cyclic suffix improves
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(a) 16-QAM ACO-OFDM with a prefix only. (b) 4-PAM PAM-DMT with a prefix only. (¢c) 16-QAM U-OFDM with a prefix only. (d) 16-QAM

ACO-OFDM with a prefix and a suffix. (e) 4-PAM PAM-DMT with a prefix and a suffix. (f) 16-QAM U-OFDM with a prefix and a suffix.

TABLE I
SDR VALUES FOR 16-QAM ACO-OFDM, 16-QAM U-OFDM, AND 4-PAM PAM-DMT FOR DIFFERENT NUMBER OF FRAME CARRIERS

N ACO-OFDM SDR [dB] PAM-DMT SDR [dB] U-OFDM SDR [dB]
fft | "Prefix Only | Prefix & Suffix | Prefix Only | Prefix & Suffix | Prefix Only | Prefix & Suffix
16 3543 58.06 37.17 60.35 36.69 57.71

64 41.18 63.48 42.88 6533 42.92 62.88

256 47.16 67.65 48.21 69.19 47.96 67.66

the recovered signal as expected. We define signal-to-distortion
ratio (SDR) as

E [S?[k]]
B (141~ S1K)]

where S[k] denotes the distorted carrier values after pulse
shaping and clipping, E[] denotes expectation. Table I shows
the SDR for a varying number of carriers, Ng. It also shows
the SDR for cases with and without a suffix. Increasing the
number of carriers improves the SDR as the influence of
subsequent frames becomes a smaller part of the overall signal.
Adding a cyclic suffix improves the SDR significantly as it
removes a big portion of the ISI caused by the pulse-shaping
filter.

SDR = (16)

VI. CONCLUSION

Pulse shaping is an integral part of a communication system.
Pulse shaping filters differ in terms of bandwidth requirements,
ISI, and polarity. Discrete unipolar signals require unipolar
pulse shapes to avoid bipolarity without additional power
dissipation. If pulse shaping is applied before clipping, bipolar
pulse-shaping filters can be used for the three modulation
schemes ACO-OFDM, U-OFDM, and PAM-DMT, and in-
band interference can be avoided. The structure of the interfer-
ence terms suggests that even out-of-band interference could

be avoided between systems that employ the same modulation
concept. This could be a subject of further investigation.
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Abstract—Multiple-input-multiple-output systems provide a
potential approach for achieving high communication capacities
in optical wireless. A small amount of publications based on
different scenarios are available. The current work will illustrate
that a very good distribution of communication capacity can
be achieved for certain configurations. In particular, we look at
angle diversity receivers which are able to successfully identify
transmitter directions. The investigated scenarios include 4x4 and
16x16 multiple-input-multiple-output configurations.

I. INTRODUCTION

Solid state lighting has seen remarkable improvements over
the past two decades. Energy-efficient illumination devices
such as light emitting diodes (LEDs) have gained large pop-
ularity due to the cheaper and superior lighting capabilities
they provide. More than that, they offer good modulation
capabilities, around 2 MHz for white light and up to 20 MHz
for blue light [1], which enable high speed data transmission.
This development has come at a point in time when demand
for data traffic is growing exponentially. It is estimated that
by 2015 more than 6 exabytes of data would be transferred
through wireless networks [2]. Despite the great improvements
in communication standards and electronics, the satisfaction of
this demand is deterred by the limited available bandwidth.
The radio frequency (RF) spectrum has been almost com-
pletely utilised. At a certain point, it would be physically
impossible to increase signal speeds unless a new physical
domain - such as the optical spectrum - is utilised. This part of
the spectrum has further benefits. It offers thousands of times
more bandwidth; it is unregulated; it does not interfere with
sensitive electronic equipment; it has no anticipated negative
effects on human health, and systems can be built with low-
cost front-end devices which are increasingly employed in the
lighting infrastructure anyway.

The concept of multiple-input-multiple-output (MIMO) sys-
tems comes from RF communication where the communica-
tion environment subjects the transmitted signals to a number
of physical phenomena like fading, refraction, reflection etc.
These effects decorrelate the gain and phase between different
antenna elements at the receiver and the transmitter which
allows information to be successfully divided into different
streams. The modulation speeds of off-the-shelf LEDs, 2-20
MHz [1], and the significantly higher coherence bandwidth
of indoor optical wireless channels make MIMO a very
good candidate for achieving high speed data transmission.

The current state of commercial optical components allows
optical wireless to be realised as an intensity modulation/direct
detection (IM/DD) system. In such a realisation, the phase of
optical waves cannot be reconstructed leading to the usage of
signal intensity as the only means to convey information. In
addition, the rather small propagation environments of indoor
optical wireless lead to very similar channel gains between
front-end devices which are close in space and thus lead to
very low channel diversity. Overall, MIMO in optical wireless
communication (OWC) is challenging to translate from the RF
domain.

A limited number of publications are available on the
subject of optical MIMO systems [3]-[5]. Two types of optical
MIMO realisations can be identified based on their receiver
configuration: non-imaging and imaging [3]. In an imaging
system, a single lens projects an image of each transmitter on a
matrix of photodetectors. The high diversity, resulting from the
large number of receiving elements, creates a full-rank channel
matrix, and so the information can be successfully recovered
[6]. This approach has certain limitations when unconstrained
movement needs to be allowed within the communication
space [3]. Individual detector elements would have small gains
especially when combined with large field of view (FOV)
optics. Furthermore, we believe that the single imaging lens
leads to limitations in the receiver shape, which we believe is
going to be crucial for systems with good coverage and inde-
pendent communication streams. Systems with a nonimaging
receiver have a number of optical detectors which operate
independently and have individual concentrator optics. The
benefit of this approach is that large gains can be achieved
for individual receiving elements with narrow FOV [7]. The
disadvantage of such a configuration is that it is very sensitive
to misalignment of the frontend elements.

O’Brien concludes in [8] that the “ideal” MIMO system will
probably be a compromise between imaging and nonimaging
configurations. We agree with this conclusion and suggest that
a compromise could be found in angle diversity receivers,
which employ a number of nonimaging detector elements at
various angles thus achieving both good coverage and high
gains [7]. We believe that such systems with a large number
of detectors provide enough design flexibility to construct a
receiver with good coverage, gain and ability to align itself
with optical transmitters. A simple example of such a device
is illustrated in Fig. 1. For a spherically-shaped receiver with a

978-1-4673-6337-2/13/$31.00 ©2013 IEEE
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Fig. 1. Example of an angle diversity receiver.

large number of detectors that have a narrow FOV, each of the
transmitters will always be in good alignment with at least one
detector provided that there is no shadowing. The greater the
number of detectors is and the narrower their FOV is, the better
will be the ability of the receiver to distinguish the different
streams. The independence of the nonimaging detectors allows
more flexibility in the construction of different receiver shapes.
The principles from the imaging receiver could be used to
perform good alignment algorithmically with the processing
circuitry. In a way, the receiver we are proposing emulates
the imaging receiver but with simpler optics and more design
flexibility. As a first step of the design process, the current
work will describe the communication capacity in a typical
indoor optical MIMO system in which the receiver elements
have managed to capture the locations of the transmitters
perfectly. Future work will include constructing an optimal
receiver shape and performing a good alignment algorithm.

The rest of this paper is organised as follows. Section IT
provides a description of the communication channel model
and how it is estimated. Section III describes the simulation
setup. Section IV gives numerical values for the capacity
distribution across a standard indoor environment. Finally,
section V provides concluding remarks.

II. OpTiCAL MIMO CHANNEL MODEL

A typical [ by k£ MIMO system is described by the following
equation:

y=Hx+n (1)

where X = [x1, T2, ..., 7] are the symbols emitted from each
of the [ transmitters, y = [y1, Y2, ..., Yx| are the values received
at each of the k receivers, H describes the gain factors between
the different front end elements, and n = [ny, na, ..., ng] are
simply independent identically distributed (i.i.d.) realisations
of the additive white Gaussian noise (AWGN) processes which
corrupt samples at the receivers.

At a receiver with area A,, the received optical power, P,
radiated from a point source with optical power of P is [7],
[9], [10]:
m+1

o cosm(¢)Gof(A)Goc(9)msfi¢

P.=P ()

Radiation Pattern

LED |

Fig. 2. Quantities related to transfer of light between a source and a
destination.

where m is the mode number of the source; ¢ is the angle
at which light is emitted relative to the normal vector of the
transmitter plane; 6 is the angle at which the light is received
relative to the normal vector of the receiver plane; d is the
distance between the devices; Gor is the gain of the optical
filter; G, is the gain of the optical concentrator; 61 is the
semiangle of the optical concentrator. An illustration of the
quantities is presented in Fig. 2. The mode number of the
source, m, specfies the order of directionality and can be
calculated as [9]:

m = L@) 3)

In (cos ((j)% ))
where <Z>% is the transmitter semiangle. The optical concentra-
tor gain, G, is ideally equal to [7]:

2

—r 1] < 9%
Goc(0) = ¢ 9%) )
0, |9| > 9%

where r is the refractive index of the optical concentrator
material. According to [7] and [11], this theoretical limit for
a concentrator gain can be closely approached with existing
design techniques. Hence, it will be used as the concentrator
model in this work. The optical filter gain, G,f, will be
specified as:

Go, A <A< Ao
0, otherwise

where the optical filter gain is considered independent of the
light incidence angle, 6, as the detector FOV assumed in this
work is sufficiently narrow. In addition, the authors in [7] state
that it is possible to circumvent the filter dependency on the
light incidence angle if the filter is applied as a coating of the
optical concentrator.

If p, is the position vector of the transmitter, p, is the
position vector of the receiver, o; is the orientation vector
of the transmitter (orthogonal to the transmitter plane) and
o, is the orientation vector of the receiver (orthogonal to the
receiver plane), then the angles ¢ and 0 are described by [10]:

cos() = 2B 1) ©)
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o (p—Ppy) %)
d

where, - , denotes a vector dot product, and the distance

between the transmitter and receiver, d, can be calculated as

[10]:

cos(f) =

d= \/(pt —p)" (. —py) ®)

where [|7 denotes the transpose operator.

In order to create a ray tracing algorithm which follows the
multiple reflections of light that travel across a room and reach
the receiver, the surfaces in the room can be divided into small
rectangles. Those can be modelled as receivers with area A
which absorb light according to (2) and reemit a portion of it
just like the original source. This approach is well-described
in [10]. Depending on the material from which each surface
is constructed, the radiation patterm it has is different, but
the majority of surfaces can be modelled as ideal Lambertian
sources with a semiangle of ¢=60°. The light portion which
is reemitted after absorption varies typically between p=0.4
and p=0.9 of the absorbed light [9]. In this work, light path
has been traced up to the fifth reflection. The reflectivity of
wall surfaces has been assumed as p=0.65.

An OWC channel has two main contributors to signal distur-
bances: shot noise from ambient light reaching the photodiode
(PD) and thermal noise from the transimpedance amplifier
at the receiver. In a well-lit environment, the thermal noise
is significantly weaker than the shot noise for modulation
frequency, B, up to 20 MHz [7], [12]. That is why, the current
work will consider only shot noise as a significant contributor
to signal disturbances. The power spectral density of shot noise
can be calculated as [7]:

]T

A2
No =2qRP, {E} ©))
where ¢ = 1.60217646x1071° C is the charge of an electron
in coulombs, R is the responsivity of the PD in A/W, and P,
is the power of the optical noise reaching the detector.
Theoretical capacity of MIMO optical wireless Gaussian
channels is not readily available to the best of our knowledge.
However, if we are not concerned with the exact power dissipa-
tion of a system, the capacity equation for RF MIMO channels
can be used. MIMO capacity in a RF system is described in
[13] and its formula is repeated here for convenience:

Py
C = Blog, (det (I + NHHH>> bit/s

where det() denotes a determinant, I is the identity matrix,
[]H denotes the Hermitian conjugate of a matrix, FPs denotes
the variance of the signal at a single transmitter, and N stands
for the variance of the AWGN which can be calculated as
N=BN,. This formula describes the capacity if no channel
state information is available at the transmitter. We adopt it
because it suggests a simpler system design without feedback
from the receiver. The absolute channel capacity is achieved
when the channel matrix, H, is available at the transmitter and
bits are encoded adaptively according to the respective channel
quality.

(10)

III. INDOOR COMMUNICATION SETUP

For consistency, the current work considers a 5.0 m x 5.0
m x 3.0 m empty room. The same setup is used in a number
of other publications [3], [10], [12]. A 4 x 4 and a 16 x 16
MIMO schemes have been simulated in three different cases.
In the first case, the receiver is at a distance of 85 cm from the
floor (the approximate height of a desk) in consistence with
the work in [3], [10], [12]. In the second case, the receiver
is at a distance of 135 cm from the floor (the approximate
height of a handheld device when used in a mobile scenario).
In the third case, the receiver is at a distance of 175 cm
from the floor (the approximate height of an average human’s
ear). An actual realisation of an angle diversity receiver, as
illustrated in Fig. 1, would have more detectors than what
is simulated here. We assume that the alignment algorithm
has managed to successfully determine the 4 or 16 detectors,
depending on the MIMO scheme, that have the best view of
the different transmitters, and we simulate the capacity that
can be achieved with those detectors only. At each position
in the room, we assume that the detectors are directed at the
exact positions of the transmitters. The transmitters are fixed
at positions displayed in Fig. 3.

3 3
= 2 %a 2
=y )
:‘“-_-) 1 T 1
0
(5) 5 S 5
Width Length Width Length

(a) 4 x 4 MIMO. (b) 16 x 16 MIMO.

Fig. 3.  Communication setup for different scenarios. Black spots indicate
transmitters. Red spot on the floor has position py = [2.5,2.5,0] and
indicates the direction of all transmitters.

Each transmitter uses an OSTAR LE CW E3A high-power
illumination LED for white light communication or an OSTAR
LE W E2B high-power illumination LED for blue light
communication. Each photodetector uses an OSRAM SFH 213
PIN PD. The modulation bandwidth is considered as B = 2
MHz for white light, and B = 10 MHz for blue light. The
white light bandwidth is consistent with devices from other
sources like [1]. The blue light modulation bandwidth of 20
MHz specified in [1] is the highest we have seen reported
so far and exceeds the one we have measured. The devices
which are used in [1] are not specified. The LED devices have
a Lambertian emitter pattern with a semiangle of ¢ 1= 60°.
This means that the mode number of the source is m = 1
when calculated according to (3). The PD has a semiangle
of 0 1= 10° and a plastic concetrator with refractive index of
r = 1.54. Then, the optical concentrator gain can be calculated
according to (4). The blue filter has a very sharp transfer
characteristic that allows blue light in the range between
A1=430 nm and A\2=490 nm with a gain of g,=0.9. The PD
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sensitivity to white light has been calculated as R = 0.33
A/W and to blue light as R = 0.15 A/W for the OSTAR
LE CW E3A LED. The same values have been calculated
as R = 0.27 A/W for white light and as R = 0.15 A/W
for blue light for the OSTAR LE W E2B. These values are
lower than the ones specified in [1] and [12]. Without loss
of generality, devices with better parameters could be used
in order to improve signal-to-noise ratio (SNR) values at the
receiver. The portion of blue light in the emitted spectrum by
OSTAR LE CW E3A is 0.11 while it is 0.27 for OSTAR LE
W 2EB which makes the latter more beneficial for blue light
communication. The allowed current for both devices is in the
range 0.1 A — 1 A with optical efficiency of about 25 Im/W.
The radiated optical power was measured at 3.6x1072 W/Im.
The assumption is that the distribution of a Gaussian signal
between —30 and 30 (99.73% of distribution) needs to be fit
in the LED active range of 0.9 A in order to avoid significant
clipping effects. That makes a maximum signal variance of
% = (0.9/6)? = 0.0225 A%. The power spectral density of
the ambient noise, which we have measured in a well-lit room
with a combination of sunlight and fluorescent light, is around
1021 A%/Hz for white light, which is in the order of magnitude
presented by [1]. The blue light filter reduces the amount of
ambient noise which falls on the receiver. Considering that
sunlight has an almost uniform wavelength distribution and the
fact that we have a sharp filter that passes only light between
A =430 nm and A = 460 nm, we assume that roughly about
15% of the shot noise will be present for the blue light receiver.

IV. NUMERICAL RESULTS

Capacity estimations are performed for white light com-
munication and for blue light communication with the setup
from Section III. Fig. 4 presents the capacity distribution
across the room for white light. Fig. 5 presents the capacity
distribution with blue light filtering. It seems that white light
communication has the potential for higher capacities than
blue light despite the higher frequencies achievable with the
latter. This is due to the fact that the SNR values of the
received signal are insufficient for the blue-light system to
take advantage of the higher bandwidth. It also seems that
the communication system is at a point where it is very
sensitive to SNR changes. This can be verified by changing
the parameter for blue light sensitivity of the PD to R = 0.28
A/W, the amount of transmitted blue light to 0.5 of the overall
LED emission, and the modulation frequency to 20 MHz as
in [1]. The achieved capacity with blue light communication
increases dramatically as illustrated in Fig. 6.

It is hard to put an absolute theoretical limit to achiev-
able communication throughput because a great number of
parameters are a subject of design variation. We have shown
that very good transmission speeds are possible with exist-
ing off-the-shelf components. We also believe that improved
speeds can be realised not only through selection of devices
with improved parameters, but also through better transmitter
configurations. Furthermore, an angle diversity receiver of the
type illustrated in Fig. 1 can allow not only for automatic
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Fig. 4.  Capacity distribution of white light communication for different

MIMO schemes.

alignment, but also for improved SNR values since more than
one detector is likely to pick up the individual transmitter
signals which could lead to high diversity gains. The most
important result from the conducted experiments is that com-
munication capacity changes gradually for a moving receiver
across a typical office space. Furthermore, even with multiple
light reflections, narrow FOV receivers are able to decrease
interchannel interference (ICI) allowing for the realisation of
MIMO communication schemes.

V. CONCLUSION

The current work has investigated the achievable commu-
nication capacity in a typical 5.0 m x 5.0 m x 3.0 m office
space by means of an optical wireless MIMO system. Fixed
transmitters with wide illumination angles have been selected
in combination with narrow FOV photodetectors. The com-
munication scenario assumes an angle diversity receiver with
multiple detector elements. At any given time, each transmitter
is within the FOV of at least one detector. Assuming that such
detectors are successfully identified from the large array of
detector elements, we have shown that very good commu-
nication capacity distribution is available for such a system.
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Fig. 5. Capacity distribution of blue light communication for different MIMO
schemes.

Plans for further work include the design of the proposed angle
diversity receiver and exact simulation of achievable data rates
for specific receiver alignment algorithms.
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Abstract—This paper presents an analytical framework to
determine the impact of nonlinear distortions in an optical wire-
less communication system that employs orthogonal frequency
division multiplexing (OFDM). The presented theory applies the
Bussgang theorem, which has been widely used for the analysis
of nonlinear effects on normally-distributed signals. This work
proposes a new method to complete the well-known OFDM
analysis approach based on the Bussgang theorem and describes
how a closed-form analytical solution can be obtained for an
arbitrary memoryless distortion. The framework is tested in a
DC-biased optical OFDM system assuming two specific examples
of nonlinear distortion caused by: (a) signal quantisation, and (b)
a nonlinear light emitting diode (LED) characteristic.

Index Terms—optical wireless communication (OWC), DC-
biased optical OFDM (DCO-OFDM), nonlinear distortion.

I. INTRODUCTION

Demand for wireless data communication is growing expo-
nentially. It is expected that by 2016, more than 10 Exabytes
of monthly traffic would be required in mobile networks
[1]. Despite the significant improvements in communication
standards, it is very likely that the demand will not be
met. The main reason for this is the significantly reduced
radio frequency (RF) spectrum availability within the licensed
bands. In the past decade, a lot of research efforts have been di-
rected towards finding alternative communication bandwidth.
A major candidate for providing a complementary alterna-
tive to RF communication is optical wireless communication
(OWC). The optical spectrum features thousands of times
more unregulated bandwidth than its RF counterpart. Further-
more, optical radiation does not interfere with the operation of
sensitive electronic systems. This means that OWC can be em-
ployed in environments that are sensitive to RF radiation such
as hospitals, airplanes, petrochemical plants, etc. In addition,
OWC can be realised in conjunction with RF where they both
complement each other in a high-throughput heterogeneous
network. Existing lighting infrastructure could be reused for
the deployment of OWC. The energy used for illumination
could serve for communication purposes as well. This has

978-1-4673-2815-9/13/$31.00 ©2013 IEEE

the potential to reduce operational costs significantly and to
decrease the environmental impact of wireless services.

The physical properties of available low-cost front-end
devices, such as light emitting diodes (LEDs) and photodiodes
(PDs), allow OWC to be realised as an intensity modulation
and direct detection (IM/DD) system. This is because the light
emitted by LEDs is incoherent and so information can be
encoded only in the signal intensity. Phase and amplitude of
the light wave cannot be modulated or detected. This limits the
set of conventional modulation schemes that can be applied.
Therefore, traditional pulsed modulation techniques such as
on-off keying (OOK), pulse-position modulation (PPM), and
pulse-amplitude modulation (PAM) have been used in OWC.
However, with the increase of transmission rates, the limited
bandwidth of the optical wireless communication channel
leads to intersymbol interference (ISI). Hence, orthogonal
frequency division multiplexing (OFDM) becomes a more
appropriate modulation scheme. It enables simple equalisation
with single-tap equalisers in the frequency domain as well
as adaptive bit-loading of different frequency subcarriers ac-
cording to the channel properties, which results in a more
optimal use of the communication resources. At a system
level, OFDM provides a simple and straightforward multiple
access scheme. In OOK, PPM and PAM, the multiple access
technique would need to be added separately, and the options
are limited since, for example, frequency division multiple
access (FDMA) cannot be used.

Whenever a signal is passed through an OWC system, it
undergoes a number of distortions. Linear distortions, such
as attenuation and ISI, can be compensated by amplifiers
and equalisers. Nonlinear distortions, however, are often irre-
versible. Examples include quantisation effects in the digital-
to-analog converters (DACs) and the effects caused by the
nonlinear output characteristic of an LED. Performance anal-
ysis of OWC systems requires the designer to characterise and
evaluate nonlinear distortion effects. A number of works have
dealt with characterising distortion in OFDM-based modula-
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tion schemes [2-9]. Papers [2-5] look at applications in RF
communication, and so only some general analysis principles
they present are applicable to OWC. The other works, [6—
9], focus specifically on the nonlinear distortions in an OWC
system. For example, the authors in [6] look at distortion
caused by the nonlinear relationship between current input and
light output in an LED within the active range of the device.
The actual distortion function is continuous, and the presented
case neglects some nonlinear effects such as clipping. Papers
[8,9] analyse the clipping effects only, and the work in [7]
looks at the overall LED nonlinearity but in a semi-analytic
fashion. Analysis of nonlinear distortions can be a cumber-
some task. Although general procedures for obtaining an ana-
lytical solution exist [2], a closed-form solution is not always
easily obtainable. The current work attempts to completely
solve the problem by establishing a general framework which
always leads to a closed-form solution regardless of the type of
memoryless nonlinearity. This framework, for example, can be
applied to all the problems presented in [6-9] as well as any
other arbitrary memoryless nonlinear distortion in an OWC
OFDM-based system. Closed-form solutions do not require
high computational complexity as those that require numerical
evaluation of integrals. Compared to Monte Carlo simulations,
closed-form solutions reduce simulation times tremendously,
which can prove to be invaluable in optimization procedures.

The remainder of this paper is organised as follows. Sec-
tion II introduces the OWC system. Section III presents the
framework. Section IV discusses the results. Finally, Section
V concludes the paper.

II. OWC SYSTEM

The block-diagram of an OWC system is presented in
Fig. 1. The incoming bit stream is fed to the modulator
where it is mapped to symbols from a known modulation
scheme such as M-level quadrature amplitude modulation
(M-QAM). These symbols are put on different frequency
subcarriers and modulated according to DC-biased optical
OFDM (DCO-OFDM). The time domain signal, obtained after
multicarrier modulation, is conditioned for transmission. This
block includes clipping any values outside the allowed range,
as well as pulse shaping and any other required predistortion.
Clipping is performed because an LED can only operate above
its turn-on voltage and below its maximum allowed current.
The conditioned signal is fed to a DAC which outputs an

analog signal. The analog signal is then passed through a
voltage-to-current transducer with appropriate bias according
to the LED requirements and fed to the diode. At the receiver
side, the photodiode transforms optical intensity levels into
proportional current variations, which are turned into voltage
by the transimpedance amplifier. The resulting signal is passed
through an analog-to-digital converter (ADC) and fed to the
processing circuitry, which includes an equaliser, DCO-OFDM
demodulator, and an M-QAM demodulator.

The modulation scheme presented in this paper is a modi-
fication of conventional OFDM. Each subcarrier in frequency
domain is modulated with a symbol from the M/-QAM mod-
ulation scheme. The time domain signal is obtained by taking
the inverse fast Fourier transform (IFFT) of Nyppr M-QAM
symbols. Hermitian symmetry is imposed, such that a real
time domain signal can be obtained according to the properties
of the Fourier transform [8,9]. As a result, subcarriers at
positions k£ = 0 and k = & 5ET are set to zero. The Hermitian
symmetry constraint ensures the generation of a real signal
in time domain. This signal, however, is bipolar in nature. An
LED can convey only positive signals when it is active. Hence,
a DC-bias is introduced in order to generate a unipolar signal,
suitable for OWC. This DC-bias is realised by means of an
analog circuit as part of the LED driver.

In the context of the current work, the optical wireless
communication channel, h(t), is considered to be flat fading,
i.e., h(t)=0(t). This assumption is made in order to simplify
the analysis. In practice, the channel will not be flat fading,
which leads to ISI. This occurs if high-speed communication
is realised, where the symbol rate exceeds the coherence band-
width of the communication channel. The effects of h(t) will
be reversed by the equaliser at the receiver stage. Memoryless
distortions do not include effects such as ISI. However, in
OWC the significant nonlinearity effects, which limit perfor-
mance, happen before the information signal experiences the
memory effects of the channel. Therefore, after equalisation,
the nonlinearly-distorted signal will have exactly the same
form as before it was passed through the channel, h(t). The
only notable difference observed at the different frequency
subcarriers will be the amount of additive white Gaussian noise
(AWGN) as it will be amplified by the equaliser function.
Hence, in a practical high-data-rate scenario, the analysis
presented here keeps its merits. This is because the method
allows the analysis of the most significant nonlinear distortion
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effects even if the channel is not flat fading. In particular, those
nonlinear effects include the signal quantisation distortion
introduced by the DAC and the transition between current
and light at the LED. The latter nonlinearity occurs due to
the physical properties of the device, in which the amount
of emitted light is not linearly proportional to the amount of
injected current.

III. NONLINEARITY ANALYSIS

A number of different approaches are proposed for the
analysis of OFDM-based systems that undergo nonlinear dis-
tortions [2-9]. We adopt the one described by Dardari et
al. in [2]. It states that a nonlinear distortion in an OFDM-
based system results in an attenuation factor and additional
noise component, both of which modify the resulting signal-
to-noise ratio (SNR) of the system and can be computed using
the Bussgang theorem. For a large number of subcarriers,
Ngpr > 64, the samples of the time-domain OFDM signal can
be approximated by the realisations of independent identically-
distributed Gaussian random variables. This approximation
holds, even when not all the subcarriers in the frequency
domain are loaded with information such as is the case with
alternative modulation schemes like asymmetrically clipped
optical OFDM (ACO-OFDM) where only the odd subcarriers
in a frame are modulated [8, 10]. The approximation is also
valid in cases where guard intervals are inserted in one or
both ends of the OFDM spectrum provided that the number of
subcarriers in the guard intervals is much smaller than the total
number of subcarriers. According to the Bussgang theorem
[11],if X is a zero-mean Gaussian random variable, and g(X)
is an arbitrary distortion on X, then

g(X)=aX+Y, 1)

where « is a constant, E[-] denotes statistical expectation, and
Y, is a noise component not correlated with X. From (1) and
(2), « can be calculated as:
E[Xg(X
o = EX50) )

where o2 is the variance of X. The expectation of Y;? can be
calculated as:

E[Y}] = E[¢*(X)] - a®0. Q)
The expectation of Y, can be calculated as:
E[Y,] = E[g(X)]. ®
The variance of Y;, can then be calculated as:
Var[Vy] = E[Y?] - E[Y,]?. (©6)

Due to the central limit theorem (CLT), when the fast Fourier
transform (FFT) is applied in the demodulator for Nppt > 64,
the noise Y;, is transformed into additive Gaussian noise [2,
8,9]. The variance of the noise is preserved. Hence, each

modulated subcarrier experiences additional zero-mean ad-
ditive Gaussian noise with variance Var[Y;?]. An exception
occurs in special cases like clipping at zero in modulation
schemes such as ACO-OFDM and pulse-amplitude-modulated
discrete multitone modulation (PAM-DMT) [12]. However,
for common nonlinear distortions encountered in electrical
components such as in the cases presented in the current work,
the assumption of equal noise distribution in the frequency
domain holds. In future work, it will be shown that with
a slight modification the concepts presented here can be
extended to modulation schemes such as ACO-OFDM and
PAM-DMT. In frequency domain, the resulting SNR at each
subcarrier can be calculated according to:

2 prold
Epev _ a”Ey; o
Npew N, + Var[Y?2

where EpS™ is the resulting energy per bit of the 51 subcarrier,

EQMd is the initial energy per bit of the j™ subcarrier, N2 is
the resulting noise variance, and N, is the variance of the
channel AWGN. The presented Bussgang analysis is valid
for zero-mean Gaussian signals. The analysed scheme, DCO-
OFDM, is not zero-mean. The biasing level should be taken
into account. It can be modeled as part of the nonlinear
transformation, applied on the original zero-mean OFDM
signal. The Bussgang approach has been used in a number
of works [2,8,9]. However, a closed-form solution has either
been impossible or it has been specifically tailored to the
respective nonlinear distortion. The rest of this paper will show
that there is a general approach which can always lead to a
closed-form analytical solution with arbitrary accuracy.

A distortion function g(X) can be represented by a set
of intervals I with cardinality |I| and a set of continuous
polynomials which accurately approximate the function in
those intervals. The polynomials can be generated with various
interpolation techniques for a set of empirical data, or with
polynomial expansion techniques for analytical functions. The
degrees of the polynomials can give arbitrary accuracy to the
approximation. Then g(x) can be represented as:

1] n

g(x) = Z Z cl‘]a:j (U(x — Zming) — U(x — Tmax,1)) (8)

=1 j=0

where [ is the I*" interval, n; is the degree of the polynomial
in interval I, ¢, ; indicates the 4t polynomial coefficient in
interval [, U(z) is the unit step function, Zmin,; and Tmax,;
denote the boundaries of interval I. With this representation,
« can be calculated as:

a= ElXg(X)] = L/oo a:g(a:)lqﬁ (E) dz

02 02

o o' \o
[l ny z
1 Tmax,l ] T
LSS [ Lo () as
o 1=1 j=0 Y Tmin,l g g
Il D
(2_0) i c i (t7xmin,lyxmax,l>070—) )
- o2 : (¥ dei+1 _
=1 j=0 t=0
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where D(t,a,b, pu,0) and ¢ (x) are defined in Appendix A.
The variance of the time domain signal, 02, can be calculated
as follows:

Nrrr

2 )
o7 = 2 logo (M ;) Ey
Nerr o ( i) Ebj

j=1

(10)

where M; is the constellation size and F},; is the energy per
bit at the j*" subcarrier. E[Y;] can be calculated as:

B = Elg()] = [ g()20 (%) do

IS
oo o
1l n

:ZZ%/

=1 j=0 Tmin,l

Tmax,l 1

Po(5)

7] ny i
20 d’D tv Tmin,l; Tmax,l, 07 <
(20) Z Zcz,., ( (,{tj ax,l )

=1 j=0
E[g%(2)] can be calculated as:

BP0 = [ o (2)

a
1l n my Tnax.l
maxt L 1 s
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_E E E Cl‘]cl‘)c/ T J(b(g)dx
1=1 j=0 k=0 Y Tmin,l

Il ny ny

‘@ S e

I=1 j=0 k=0
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deitk
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(12)

Taking the derivative of the D-Function with respect to the
variable ¢ and setting ¢ = 0 in the result, allows to compute
expressions of the form f: 27 fx (x)dz, where X is a Gaus-
sian random variable. These expressions are essential for the
evaluation of (9), (11) and (12). Using Appendix A and the
standard differentiation rules, it is straightforward to obtain
closed-form expressions for (9), (11) and (12). The procedure
is easily programmable as well.

The computational complexity of the final closed-form
solution is limited by the tail probability function of the
standard normal distribution, denoted by Q(z) and defined
in Appendix A. This function represents a numerical integral
which has been well-characterised, tabulated, and widely-
used in practice for decades. A good number of closed-form
approximations to Q(z) exist both in theory as well as in
practical software for numerical analysis such as MATLAB.
The authors in [8,9], for example, use the Q-function in their
closed-form solutions. The number of calls to this function
in the framework presented in the current paper depends on
the number of intervals in which the distortion function is
continuous and on the number of polynomial terms which are
necessary to approximate the distortion function within those
intervals. For the nonlinearities analysed in [6-9], for example,
only up to 3 intervals with a maximum polynomial order of 2
is required. In fact, the same closed-form solutions as in [8, 9]
could be obtained with the approach presented in this work.

IV. NUMERICAL EXAMPLES

Two separate distortion functions have been analysed in
the context of the current work. One represents the effects
of digital-to-analog conversion while the other one repre-
sents the distortion caused by the diode’s electrical-to-optical
conversion. Pulse shaping is not considered in the presented
scenarios. It is shown in [2] that the impact of pulse shaping
is negligible for commonly-used pulse shapes.

For comparison purposes we define a number of quantities.
The spectral efficiency of DCO-OFDM is:

(NepT — 2) logy (M)

n=-———-—"2"2 bits/s/Hz,

13
Nppr + Nep (13

where N, is the length of the cyclic prefix and s(t) is the
time-domain signal illustrated in Fig. 1. The electrical energy
per bit is defined as:

E[s*(1)]
Bn

Eb,elec = (14)
where B is the communication bandwidth. The optical energy
per bit is defined as:

Bls(t))

Bn (15)

Eb,opt =
1) Quantisation: An example of the nonlinearity effects of
quantisation in the DAC is proposed in the current work. A
quantiser can always be approximated by zero-degree poly-
nomials within the intervals formed by its thresholds. The
quantiser example in this work is specified between two values
Ymin and Ymax, Which are the lowest and highest possible
output after the quantisation. The device is specified as a ¢-
bit quantiser, which means that there are 29 possible output
levels. The distance between output values is set evenly as:
Ymax — Ymin
do =" —7 (16)
The interval boundaries are set at —o0, Ymin + dq/2 — Tbias
Ymax — dq/2 — Tbias, 00 and at equal multiples of d, between
Ymin+dq/2—Tbias A0d Ymax —dq/2— Thias, Where Zpias is the
DC bias of DCO-OFDM. For simplicity, all other stages of the
system are considered to be linear with gain 1. A comparison
between the presented theory and Monte Carlo simulations is
depicted in Fig. 2 for electrical power efficiency and in Fig.
3 for optical power efficiency. A modulation order of M =16
for M-QAM is presented in three different cases. In the first
two cases, the time-domain signal is clipped at —30 and 30,
while in the last case it is clipped at —1¢ and 3o. The first
two cases use a resolution of 8 bits and 4 bits, respectively.
The last case uses a resolution of 8 bits. There is a very close
match between the results obtained from the novel analytical
framework and Monte Carlo simulations. The slight mismatch
for the high bit error rate (BER) values is due to inaccuracy
in the formula for theoretical performance of M-QAM [13].
Naturally, the BER cannot exceed 0.5.
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signal power at transmitter and AWGN power. The DC-bias of the system is
included in the calculations of the SNR requirement.
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signal power at transmitter and AWGN power. The DC-bias of the system is
included in the calculations of the SNR requirement.

2) LED Nonlinearity: The nonlinear relationship between
current and light intensity is analysed for DCO-OFDM. For
simplicity, all other stages of the system are assumed linear
with gain 1. The LED characteristic is obtained from [14]. The
minimum allowed current is set to I,,;,=0.1 A. The maximum
allowed current is set to Iy, =1 A. The electrical signal, i(%),
at the diode is only subjected to clipping distortion, while the
light signal, g(z), also experiences the transfer characteristic
of the diode and represents the overall system distortion in (1).
The diode characteristic is normalised in the LED datasheet to
light flux ®=4301m at current (¢)=700 mA. In this work, it
is approximated with zero-degree polynomials in the intervals
[—00;0.1 A] and [1 A; 00| and with a third-degree polynomial
in the interval [0.1 A; 1 A]. A modulation order of M =16 for
M-QAM is presented in three different cases. In the first two
cases, the time-domain signal is clipped at —3¢ and 30, while
in the last case it is clipped at —1o and 3o0. In the first
two cases the diode is operated in the region [0.2 A;0.3 A]
and [0.7 A; 0.8 A] respectively. In the last case the diode is
operated in the region [0.2A;0.3 A]. A comparison between

signal power at transmitter and AWGN power. The DC-bias of the system is
included in the calculations of the SNR requirement.
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Fig. 5. DCO-OFDM performance as a function of ratio between optical

signal power at transmitter and AWGN power. The DC-bias of the system is
included in the calculations of the SNR requirement.

the presented theory and Monte Carlo simulations is depicted
in Fig. 4 for electrical power efficiency and in Fig. 5 for
optical power efficiency. The figures illustrate very close match
between the results obtained by the novel analytical framework
and Monte Carlo simulations. Again, the slight mismatch for
the high BER values is due to inaccuracy in the formula
for theoretical performance of M-QAM [13]. An interesting
observation with respect to dimming is that if the LED is
operated close to the maximum optical power or close to
the minimum optical power, performance does not seem to
change significantly. The only notable difference is that in the
case with higher DC-bias the energy requirement increases by
around 14 dB for a BER of less than 1073,

V. CONCLUSION

A complete analytical approach has been presented for
the analysis of memoryless nonlinear distortion in an OWC
system. It allows for the analysis of an arbitrary distortion
function and allows for the generation of closed-form so-
lutions. The concept has been applied to a DCO-OFDM
modulated IM/DD system. However, it can be applied equally-
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well to alternative OFDM-based modulation schemes such as
ACO-OFDM, PAM-DMT, unipolar OFDM (U-OFDM) [15]
and Flip-OFDM [16] as will be demonstrated in future work.
Examples have been given for distortion effects from quanti-
sation in DAC elements, as well as for distortion stemming
from the nonlinear relationship between electrical current and
emitted light in an LED. It is interesting to note that these
two nonlinear effects can be combined and analysed jointly as
will be demonstrated in future work. Monte Carlo simulations
show very good agreement with the results obtained from the
proposed theory. This confirms the validity of the approach.

APPENDIX A
We define the D-Function as follows:
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where Q(x) is defined as the tail probability of the standard
normal distribution, and ¢(x) is defined as the probability
density function (pdf) of the standard normal distribution:
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Light Fidelity (Li-Fi): Towards All-Optical Networking
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ABSTRACT

Motivated by the looming radio frequency (RF) spectrum crisis, this paper aims at demonstrating that optical
wireless communication (OWC) has now reached a state where it can demonstrate that it is a viable and matured
solution to this fundamental problem. In particular, for indoor communications where most mobile data traffic is
consumed, light fidelity (Li-Fi) which is related to visible light communication (VLC) offers many key advantages,
and effective solutions to the issues that have been posed in the last decade. This paper discusses all key
component technologies required to realize optical cellular communication systems referred to here as optical
attocell networks. Optical attocells are the next step in the progression towards ever smaller cells, a progression
which is known to be the most significant contributor to the improvements in network spectral efficiencies in RF
wireless networks.

Keywords: Li-Fi, VLC, optical wireless, visible light communications, optical attocell

1. INTRODUCTION

Thirty years after the introduction of the first commercially-available mobile communication systems, wireless
connectivity has evolved into a fundamental commodity like gas and electricity. The exponential increase in
mobile data traffic during the past two decades has led to the massive deployment of wireless systems. As a
consequence, the limited available RF spectrum is subject to an aggressive spatial reuse and co-channel inter-
ference has become a major capacity limiting factor. Therefore, there have been many independent warnings
of a looming “RF spectrum crisis”'as the mobile data demands continue to increase while the network spectral
efficiency saturates despite newly-introduced standards and great technological advancements in the field. It is
estimated that by 2017, more than 11 exabytes of data traffic will have to be transferred through mobile networks
every month.? Most recently, VLC has been identified as a potential solution for mitigating the looming RF
spectrum crisis.

Over the past decade, significant research efforts have been directed towards exploring alternative parts
of the electromagnetic spectrum* that could potentially offload a large portion of the network traffic from
the overcrowded RF domain. Very interesting results have recently been reported from the use of millimeter
wave (mmWave) communication in the 28 GHz region as well as from the use of infrared and visible light. The
latter is particularly enticing as lighting is a commodity that has been integrated in virtually every inhabited
environment and sophisticated infrastructures already exist. The use of the visible light spectrum for high speed
data communication is enabled by the emergence of the light emitting diode (LED) which at the same time is at
the heart of the next wave of energy-efficient illumination. In that sense, the concept of combining the functions of
illumination and communication offers the potential for tremendous cost savings and carbon footprint reductions.
First, the deployment of VLC access points (APs) becomes straightforward as the existing lighting infrastructure

Further author information: (Send correspondence to H.H.)
D.T.: E-mail: d.tsonev@ed.ac.uk, Telephone: +44 (0)131 651 3492
S.V.: E-mail: s.videv@ed.ac.uk, Telephone: +44 (0)131 651 3492
H.H.: E-mail: h.haas@ed.ac.uk, Telephone: +44 (0)131 650 5591

*The preferred region of the RF spectrum for use in terrestrial mobile communication is between 0 - 10 GHz due
to certain radio propagation characteristics. As wireless communications has changed over the last decade, the authors
believe that it is worthwhile to reconsider the importance of these ”preferential” propagation characteristics for future
wireless systems.
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can be reused, and there exist off-the-shelf technologies such as power-line communication (PLC) and power-
over-Ethernet (PoE) as viable backhaul solutions for retrofit installations, and new installations respectively.
Second, because lighting is on most of the time in indoor environments even during day time, the energy used
for communication would practically be zero as a result of the piggy-backing of data on illumination. However,
even if illumination is not required energy efficient intensity modulation (IM) techniques exist that would allow
data communication even if the lights are visually off.> These are already compelling benefits, but the case does
not end there. The visible light spectrum includes 100s of THz of license free bandwidth, 10,000 times more
than the entire RF spectrum up to 30 GHz, including the mmWave spectrum. Optical radiation, in general,
does not interfere with other radio waves or with the operation of sensitive electronic equipment. Therefore, it
is ideal for providing wireless coverage in areas which are sensitive to electromagnetic radiation — some examples
include: hospitals, airplanes, petrochemical and nuclear power plants, etc. Furthermore, the inability of light
to propagate through walls offers an inherent level of network security. The same feature can be exploited to
eliminate interference between neighboring cells.

During the last ten years, there have been continuous reports of improved point-to-point link data rates
using off-the-shelf white LEDs under experimental lab conditions. Recently, data rates in excess of 1 Gbps
has been reported using off-the-shelf phosphor-coated white LEDs,* and 3.4 Gbps has been demonstrated with
an off-the-shelf red-green-blue (RGB) LED.? Another similar Gigabit/s wireless system with phosphor-coated
white LEDs has been demonstrated® using a 4x4 multiple-input-multiple-output (MIMO) configuration. To the
best of the authors’ knowledge, the highest speed that has ever been reported from a single color incoherent
LED is 3.5 Gbps.” The experiment was led by researchers of the University of Edinburgh. A theoretical
framework for the achievable capacity of a intensity modulation and direct detection (IM/DD) systems using
orthogonal frequency division multiplexing (OFDM) has been established in,® and a closed-form solution on
the impact of non-linearties on the achievable signal-to-noise ratio in practical OFDM based VLC systems is
reported in.? To date, research in the field of OWC has been focused on successful implementations of physical-
link connections and proofs of the concept.'® For the realization of a mobile communication system, however,
a full networking solution is required. This is what we refer to as Li-Fi: the networked, mobile, high-speed
VLC solution for wireless communication.!! The vision is that a Li-Fi wireless network would complement
existing heterogenous RF wireless networks, and would provide significant spectrum relief by allowing cellular
and wireless-fidelity (Wi-Fi) systems to off-load a significant portion of wireless data traffic. The current paper
summarizes some of the research conducted so far and looks at the different aspects of the communication system
with a particular focus on wireless networking. The rest of this paper is structured as follows: Section 2 looks
at the modulation scheme requirements of Li-Fi which is based on IM/DD; Section 3 discusses the different
possibilities for achieving multiple access; Section 4 summarizes the uplink concepts; Section 5 introduces the
optical “attocell” concept; Section 6 summarizes interference mitigation techniques for optical attocell networks;
and finally, Section 7 provides concluding remarks.

2. SIGNAL MODULATION IN OWC

A seamless all-optical wireless network would require ubiquitous coverage provided by the optical front-end
elements. This necessitates the usage of a large amount of Li-Fi enabled lighting units. The most likely candidates
for front-end devices in VLC are incoherent solid-state lighting LEDs due to their low cost. Due to the physical
properties of these components, information can only be encoded in the intensity of the emitted light, while the
actual phase and amplitude of the light wave cannot be modulated. This significantly differentiates VLC from
RF communications.

VLC can only be realized as an IM/DD system, which means that the modulation signal has to be both
real valued and unipolar. This limits the application of the well-researched and developed modulation schemes
from the field of RF communications. Techniques such as on-off keying (OOK), pulse-position modulation
(PPM), pulse-width modulation (PWM) and unipolar M-ary pulse-amplitude modulation (AM-PAM) can be
applied in a relatively straightforward fashion. As the modulation speeds are increased, however, these particular
modulation schemes begin to suffer from the undesired effects of intersymbol interference (ISI) due to the non-flat
frequency response of the OWC channel. Hence, a more resilient technique such as OFDM is required. OFDM
allows adaptive bit and energy loading of different frequency sub-bands according to the communication channel
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properties.!? This leads to optimal utilization of the available resources. OFDM achieves the throughput capacity
in a non-flat communication channel even in the presence of nonlinear distortion.® Such channel conditions are
introduced by the transfer characteristic of an off-the-shelf LED that has a maximum 3 dB modulation bandwidth
in the order of 20 MHz.%® In fact, the record-breaking results presented in*~6 have all been achieved using OFDM
with, to the best of the authors’ knowledge, the first experimental OFDM results for VLC reported in.'® Further
benefits of this modulation scheme include simple equalization with single-tap equalizers in the frequency domain
as well as the ability to avoid low-frequency distortion caused by flickering background radiation and the baseline
wander effect in electrical circuits.

Conventional OFDM signals are complex-valued and bipolar in nature. Therefore, the standard RF OFDM
technique has to be modified in order to become suitable for IM/DD systems. A straightforward way to obtain
a real-valued OFDM signal is to impose a Hermitian symmetry constraint on the sub-carriers in the frequency
domain as illustrated in Fig. 1. However, the resulting time-domain signal is still bipolar. One way for obtaining
a unipolar signal is to introduce a positive direct current (DC) bias around which the amplitude of the OFDM
signal can vary as shown in Fig. 2. The resulting unipolar modulation scheme is known as DC-biased optical
OFDM (DCO-OFDM). The addition of the constant biasing level leads to a significant increase in electrical
energy consumption. This can be easily visualized when Fig. 2(a) and Fig. 2(b) are juxtaposed. However, if the
light sources are used for illumination at the same time, the light output as a result of the DC bias is not wasted
as it is used to fulfil the illumination function. Only if illumination is not required, such as in the uplink of a
Li-Fi system, the DC bias can significantly compromise energy efficiency. Therefore, researchers have devoted
significant efforts to designing an OFDM-based modulation scheme which is purely unipolar. Some well-known
solutions include: asymmetrically clipped optical OFDM (ACO-OFDM),'* pulse-amplitude-modulated discrete
multitone modulation (PAM-DMT),'® unipolar OFDM (U-OFDM),? Flip-OFDM, 6 spectrally-factorized optical
OFDM (SFO-OFDM),!7 etc.. The general disadvantage of all these techniques is a 50% loss in spectral efficiency,
i.e., the data rates are halved. This limitation has recently been overcome by researchers at the University of
Edinburgh and a patent application is pending.

4 4
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zero to avoid: o 2| set to zero to avoif:
- 2 — ambient noise oy - ambient noise
=, - DC wander g T - DC wander
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Nige Nire
(a) (b)

Figure 1. Hermitian symmetry ensures a positive signal in the time domain: (a) real parts of the corresponding positive
and negative frequency components are equal; (b) imaginary parts of the corresponding positive and negative frequency
components are equal in absolute value, but have opposite signs.

From a networking perspective, OFDM offers a straightforward multiple access implementation as subcarriers
can be allocated to different users resulting in orthogonal frequency division multiple access (OFDMA). The
merits of OFDM have already been recognized, and OFDM is used in IEEE 802.11 Wi-Fi systems. The multiuser
access version of OFDM, i.e., OFDMA, is used in the 4" generation (4G) Long Term Evolution (LTE) cellular
standard. Therefore, the application of OFDM in optical mobile networks would allow the use of the already-
established higher level communication protocols used in LTE and IEEE 802.11, which constitutes a major
advantage.
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(a) Unbiased bipolar OFDM signal. (b) Biased unipolar OFDM signal.

Figure 2. Real OFDM signal made bipolar through the addition of a DC bias - DCO-OFDM.

3. MULTIPLE ACCESS

A networking solution cannot be realized without a suitable multiple access scheme that allows multiple users
to share the communication resources without any mutual cross-talk. Multiple access schemes used in RF
communications can be adapted for OWC as long as the necessary modifications related to the IM/DD nature
of the modulation signals are performed. OFDM comes with a natural extension for multiple access - OFDMA.
Single-carrier modulation schemes such as M-PAM, OOK and PWM require an additional multiple access
technique such as frequency division multiple access (FDMA), time division multiple access (TDMA) and/or
code division multiple access (CDMA). The results of an investigation regarding the performance of OFDMA
versus TDMA and CDMA are presented in Fig. 3.'® FDMA has not been considered due to its close similarity
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Figure 3. Comparison between different multiple access schemes:'® (a) TDMA vs. OFDMA vs. CDMA (with Walsh-
Hadamard code) in a three-user scenario; (b) TDMA vs. OFDMA vs. CDMA (with optical orthogonal code) in a six-user
scenario.

to OFDMA, and the fact that OWC does not use superheterodyning. In addition, due to the limited modulation
bandwidth of the front-end elements, this scheme would not present a very efficient use of the LED modulation
bandwidth. As shown in Fig. 3, CDMA is very inefficient as the use of unipolar signals creates significant
interchannel interference (ICI) and a substantial increase in the power requirements compared to its application
in RF communications. At the same time, the performance of TDMA barely surpasses that of OFDMA for the
different scenarios. The higher power requirement of OFDMA compared to TDMA is caused by its wider time-
domain signal distribution. This leads to the need for higher DC biasing levels and as a consequence to a higher
power consumption which is reflected in the shown signal-to-noise ratio (SNR). In a practical scenario where
the functions of communication and illumination are combined, the difference in power consumption between
the different schemes would diminish as the excess power due to the DC bias would be used for illumination
purposes. It should be pointed out that this investigation has been performed for a flat linear additive white
Gaussian noise (AWGN) channel where only clipping effects from below, applicable only to OFDMA, have
been considered. This is due to the fact that nonlinear effects such as clipping from above as well as the
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nonlinear relationship between the modulating current signal and the emitted optical signal are device-specific,
while clipping from below is inherent to any IM/DD system. Furthermore, low-frequency distortion effects from
the DC-wander in electrical components as well as from the flickering of background light sources are also not
considered. In a practical scenario, these effects would not be an issue for OFDMA, but are expected to decrease
the performance of TDMA and CDMA. Therefore, the design complexity of a TDMA or CDMA system increases
as suitable techniques to deal with these problems need to be implemented. It is also worth noting that the
non-flatness of the channel in a practical scenario would further degrade the performances of CDMA and TDMA
compared to OFDMA.

In OWC there exists an additional alternative dimension for achieving multiple access. This is color, and
the corresponding technique is wavelength division multiple access (WDMA). WDMA harnesses the different
light wavelengths to facilitate multiple-user access. This scheme could reduce the complexity in terms of signal
processing, however, it would lead to increased hardware complexity as well as to the need at each access point
for multiple transmitter elements with narrow wavelength emission. This immediately puts strict requirements
on the optical front-end elements, and compromises SNR, and, hence, capacity. In addition, WDMA excludes
the usage of a large variety of off-the-shelf LEDs as most of them are not optimized for WDMA. The typical
emission profile of an off-the-shelf white LED is illustrated in Fig. 4(a). At the same time, light sources with
different narrow wavelength emission spectra have different modulation frequency profiles as well as different
optical efficiencies. When combined with the varying responsivity of photodetectors at different wavelengths,
as shown in Fig. 4(b), these differences complicate immensely the fair distribution of communication resources
between multiple users.

10 1,
< 80 ‘5 0.8
k] 5
0
2 60 & 0.6
5 &
2 40 ég 0.4
kS <
© 20 L 0.2
4 @

%00 5 80C %00

600 7?0 80C

00 600 700 500
Wavelength [nm] Wavelength [nm
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Figure 4. Data provided by device data-sheets.

4. UPLINK

Up until now, research has primarily focused on maximizing the transmission speeds over a single unidirectional
link.*8 However, for a complete Li-Fi communication system, full duplex communication is required, i.e., an
uplink connection from the mobile terminals to the optical AP has to be provided. Existing duplex techniques
used in RF such time division duplexing (TDD) and frequency division duplexing (FDD) could be considered,
where the downlink and the uplink are separated by different time slots, or different frequency bands respectively.
However, FDD is more difficult to realize due to the limited bandwidth of the front-end devices, and because
superheterodyning is not used in IM/DD systems. TDD provides a viable option, but imposes precise timing and
synchronization constraints which is needed for data decoding, anyway. However, plain TDD assumes that both
the uplink and the downlink transmissions are performed over the same physical wavelength. This could often
be impractical as visible light emitted by the user terminal may not be desirable.2! Therefore, the most suitable
duplex technique in Li-Fi is wavelength division duplexing (WDD), where the two communication channels are
established over different electromagnetic wavelengths. Using infrared (IR) transmission is one viable option for
establishing an uplink communication channel.?’ A first commercially-available full duplex Li-Fi modem using

228



Selected Publications

IR light for the uplink channel has recently been announced by pureLiFi.?? There is also the option to use RF
communication for the uplink.?! In this configuration, Li-Fi may be used to do the “heavy lifting” and off-load
data traffic from the RF network, and thereby providing significant RF spectrum relief. This is particularly
relevant since there is a traffic imbalance in favor of the downlink in current wireless communication systems.

5. THE LI-FI ATTOCELL

In the past, wireless cellular communications has significantly benefited from reducing the inter-site distance of
cellular base stations. By reducing the cell size, the network spectral efficiency has been increased by two orders
of magnitude in the last 25 years. More recently, different cell layers composed of microcells, picocells and femto
cells have been introduced. These networks are referred to as heterogeneous networks.?3 24 Femtocells are short
range, low transmission power, low cost, plug-and-play base stations (BSs) that are targeted at indoor deployment
in order to enhance coverage. They use either cable Internet or broadband digital subscriber line (DSL) to
backhaul to the core network of the operator. The deployment of femtocells increases the frequency reuse,
and hence throughput per unit area within the system since they usually share the same bandwidth with the
macrocellular network. However, the uncoordinated and random deployment of small cells also causes additional
inter- and intra-cell interference which imposes a limit on how dense these small RF can be deployed before
interference starts offsetting all frequency reuse gains.

The small cell concept, however, can easily be extended to VLC in order to overcome the high interference
generated by the close reuse of radio frequency spectrum in heterogeneous networks. The optical AP is referred
to as an attocell.?® Since it operates in the visible light spectrum, the optical attocell does not interfere with the
macrocellular network. The optical attocell not only improves indoor coverage, but since it does not generate
any additional interference, it is able to enhance the capacity of the RF wireless networks. Li-Fi attocells allow

Atto-Cells Macro BS

Pico-Cell

Figure 5. The attocell in the context of the heterogeneous network.

for extremely dense bandwidth reuse due to the inherent properties of light waves. The coverage of each single
attocell is very limited, and walls prevent the system from suffering from co-channel interference between rooms.
This precipitates in the need to deploy multiple access points to cover a given space. However, due to the
requirement for illumination indoors, the infrastructure already exists, and this type of cell deployment results
in the aforementioned very high, practically interference-free bandwidth reuse. A byproduct of this is also a
reduction in bandwidth dilution over the area of each access point, which leads to an increase in the capacity
available per user. The user data rate in attocell networks can be improved by up to three orders of magnitude.?¢

Moreover, Li-Fi attocells can be deployed as part of a heterogeneous VLC-RF network as illustrated in Fig.
5. They do not cause any additional interference to RF macro- and picocells, and can, hence, be deployed within
RF macro-, pico- and even femtocell environments. This allows the system to vertically hand-off users between
the RF and Li-Fi sub-networks, which enables both free user mobility and high data throughput. Such network
structure is capable of providing truly ubiquitous wireless network access.
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6. THE CELLULAR NETWORK

The deployment of multiple Li-Fi attocells provides ubiquitous data coverage in a room in addition to providing
nearly uniform illuminance. This means that a room contains many attocells forming a very dense cellular
attocell network. A network of such density, however, requires methods for intra-room interference mitigation
while there is no inter-room interference if the rooms are separated by concrete walls. Interference mitigation
techniques used in RF cellular networks such as the busy burst?” technique, static resource partitioning,?® or
fractional frequency reuse?? have been considered. The unique properties of optical radiation, however, offer
specific opportunities for enhanced interference mitigation in optical attocell networks. Particularly important
is the inability of light to penetrate solid objects, which allows interference to be managed in a more effective
manner than in RF communication. According to,?® for example, the VLC interference mitigation caused by
solid objects in a typical indoor environment leads to a tremendous increase in area spectral efficiency (ASE) over
an RF femtocell network deployment in same LTE indoor office environment. The presented results highlight
that the improvement with respect to ASE can reach a factor of up to 1000 in certain scenarios.

Essential techniques for increasing wireless system capacity such as beamforming are relatively straightforward
to use in VLC as the beamforming characteristic is an inherent, device specific property related to the field of
view (FOV), and no computationally complex algorithms and multiple transmitting elements are required. A
simple example is provided with the technique of joint transmission in indoor VLC downlink cellular networks
proposed by Chen et al.’° and illustrated in Fig. 6. The application of multiple simple narrow-emission-pattern
transmitters at each attocellular AP results in significant co-channel interference reduction. The technique allows
the cellular coverage area to be broken down further into areas of low interference and areas that are subject to
higher interference — typically at the cell edges. The frequency allocation can then be performed in a more optimal
way which allows the overall throughput distribution over the coverage area to increase significantly as indicated
by the results in Fig. 7. A similar concept realized at the receiver side is illustrated in Fig. 8(a) where multiple
receiver elements with a narrow FOV provide a means for enhanced interference mitigation capabilities. The
narrow FOV causes each photodetector to scan only a fraction of the available space. The overall combination
of all photodetectors provides a wide FOV. This discretization of the receiver eyesight allows interference to be
avoided by careful recombination of the output signals from each receiver element. These are only some examples
of the cellular network research that is being conducted in the field of OWC.

AN

€]

- Single-point transmission region

&S Joint transmission region (b) Different frequency allocation schemes. Joint transmission 1 (JT1)

I allocates the same frequency to all conflicting regions. Joint transmis-
sion 2 (JT2) allocates non-overlapping frequency bands to neighboring
conflicting regions.

(a) lustration of signal contributions to cel
center regions and to conflicting regions.

Figure 6. Resource allocation by using joint transmission. The adjacent APs transmit the same data at the cell-edge
regions by coordinated transmissions. Note, in Li-Fi signals only add constructively which is a specific property that is
exploited here. Frequency bands allocated to the high interference regions are different than frequency bands allocated
to the cell-center regions.>°
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Figure 8. Performance of an angle-diversity receiver (ADR) vs. performance of a conventional receiver (CR). Parameters
have been selected such that the effective area and the coverage of the two receivers are equivalent.

7. CONCLUSION

Research in VLC over the past ten years has primarily been focussed on finding an optimum modulation scheme
for IM/DD assuming point-to-point VLC links by taking into account that VLC may serve two simultaneous
functions: (a) illumination, and (b) gigabit wireless communication. The predominate sources for signal dis-
tortion are frequency dependent in such systems. This constitutes one key reason why there is now a general
understanding that OFDM is the most suitable choice as a digital modulation scheme for Li-Fi, and there are
good technical reasons to reconsider the IEEE 802.15.7 VLC standard. The straightforward multiple access tech-
nique that OFDMA provides at almost no additional complexity and its compatibility to state-of-the art wireless
standards like LTE and IEEE 802.11 further favor the selection of this modulation/multiple access scheme.

The realization of a bidirectional connection also seems to have been addressed successfully to an extent that
the first commercial bidirectional point-to-point Li-Fi systems are available. The most practical solutions to the
uplink channel realization is to consider the IR or RF spectrum. The confidence brought by encouraging recent
research results and by the successful VLC link-level demonstrations, has now shifted the focus towards an entire
Li-Fi attocell networking solution. The unique physical properties of light promise to deliver very densely-packed
high-speed network connections resulting in orders of magnitude improved user data rates. Based on these very
promising results, it seems that Li-Fi is rapidly emerging as a powerful wireless networking solution to the
looming RF spectrum crisis, and an enabling technology for the future Internet-of-Everything. Based on past
experience that the number of wireless applications increases by the square of the number of available physical
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connections, Li-Fi could be at the heart of an entire new industry for the next wave of wireless communications.
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Abstract—Unipolar orthogonal frequency division multiplexing
(U-OFDM) has recently been introduced for intensity modulation
and direct detection (IM/DD) systems. The scheme achieves
higher power efficiency than the conventional direct-current-
biased optical orthogonal frequency division multiplexing (DCO-
OFDM) at the expense of half the spectral efficiency for the
same M -ary quadrature amplitude modulation ()/-QAM) order.
This paper presents a modulation approach which doubles the
spectral efficiency of U-OFDM and still allows it to achieve
better performance in terms of both electrical power and optical
power dissipation compared to DCO-OFDM. The simulation
results and the theoretical analysis suggest that the performance
improvement of the proposed scheme over DCO-OFDM increases
with the modulation order. This trend is different from the
inherently unipolar state-of-the-art techniques such as U-OFDM,
asymmetrically clipped optical orthogonal frequency division
multiplexing (ACO-OFDM) and pulse-amplitude-modulated dis-
crete multitone modulation (PAM-DMT). It is typical for these
schemes to exhibit a loss in the power efficiency as the spectral
efficiency is increased. The novel approach is very promising
for the achievement of high data rates in IM/DD systems. To
the best of the authors’ knowledge, this is the first design of
a strictly unipolar orthogonal frequency division multiplexing
(OFDM) scheme which requires no biasing and is able to demon-
strate significant energy advantage over DCO-OFDM without
sacrificing spectral efficiency.

1. INTRODUCTION

Statistical data indicates that demand for wireless com-
munication is growing exponentially. By 2017, data traffic
of more than 11 Exabytes per month is expected in mobile
networks [1]. Despite the significant technological advances
in communication systems, forecasts indicate that meeting the
future data rate demands will be challenging. The main reason
for this stems from the fact that the radio frequency (RF) spec-
trum with favourable communication properties is almost com-
pletely depleted. A potential solution to the looming spectrum
crisis lies in the expansion of wireless communication into new
parts of the electromagnetic spectrum such as infrared and visi-
ble light wavelengths. Optical wireless communication (OWC)
is a major candidate for providing a complementary alternative
to RF communication. The optical spectrum features 100s of
THz regulation-free bandwidth. Furthermore, optical radiation

978-1-4799-2003-7/14/$31.00 ©2014 IEEE

does not interfere with the operation of sensitive electronic
systems and the existing lighting infrastructure could be reused
for backhauling. This would simplify the integration of OWC
into future heterogeneous wireless networks. Moreover, OWC
systems could potentially deliver significant energy savings
when successfully combined with existing lighting fixtures.

The foremost candidates for low-cost front-end devices in
OWC are commercially available light emitting diodes (LEDs)
and photodiodes (PDs). Light emitted by off-the-shelf LEDs is
incoherent and, therefore, information can be reliably encoded
only in the signal intensity. Phase and amplitude of the light
wave cannot be modulated or detected with LEDs and PDs.
Hence, an OWC system can be realised only as an intensity
modulation and direct detection (IM/DD) system. This limits
the set of conventional modulation schemes that can directly be
applied from the field of RF communication. Techniques like
on-off keying (OOK), pulse-position modulation (PPM), and
M-ary pulse-amplitude modulation (M-PAM) are relatively
straightforward to implement. With the increase of transmis-
sion rates, however, the limited modulation bandwidth of the
front-end devices and the limited bandwidth of the OWC
channel lead to intersymbol interference (ISI).As a result, or-
thogonal frequency division multiplexing (OFDM) becomes a
more appropriate choice. It enables cost-effective equalisation
with single-tap equalisers in the frequency domain as well
as adaptive data and energy loading in different frequency
bands depending on the channel properties. This results in
an optimal use of the communication resources. At medium
access control (MAC) level, OFDM provides a straightforward
multiple access scheme. It is less straightforward to achieve
multiple access in OOK, PPM and M-PAM.

In practice, OFDM is realised by taking an inverse fast
Fourier transform (IFFT) of a block of symbols from a
conventional modulation scheme such as M-ary quadrature
amplitude modulation (M-QAM). This effectively maps the
M-QAM symbols to different subcarriers in the frequency
domain of the resulting signal. The procedure, however, pro-
duces complex-valued time-domain samples, while intensity
modulation requires real positive signals. Hence, modifications

3336

234



Selected Publications

IEEE ICC 2014 - Optical Networks and Systems

are required so that the OFDM signal becomes suitable for an
IM/DD system. A real signal can be obtained by imposing
a Hermitian symmetry in the information block which is
passed through the IFFT. The resulting time-domain samples,
however, are still bipolar. A number of approaches exist
for obtaining a unipolar signal. A straightforward method
is to simply add a bias value to all samples, which would
make the resulting signal nonnegative. This scheme is called
direct-current-biased optical orthogonal frequency division
multiplexing (DCO-OFDM). The addition of the direct current
(DC) bias increases the energy dissipation of the signal
significantly. For example, 4-QAM DCO-OFDM requires a
minimum bias which results in a power penalty of about
6 dB, compared to a bipolar OFDM signal. Hence, alternative
methods for the generation of unipolar signals have been
explored. This has lead to schemes such as asymmetrically
clipped optical orthogonal frequency division multiplexing
(ACO-OFDM) [2], pulse-amplitude-modulated discrete mul-
titone modulation (PAM-DMT) [3], Unipolar orthogonal fre-
quency division multiplexing (U-OFDM) [4], Flip-OFDM [5],
etc. All these methods exploit the properties of the fast Fourier
transform (FFT) and the properties of the OFDM frame
structure in order to realise a unipolar signal without biasing.
It is interesting to note that the underlying concepts presented
for U-OFDM in [4] and for Flip-OFDM in [5] and [6] are
the same. It is also interesting to note that all four approaches
achieve the same performance in an additive white Gaussian
noise (AWGN) channel [7]. For the same modulation order,
the spectral efficiency of each of these four methods is halved
when compared to DCO-OFDM. However, the power penalty
when compared to a bipolar OFDM signal is only 3 dB for any
M-QAM constellation size, which amounts to a significant en-
ergy advantage over DCO-OFDM. Improved decoders, which
are equivalent in performance, have been developed for ACO-
OFDM [8], U-OFDM [4] and Flip-OFDM [6]. Even though, to
the best of the authors’ knowledge, such an improved decoder
is not presented in the literature for PAM-DMT, it would be
straightforward to design. The improved decoders make the
power efficiency of all four schemes almost equivalent to the
case for a bipolar OFDM signal but can only work for a rela-
tively flat communication channel. The real problem, however,
stems from the decreased spectral efficiency, which requires
M-QAM DCO-OFDM to be compared to M2-QAM ACO-
OFDM/U-OFDM/Flip-OFDM and to M-PAM PAM-DMT in
order to keep the achievable data rate equivalent. This causes
a substantial loss of energy efficiency compared to DCO-
OFDM in all four schemes for a spectral efficiency above 1
bit/s/Hz [9]. Dissanayake ez. al. have proposed a technique to
simultaneously transmit ACO-OFDM and DCO-OFDM in an
attempt to close the spectral efficiency gap [10]. However,
this method still requires a DC-bias for the generation of
DCO-OFDM. The current work proposes an algorithm to
simultaneously transmit multiple unipolar data streams which

do not require any biasing. As a result, the spectral efficiency
loss of U-OFDM is fully-compensated while a significant
energy advantage over DCO-OFDM is retained.

The rest of this paper is organized as follows. Section II
gives an overview of U-OFDM. Section III presents the mod-
ified modulation approach. Section IV makes a performance
comparison between the proposed method and DCO-OFDM.
Finally, Section V offers concluding remarks.

II. U-OFDM

In U-OFDM [4], after the IFFT operation from the OFDM
modulation process, the time-domain signal is subjected to
a simple transformation in order to make it unipolar with
minimum or no biasing requirements. Each bipolar frame is
split into two separate frames, transmitted one after the other.
The first one holds the positive time-domain samples and zeros
in the places of the negative ones. In the context of this work,
this will be referred to as the positive frame. The second frame
holds the absolute values of the negative samples and zeros in
the places of the positive ones. This frame will be referred to as
the negative frame. This transformation halves the achievable
data rate and effectively halves the spectral efficiency which
becomes:

Ny = logQ(AI)(NFFT — 2)
4(Nypr + Nep)

FFT

bits/s/Hz, 1)

as opposed to the spectral efficiency of DCO-OFDM:
_ logy(M)(Nypr —

FFT 2)
DCO T

3(Nowr + Nop) bits/s/Hz. )

The factor log,(M) indicates the number of bits that are
encoded in an M-QAM constellation; ... is the FFT size;
the factor (N, — 2)/2 appears because the DC subcarrier
and the m-shifted subcarrier are set to zero, and because only
half of the subcarriers are modulated uniquely as part of the
Hermitian symmetry requirement; N¢, is the length of the
cyclic prefix.

At the U-OFDM receiver, each original bipolar frame is
recovered by subtracting the samples in the negative frame
from the samples in the positive frame. This combines the
AWGN at both frames and leads to a signal-to-noise ratio
(SNR) penalty of 3 dB when compared to a bipolar OFDM
signal. The DC-bias in DCO-OFDM causes a substantial
increase in the energy consumption. If the bias is defined as:

bpe = kVE{s*(t)} = ko, 3)

where s(t) denotes the bipolar OFDM signal, and E{-} denotes
statistical expectation, the energy dissipation of DCO-OFDM
increases approximately by:

10log;q (k* + 1) dB )

when compared to bipolar OFDM [11]. The minimum biasing
requirement of 4-QAM DCO-OFDM, for example, leads to a
power penalty of about 6 dB. This penalty increases with the
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Fig. 1. Tllustration of the enhanced U-OFDM concept up to Depth 3. CP is the cyclic prefix of each frame. P,,; signifies the unipolar frame which holds
the positive samples of the lth original bipolar OFDM frame at Depth m. N,,; indicates the unipolar frame which holds the negative samples of the Ith
original bipolar OFDM frame at Depth m. The illustrated digital-to-analog converter (DAC) includes all necessary operations required for transition from a
discrete-time-domain signal to a continuous analog signal. This block includes pulse-shaping and signal amplification. The resulting analog signal drives the

LED transmitter.

modulation order. Hence, U-OFDM is more power efficient
than DCO-OFDM for the same constellation size. However,
as described in Section I, halving of the spectral efficiency
means that A/-QAM DCO-OFDM should be compared to M-
QAM U-OFDM for the same spectral efficiency. As a result,
U-OFDM very quickly loses its energy efficiency over DCO-
OFDM as M increases.

An improved decoder for U-OFDM is presented in [4]. This
decoder employs a recombination technique for the positive
and negative frames, which at each position selects the sample
with higher amplitude between the two frames. This ideally
removes half of the AWGN. However, it is still insufficient to
make up for the power penalty which results from the require-
ment for a higher constellation size compared to DCO-OFDM.
Furthermore, this technique is only applicable in relatively flat
communication channels where the ISI is negligible. If the ISI
is considerable, then this demodulator requires equalisation
to be performed in the time domain. In addition, since this
method discards half of the U-OFDM samples, the channel
attenuation at different frequency subcarriers is not consistent.
This renders use of adaptive bit loading techniques difficult.
Furthermore, frequency-dependent distortion effects caused by
the DC-wandering in electrical circuits as well as by the
flickering noise from ambient light sources could become
unavoidable and could further aggravate the issues when using
this demodulation algorithm.

III. ENHANCED U-OFDM

The current paper proposes a modification of U-OFDM
which effectively doubles the spectral efficiency. The concept,
as illustrated in Fig. 1, allows multiple U-OFDM information
streams to be combined in a single time-domain signal used
to modulate the LED. A single U-OFDM signal is represented
by the information stream, labelled Depth 1. A frame labelled
with P holds the positive samples of a bipolar OFDM frame
and zeros in place of the negative ones. A frame labelled with
N holds the absolute values of the negative samples of that
same bipolar OFDM frame and zeros in place of the positive
ones. The signal at Depth I is generated exactly as described in
Section II and in [4]. A second U-OFDM information stream,

indicated by Depth 2, is superimposed on the first one, and
it does not affect the ability of the receiver to recover the
transmitted bits as long as the additional stream follows a
certain structure. In particular, at Depth 2, each U-OFDM
frame is replicated and transmitted twice, where the second
instance is an exact copy of the first one. Hence, in the figure,
the second frame at Depth 2 is an exact copy of the first
one, the fourth frame is an exact copy of the third one, efc..,
as indicated by their label. Since each frame is transmitted
twice in the second stream, the power of each frame instance
is scaled by 1/2. A third stream can be added in the same
way as the second one, and the structure requires the U-
OFDM frames to be replicated four times now. The power
of each frame instance is scaled by 1/4 in this case. In a
similar fashion, additional information streams could be added
where each frame would be replicated into 29! consecutive
frames whose amplitude would be scaled by 1/v/29—1, where
d indicates the depth of the stream.

At the receiver, the modulation stream at Depth I can
be demodulated using the standard techniques for U-OFDM.
Each negative frame is subtracted from each positive frame,
followed by conventional OFDM demodulation of the obtained
bipolar frames. For example, at Depth 1, the first bipolar
frame is obtained from the operation P;; — Ny, the second
one is obtained from the operation Pj3 — Ni2 and so on.
The additional streams do not interfere with the successful
demodulation because the interference that falls on Pi; is
equivalent to the interference that falls on Ni; caused by
P51 + Ps;. Hence, the subtraction operation cancels out both
interference terms. The same happens to the interference terms
on all subsequent frames at Depth 1. Hence, the information
at Depth I can be successfully recovered with the conven-
tional U-OFDM demodulator. Once the information bits are
demodulated at Depth 1, they are remodulated again in order
to recover the original U-OFDM signal at Depth 1. This signal
is then subtracted from the overall received signal, and the
result only contains the information streams from Depth 2
and all subsequent levels. Every two equivalent frames at
Depth 2 are summed. For example, the first and the second
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frame at Depth 2 are summed, the third and the fourth frames
are summed, efc.. Then, the demodulation process continues
with the conventional U-OFDM demodulator just like for the
information at Depth 1. Again, subsequent streams do not
interfere because the interference from the subsequent streams
is structured in such a way that it is completely removed by
the subtraction operation. After the bits are recovered, they are
remodulated and the result is subtracted from the remaining
received signal. This iterative demodulation procedure contin-
ues until the information at all depths is recovered.

The spectral efficiency of the new scheme is the sum of the
spectral efficiencies of the information streams at all depths:

LI D
2d31 =M Z 9d—17 ®)

where D is the maximum modulation depth of the scheme,
which indicates the total number of streams that are superim-
posed in the modulation signal. As the maximum modulation
depth increases, the spectral efficiency of this enhanced U-
OFDM (eU-OFDM) converges to the spectral efficiency of
DCO-OFDM:

N (D) =
d=1

D
1
i (D) = i 3

d=1

=20y = Npeo-  (6)

For a maximum modulation depth of D=5, 7, is already
96.8% of 1., which means the difference is negligible.
The average power of a U-OFDM signal is E{o2/2}, where
o is the standard deviation of the bipolar OFDM signal,
introduced in (3). This result can be quickly deduced from
the fact that half of the U-OFDM time-domain samples have
the same absolute values as the bipolar OFDM samples and
the other half of the U-OFDM samples are set to zero. The
average electrical power of the eU-OFDM signal is higher due
to the additional information streams. It can be calculated as:
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where sy (t) is the time-domain eU-OFDM signal, s;(¢) is
the time-domain U-OFDM signal at depth d, and ¢(0) is
the probability density function (PDF) of the standard normal
distribution. In (7), the time-domain expectation of the U-
OFDM signal, E {s;(¢)} =¢(0)os/v2¢1, can be quickly

derived from the fact that half of the U-OFDM samples follow
a Gaussian distribution clipped at zero, and the other half of the
samples are set to zero. The truncated Gaussian distribution
and its statistical properties are described in more detail in
[12]. The number of bits carried by eU-OFDM is 271/217_1
times more compared to U-OFDM, and, as a consequence, the
increase in the required SNR compared to U-OFDM for the
same M-QAM constellation size becomes:

4¢°(

=14+ —-Z 8
a=1+3 1/2D 1 dzl dzl /72d1+d2 ®)
" dds
The electrical SNR of the system is defined as:
El),elec o P;:f eU E{SgU( )} (9)

N, BneUNO Bn,; N,

where B is the communication bandwidth of the system
and N, is the power spectral density (PSD) of the AWGN.
Given that U-OFDM, decoded by subtraction of the negative
frame, performs 3 dB worse than bipolar OFDM, a bound
on the performance of eU-OFDM can be easily evaluated
theoretically. This is achieved by applying a factor of 2 and a
factor of o to the SNR in the formula for calculating the bit
error rate (BER) of conventional real M-QAM OFDM. This
bound is expected to coincide with the BER curve for the
information stream at Depth I of eU-OFDM where distortion
is caused only by the AWGN as the inter-stream interference
of any subsequent streams can be completely removed by
the subtraction operation. The BER of the additional streams
is expected to increase with the depth. This occurs because
the performance of each stream is affected by the BER of
the previous streams. Any errors in the demodulated bits
at a given depth translate into imperfections in the iterative
cancellation algorithm. This results in overall deterioration of
the signal quality at all subsequent information streams. The
performances of all streams are expected to converge to the
performance of the one at Depth I as the SNR increases.
This expected trend is confirmed by the simulation results in
Section IV.

eU

In a similar fashion, the average optical power of the eU-
OFDM signal can be calculated as:

D D
P::iiu =E {SCU(t)} =E {st(t)} = ZE {§d(t)}
d=1 d=1 (10)
D
0)os ; T

A closed-form bound can be calculated for the BER perfor-
mance as a function of the optical SNR. The relationship
between electrical SNR and optical SNR can be expressed
as the ratio of (7) and (10). This means that for any optical
SNR, the equivalent electrical SNR can be obtained, and for
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Fig. 2. 16-QAM eU-OFDM performance at different depths as a function of ~ Fig. 3. 16-QAM eU-OFDM performance at different depths as a function

the electrical SNR. The optimum biasing level for 16-QAM DCO-OFDM is
estimated at 7.5 dB, as described in (4).

the electrical SNR a closed-form bound already exists. The
optical SNR of the system is defined as:

Eh‘opt _ Poa]\)/tg;cU _ E {seU (t)} (11)
No Bnuu NO Bncu NO

The calculations presented so far assume an eU-OFDM sig-
nal with zero bias. This occurs when at the lowest operational
point the LED light intensity output is generally not visible.
Then, a zero bias can be assumed for the estimation of the
optical efficiency of the system. However, an LED normally
requires a minimum bias current at which the device turns on.
Therefore, for the calculation of the electrical efficiency, this
bias needs to be taken into account. As long as it is small,
relative to the span of the information signal, the bias will not
introduce significant changes to the energy efficiency of the
system. Therefore, in the current study, it is neglected.

IV. NUMERICAL RESULTS

This section compares the performance of DCO-OFDM and
eU-OFDM in the context of a linear AWGN channel. The only
nonlinear operation considered in this study is clipping of any
negative values in the modulation signal. This occurs because
an LED is active only for a positive signal. In practice, clipping
of the signal from above is also present due to saturation of
the optical output power and due to maximum current and
optical radiation constraints. This effect is not considered in
the current work as it is strongly dependent on the particular
device which is used and also dependent on the signal level
constraints. The clipping from below, however, is inherent and
cannot be avoided in a scheme such as DCO-OFDM unless
an impractically large signal bias is introduced. The peak-to-
average power ratio (PAPR) of an OFDM signal is quite high
and grows linearly with the number of active subcarriers in the
frequency domain [13]. Hence, it is very inefficient to use a
bias level which can make all possible negative values positive
in DCO-OFDM. The novel modulation scheme, eU-OFDM, is
strictly positive and so it requires no biasing. In the current
study, the maximum modulation depth of eU-OFDM is set
to D=5. The performance of the information streams at the

of the optical SNR. The optimum biasing level for 16-QAM DCO-OFDM is
estimated at 7.5 dB, as described in (4).

different depths is illustrated in Fig. 2. As expected, the stream
at Depth 1 performs best and its BER curve matches exactly
the theoretical bound described in Section III. All subsequent
streams converge to the performance of the first one as the
SNR increases. The same behaviour is depicted in Fig. 3 where
the performance of eU-OFDM is illustrated as a function of
the optical SNR.

The average BER of the information at all depths is com-
pared against the BER of DCO-OFDM for different M/-QAM
constellation sizes. Fig. 4 presents the results as a function of
the electrical SNR. At BER=10"*, the performance improve-
ment of eU-OFDM over DCO-OFDM starts at 1 dB for M =4
and increases to about 5 dB for M/ =256. The bias levels for the
different realisations of DCO-OFDM are optimised through
Monte Carlo simulations, in agreement with previous works
such as [12], [14]. This means that adding less bias would
lead to more clipping and, hence, to higher BER values for
a given SNR, while adding more bias would lead to higher
SNR levels without actually reducing the BER. The bias level
in each case is indicated as the estimated SNR increase in dB
compared to the case for a bipolar OFDM signal as described
in (4). It is interesting to note that, for a depth of D=5,
the factor for the SNR increase of eU-OFDM, described in
(8), is @=1.96, which translates in an SNR penalty of less
than 6 dB, compared to the real bipolar OFDM signal. This
SNR penalty is constant for all values of the constellation
size M. Therefore, it is easy to explain and quantify the
increasing energy advantage of eU-OFDM over DCO-OFDM
with the increase of the M-QAM modulation order. Fig. 5
illustrates the performance difference between eU-OFDM and
DCO-OFDM for different modulation orders in terms of the
BER as a function of the optical SNR. For M =4, the two
schemes seem to perform equivalently at BER=10"%. As the
constellation size increases, the increasing biasing requirement
of DCO-OFDM causes eU-OFDM to become more efficient.
The savings in terms of optical power reach about 2 dB for
256-QAM.
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Fig. 4. eU-OFDM performance vs. DCO-OFDM performance for different
M-QAM constellation size as a function of the electrical SNR. Optimum
biasing levels for 4-QAM, 16-QAM, 64-QAM, and 256-QAM DCO-OFDM
are estimated at respectively 6 dB, 7.5 dB, 9.5 dB, and 11 dB, as described
in (4).

V. CONCLUSION

A novel approach for increasing the spectral efficiency
of U-OFDM has been presented in this paper. It allows U-
OFDM to approach the spectral efficiency of DCO-OFDM
without the need to introduce any form of biasing, apart from
the practical minimum around the turn-on voltage, and, as a
consequence, the new scheme avoids energy efficiency losses
due to LED biasing. The new method achieves significant
improvements in terms of both electrical power dissipation
and optical power dissipation. The better energy efficiency
of the scheme comes at the cost of increased computational
complexity in the modulation and demodulation procedures.
At the same time, the design complexity of the analog circuitry
is reduced, compared to DCO-OFDM, since the biasing level
needs to be optimised only once for any signal strength and
any constellation size.

The other two types of unipolar OFDM - ACO-OFDM and
PAM-DMT - include a special structure within their time-
domain frame which allows well-structured interference terms
to be orthogonal to the useful information. As a consequence,
the authors believe that the currently presented concept could
be extended to those schemes as well. Further work on the
subject may include a more detailed evaluation of ACO-
OFDM and PAM-DMT. In addition, a performance analysis
of eU-OFDM in the presence of nonlinear distortion, resulting
from the electrical-to-optical characteristics of an LED, will
also be conducted.

The other two types of unipolar OFDM - ACO-OFDM and
PAM-DMT - include a special structure within their time-
domain frame which allows well-structured interference terms
to be orthogonal to the useful information. As a consequence,
the authors believe that the currently .
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Fig. 5. eU-OFDM performance vs. DCO-OFDM performance for different
M-QAM modulation order as a function of the optical SNR. According to
(4), optimum biasing levels for 4-QAM, 16-QAM, 64-QAM, and 256-QAM
DCO-OFDM are set at 6 dB, 7.5 dB, 9.5 dB, and 11 dB, respectively.
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