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Abstract—This paper presents a complete analytical frame- as an intensity modulation and direct detection (IM/DD)
work for modeling memoryless nonlinear effects in an intenly  system. This means that only signal intensity can be detecte
modulation and direct detection optical wireless communiation reliably. Hence, without modification it is not possible teeu

system based on orthogonal frequency division multiplexig. The it . - . .
theory employs the Bussgang theorem, which is widely accegt all digital modulation techniques known in RF communica-

as a means to characterise the impact of nonlinear distortios tion. Unipolar techniques like on-off keying (OOK), pulse-
on normally-distributed signals. The current work proposes a position modulation (PPM), and pulse-amplitude modutatio

new method to generalise this approach, and it describes how (7/-PAM) can be adopted in a relatively straightforward
a closed-form analytical expression for the system bit ermorate way. As transmission rates increase, however, unwanted in-

can be obtained for an arbitrary memoryless distortion. Major t bol interf S| H asili
distortion effects at the transmitter stage such as quantition ersymbol interference (ISI) appears. Hence, more resilie

and nonlinearity from the light-emitting-diode are analysed. Four te€chniques such as orthogonal frequency division mukipte
known orthogonal-frequency-division-multiplexing-bassd modu- (OFDM) are preferred. OFDM allows equalisation to be
lation schemes for optical communication are considered in performed with single-tap equalisers in the frequency doma
this study: direct-current-biased optical OFDM, asymmetically \yhich reduces design complexity and equalisation costsét a
clipped optical OFDM, pulse-amplitude-modulated discree mul- . - .
titone modulation, and unipolar orthogonal frequency division al]ow§ dlf‘ferer)t ffequency subcarriers to be adaptlveadk.ad.
multiplexing. with information according to the channel characteristics
This enables more optimal usage of the channel, especially
when attenuation or interference is significant in certaé f
guency bands [2]. Conventional OFDM signals are bipolar and
complex-valued. However, they have to be both real and unipo
l. INTRODUCTION lar in IM/DD systems. It is possible to transform an OFDM
IRELESS data rates have been growing exponentiatjgnal into a real signal by imposing Hermitian symmetry
in the past decade. According to some recent forecas, the subcarriers in the frequency domain. Furthermore, a
in 2015 more than 6 Exabytes of wireless data would weimber of possible approaches to deal with the issue of
required per month [1]. The continuously enhanced wirelebipolarity in OFDM signals have been proposed. The current
communication standards will not be able to fully satisfg thwork focuses on four of them, in particular: direct-cureent
future demand for mobile data throughput because the avdilased optical OFDM (DCO-OFDM), asymmetrically clipped
able radio frequency (RF) spectrum is very limited. Hence, @ptical OFDM (ACO-OFDM) [3], pulse-amplitude-modulated
expansion of the wireless spectrum into a new and largehscrete multitone modulation (PAM-DMT) [4], and unipolar
unexplored domain — the visible light spectrum — has ttithogonal frequency division multiplexing (U-OFDM) [5}.
potential to change the face of future wireless commurdaoati analytically characterises their performance in a noaliree-
The advantages of an optical wireless system include amatitive white Gaussian noise (AWGN) channel which is typical
others: 1) vast amount of unused bandwidth; 2) no licensifigy an OWC system. Some of the schemes - DCO-OFDM and
fees; 3) low-cost front end devices; and 4) no interferenitie wACO-OFDM - have already been analysed in the context of
sensitive electronic systems. In addition, the existigipting certain nonlinearities that are present in OWC [6]-[10]eTh
infrastructure can be used for the realisation of visibighti current work gives a more complete analysis encompassing
communication (VLC). the joint effect of a number of different distortions whiah t
Optical wireless communication (OWC) using incohereribe best of the authors’ knowledge have not been analysed
off-the-shelf illumination devices, which are the foremogointly in OWC and have never been analysed for PAM-DMT
candidates for mass-produced front-end elements, isadddi and U-OFDM. An interesting observation is that the concepts
presented for U-OFDM have been previously introduced in
Jumanuscript received September 01, 2012; revised Febnmn2013 and Flip-OFDM [11]. In addition, the four schemes, ACO-OFDM,
u‘?’ﬁe authors Srcz:ti?u‘lely aggnowiedge .support for this wornfrthe UK PAM-DMT, U-OFDM and Flip-OFDM, perform equivalently
Engineering and Physical Sciences Research Council (EP8R@r grant in a simple AWGN channel [3]-[5], [11].
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Fig. 1. Optical Wireless Communication System

and evaluate distortion effects as fully as possible. Suclipping any values below the allowed minimum or above the
examples include quantisation effects in the digital#t@dag allowed maximum. Clipping is performed because a DAC,
converters (DACs) and analog-to-digital converters (Ap@s an amplifier, and an LED can only operate in a limited
well as the effects caused by the nonlinear output chaiatiter range, specified by their electrical properties. The cimuiitd
of a light emitting diode (LED). A number of works havesignal is fed to a DAC which outputs an analog signal. This
been published on distortion in OFDM-based modulatiostage of the system consists of a zero-order-hold element or
schemes [6]-[10], [12]-[16]. A significant number of thenother type of interpolator followed by a low pass filter. The
focus specifically on the nonlinear distortions present rin autput signal from the zero-order hold is continuous in time
OWC system [6]-[10]. The analysis of nonlinear distortioowever, because the signal has discrete amplitude levels,
is not straightforward. Even though general procedureg hasorresponding to the samples of the oversampled pulsesdhap
been introduced for obtaining an analytical solution [12], and clipped signak’[¢], it is analysed in terms of the discrete
closed-form solution is not always available. The curreotkw time-domain signak’[t]. It is assumed that the oversampling
describes a complete general procedure whlelays leads to is sufficient, and the pulse shaping operation is such thet th
a closed-form solution. It can be used to solve the problermsv-pass filter after the zero-order hold outputs a contirsdo
presented in [6]-[10] as well as to analyse any other aritraime signal which is equivalent to the signal at its input for
memoryless nonlinear distortion, which can be part of an OW&Il practical considerations. Hence, in the analysis, inear
system based on OFDM. The specific case study in this pap@nsformations of the signal[¢] are investigated. The analog
involves a complete set of the significant nonlinear effatts output of the DAC is encoded into a current signal by a
the transmitter combining distortion due to quantisatibtha voltage-to-current transducer with appropriate bias amg s
DAC as well as distortion due to the nonlinear characteristplied to the LED. OFDM-based OWC with incoherent off-the-
of the LED. Pulse shaping has also been considered unlikesirelf illumination devices can only be realised as a basban
previous works on the subject [6]-[10]. communication technique. Therefore, frequency upcoiwers

The rest of this paper is organised as follows. Sectias not required and, thus, has not been considered in the
Il provides a description of the OWC system. Section lipresented analysis. Light intensity at the diode varies wit
describes the modulation schemes under investigation. S#e current. At the receiver side, a photo diode transfofras t
tion IV discusses the issues incurred by pulse shaping teelariations in the intensity of the received light into vaidas
niques in IM/DD transmission systems. Section V introduced a current signal, which is turned into a voltage signal by
the expected nonlinearities in an OWC system. Section ¥ltransimpedance amplifier. The resulting signal is diszdt
presents the theoretical approach for obtaining a closad-f at an ADC and passed on to the processing circuitry, which
assessment of the performance. Section VIl confirms acalytiincludes a matched filter, an OFDM demodulator with an
solutions with numerical simulations. Finally, sectionllVI equaliser, as well as a bit demodulator.
provides concluding remarks.

I1l. OFDM M ODULATION SCHEMES
Il. OWC SYSTEM The modulation schemes presented in this paper are mod-

The diagram of an OWC system is presented in Fig. 1. Thfications of conventional OFDM. The subcarriers in the
incoming bits are divided into data chunks and mapped ftequency domain are modulated wiftf-QAM symbols in
symbols from a known modulation scheme such as quadthe case of DCO-OFDM, ACO-OFDM, and U-OFDM and
ture amplitude modulationM/-QAM) or M-PAM. The M- with M-PAM symbols in the case of PAM-DMT. A time-
QAM/M-PAM symbols are modulated onto different fredomain block of samples is obtained by taking the inverse
guency subcarriers according to one of the following scleemdast Fourier transform (IFFT) of a block a¥, .. complex
DCO-OFDM, ACO-OFDM, PAM-DMT, U-OFDM. Then, the M-QAM/M-PAM symbols. Hermitian symmetry is imposed,
resulting time domain signal is subjected to a number wfhich, according to the properties of the Fourier transform
predistortion technigues, which condition it for transsis. generates a real time-domain signal [17]. The subcarriers a
This block includes oversampling, pulse shaping as well assitionsk=0 andk:@ are set to zero in order to satisfy



the requirements of the Hermitian symmetry. The real timereates a symmetry between samples in the time-domain

domain signal is bipolar in nature. An LED can convey onlpFDM frame. In general, ifs(k,n) is the contribution of

positive signals when it is active. Hence, the following rfousubcarrierS[k] to the sample at time, then [3]:

different methods have been designed for the generation of 1 J—

unipolar signals, suitable for OWC. s(k,n) = TS[k]eNFFT
FFT

1 j27m(n+Nppp /2)k

A. DCO-OFDM S[k]e Nk _

s(k,n+ Nepr )=

DCO-OFDM generates a unipolar signal by introducing a 2 VNepr
DC bias. Fig. 2 illustrates the concept. The spectral effiye _ 1 S[k]eﬁg;ﬁ Ik 3)
of the scheme is: V/Noor '
e = 10gy (M) (Nipr — 2) bits /s /Hz (1) For odd values of;, s(k,n) = —s(k,n + Ny, /2). For even
2(Nggr + Nep) values ofk, s(k,n) = s(k,n + N,../2). Hence, if only the

provided that all available carriers are loaded withQAM. odd subcarriers in an OFDM frame are modulated, the time-
The factorsN,,.—2 and 0.5 occur due to the Hermitian domain signals[n], has the property:

S[n] = _S[n+NFFT/2]' (4)

symmetry requirementY,, is the length of the cyclic prefix.
If only the even subcarriers in an OFDM frame are modulated,

2 ;‘ o the time-domain signal has the property:
1 :
=1 ol |2, o Tl ot sln] = 5[+ Negr /2], )
= ‘L l J’l o ?T _ TT TTQTT Because complex exponential functions are orthogonaldb ea
-2 0 = other, if a signal has the property in (4), this means that in
R o 246810121416 the frequency domain only odd samples contain information.
n

Similarly, if a signal has the property in (5), then in the

(2) Bipolar OFDM before biasing.  (b) Biased DCO-OFDM. frequency domain only its even samples contain information

Fig. 2. DCO-OFDM Generation. Cyclic prefix is not illustrdte Clipping the negative samples of an arbitrary time-domain
OFDM has a very high peak-to-average power ratio (PAPR%'.gnaI'S[”]’ can be represented as:
Following the calculations presented in [18], a lower botord CLIP(s[n]) = l(s[n] +1s[n]]). (6)
the PAPR of real signals can be calculated as follows: 2
—3Nd( M — 1) (2) i —© positive 3 i —© positive
9 /M + 1 T : —F negative 2 i —H negative|
| 1
whereN, is the number of modulated carriers in the frequency = ! = oeeL—Laa.eimj?—L'
domain. Therefore, it is impractical to introduce a biadinge! ° ! = |
which ensures that all possible time samples are positive. | _, ! j :
addition, electronic elements have an operational rangehw T e sy o s o5 i e 0 12 14 s
is limited both in terms of a minimum and a maximum value. n "

Hence, an OFDM signal would be clipped both from above (a) ACO-OFDM before clipping.  (b) ACO-OFDM after clipping.
and from below in order to fit within the required range. Arig. 3. ACO-OFDM Generation. Cyclic prefix is not illustrelte
typical value of a few signhal standard deviations is used in
practice for clipping on each side of the signal distribntio In ACO-OFDM, only the odd subcarriers are modulated.
This distortion is easily modeled by the upper and lowertimHence, (4) applies. Thereforegjn]= — s[n + N, /2]. Then
of the DAC. This modeling approach is adopted in the currefs{n]|=|s[n + N,../2]|. This symmetry allows all negative
study. values to be removed. The clipping distortiafn||, described
in (6), has the property stipulated in (5), and so it distorts
B. ACO-OFDM only the even subcarriers. The factor5 occurs from the
o ) o ~ clipping and is consistent with the analysis presented in
Biasing in DCO-OFDM increases the dissipated electricgd) ' An additional factor ofv/2 is introduced to rescale the
and optical energy at the transmitter by a substantial amoUnipolar signal and normalise the amount of dissipatedggner
The dissipated electrical energy is proportionalo*(t)] = \hich would lead to an overall signal-to-noise ratio (SNR)
E[(isigna1(t) + inias(t))?], and the dissipated optical energyerformance penalty o$dB. This short proof describes the
is proportional toE[i(t)] = Elisignal(t) + ibias(t)], Where analysis in [3] in a more concise manner. Not using the

B[] denotes statistical expectation. ACO-OFDM, illustrategyen subcarriers sacrifices about half the spectral eftigien
in Fig. 3, avoids the biasing requirement of DCO-OFDM byompared to DCO-OFDM, and it becomes:

exploiting the properties of the Fourier transform so that a
unipolar signal can be generated without biasing. As ptesen oo = 1ogy (M) N, bits /s /Hz. @)
in [3], only odd frequency subcarriers are modulated. This 4(Nggr + Nep)



C. PAM-DMT seen in Fig. 5(b). The cyclic prefixes are omitted in the given
In PAM-DMT, illustrated in Fig. 4, the frequency subcarri€xamples for simplicity of illustration. The increased rhen
ers in an OFDM frame are modulated with imaginary Symbog samples in the time domain decreases the spectral efficien
from the M-PAM modulation scheme. Due to HermitianPy @ factor of0.5 compared to DCO-OFDM, and it becomes:

symmetry in the frequency domain, the PAM-DMT time-

domain signal becomes [4]: o logo (M) (Nppr — 2) bits s,/ Hz. (11)
1 Nig—1 j2rkn 4(NFFT - NCP)
s[n] = —— Z S[k]eMerr = (8) At the demodulator, the original OFDM frame is obtained
VNeer 125 by subtracting the negative block from the positive one.
Nppp—1 This effectively doubles the noise at each resulting sample
= 1 Z S[k] (cos 2mhn + jsin 27Tkn) = and so the performance of U-OFDM becomes the same as
Nepr 125 Nepr Nepr the performance of ACO-OFDM and PAM-DMT where the
Nppp—1 clipping introduces an SNR penalty 8fdB.
_ S jS[k]sin 2mhn. (9) (=6 i ) .
V NFFT k=0 NFFT 1 1 i
The time-domain structure of a PAM-DMT frame exhibits = o @ g T ? T = o \
an antisymmetry wheres[0]=0, s[N,.,/2]=0 if N... is 7, bl l o i _
even, ands[n]= — s[N,,, — n]. This means thats[0]|=0, 5 . ! et
|$[Nppr/2]|=0 if N, is even, ands[n)|=|s[Nuypr — n]|. 01234567809 0 2 4 6 8 1012 14 16
Therefore, if the negative values are removed, as describe.. n n
in (6), the distortion terms[n]| has Hermitian symmetry in (a) Bipolar OFDM. (b) Unipolar U-OFDM.

the time domain. This means that in the frequency doma}_qg. 5
the distortion is transformed into a real-valued signalnéte

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.(Ghe An LED is modulated with a continuous electrical signal,

U-OFDM Generation. Cyclic prefixes are not illustcat

IV. PULSE SHAPING

spectral efficiency of PAM-DMT is: and it emits a continuously varying light signal. A digital
logy(M)(N,.. —2) implementation of OFDM generates discrete values which
= 082 EEL bits/s/Hz (10) need to be encoded into an analog signal, suitable to madulat

UPAI\/I—DI\/IT - Q(NFFT + Ncp)

the LED. The pulse shaping operation allows digital samples

whereM denotes the order af/-PAM modulation. It should to be mapped to continuous pulse shapes. The selection of the
be noted that/M-PAM has roughly the same performanceulse-shaping filters is important because the communitati

as M-QAM in an AWGN channel. This makes PAM-DMT channel restricts the bandwidth of the signals which can

comparable to ACO-OFDM in spectral efficiency for the samige successfully propagated to the receiver. The maximum

bit error rate (BER) performance. modulation frequency of off-the-shelf white LEDs is in the
4 o posine 4 0 poine order of2 MHz and in the order 020 MHz when blue filering
2 8 negative 2 T T —# negative is applied at the receiver [19]. The transmitted informatio
= o OTTQ ?o o® ? = o signals must be tailored to fit in that frequency range in orde
= g & 8 '!’lJ, = to avoid distortion. Different pulse shapes have diffetene-
- - domain properties as well as different bandwidth requinesme
T R E R VRRT A e o T An example of a pulse shape is a square pulse which corre-
n n sponds to the zero-order hold function of a DAC [20]. This
(a) Bipolar PAM-DMT before clip-(b) Unipolar PAM-DMT after clip- Shape is easy to implement and has a time duration which is
ping. ping and rescale. perfectly limited within a symbol period. However, it reces

an infinite bandwidth. Therefore, it is not possible to reali
it without distorting the received signal. In practice, ffumre
D. U-OFDM pulses are used as an interpolation technique, the siglaVis

In U-OFDM, all possible subcarriers in the frequency dgass-filtered afterwards to incorporate only a desiredigrort
main are modulated as in DCO-OFDM. After the time-domaiof the frequencies, for example, until the first zero cragsin
signal is obtained, it is divided into two blocks: a positared a in the frequency domain. This occurs atT; if T; is the
negative one. The positive block is a copy of the originahalg symbol period. A similar shape is the triangle pulse, which
frame, where all negative samples are set to zero. The megatiorresponds to a first-order interpolation of discrete damp
block is a copy of the original signal frame, where all saraplg20]. This shape is characterised with an improved bandwidt
are multiplied by—1 to switch signs. After this operation, theprofile and a longer time-domain duration compared to the
negative samples are set to zero. The principle of how batfuare pulse. Exact recovery of the transmitted signahowit
blocks form the original OFDM frame can be observed in FidSI, requires accurate sampling at the receiver. Theaigtjc
5(a). The two blocks are transmitted separately. This can the most bandwidth efficient interpolation filter is the sinc

Fig. 4. PAM-DMT Generation. Cyclic prefix is not illustrated



function [20]. Its bandwidth requirement 1527, so it is two that consists of the original bipolar signal and a distortierm
times more efficient than a square pulse low-pass-filteredvahich is present both inside and outside the desired barkdwid
the first zero crossing. However, it spans an impulse regpor$e useful signal, however, remains within the bandwidttitli
with an infinite duration in the time domain. This meanand is not affected by the distortion term as described in
that in practice the shape is truncated, and due to the lon&erction Ill. The rest of this section provides a proof.

impulse response, it requires more processing. In addition
time jitter can introduce significant I1SI. For this reasome t
raised-cosine filter and its modified version, the rootedis
cosine filter, are used in many practical implementatiohgyT
allow the generation of an interpolation pulse with an aalit
bandwidth requirement betweér27; and1/T; dependent on

The sampling frequency is denoted By, T; denotes the
symbol period, T=F,T, denotes the discrete-time symbol
period, andp[t] denotes the digital pulse shape. Then, the part
of the oversampled pulse-shaped discrete bipolar sigrthw
contains the information of a given frame, is expressed as:

an adjustable roll-off factor. The raised cosine filter gitke Nppp—1 Nppp—1
designer the freedom to choose between the length of the puls[t] = Z [n, O]p[t—(n—Nypr) +Z s[n, O]p[t—nT)
in the time domain and the frequency requirement of the shape n=N_ .. —Nep
In practice, these filters are implemented by oversamphegt n~_ -~ +N? -1
discrete signal, interpolating it with a discrete pulsepghand sin. 1 N4 Nep)T—(n — N )T
then supplying it to the DAC, which typically consists of a n_NZ_NCp I Pl = (N +-Nep) T )]
zero-order hold and a low-pass filter as described in Fig. 1. o (12)
s S where N, is the length of the cyclic prefix sufficient to
remove the effects gf[t], ands[n, 0] indicates the:ith sample
4 4

of the OFDM frame at position, i.e,, the current frame. The
discrete- time pulse-shaped bipolar signal relevant fonsimg

[58)
w

= 2 = 2 the first FFT points of the current frame can be expressed
! o, ,\ WENWAN Kb_'af, as:
0 0 i W V ' Nppr—1 FFT/2 1
!
-1 _1 S 1[ﬁ] = Z s[n,O]p[t—( FFT +Z s|n, 0 t TZT]
0 10 20 30 40 50 0 10 20 30 40 50 n=Nppp—Nep
@ T ) T
Nppp/2—1+NE,
Fig. 6. (a) ACO-OFDM pulse-shaped after removing negatiakies. (b) o
Addition of necessary bias to make the pulse-shaped sigripblar. + Z S[n’ O]p[t nT]. (13)
n=Nppr/2
15 s . ~ The discrete-time pulse-shaped bipolar signal relevant fo
. N .
1 . . () . 1 sampling the next5™ points of the current frame can be
— —~ expressed as:
" ee0e® =" ' b
2 0 . 2 o f : NFFT/271 Nppr—1
o0 o0
£-05 ® . . £-05 ' s'oft] = Z sn, 0p[t—nT] + Z s[n, Olp[t—nT]
-1 . . . . -1 n=Nppr/2—Necp n=Npp/2
-15) ‘ o as , . R Nppp —Nep+Ng,—1
-1.5 —l —05 1 15 —15 —1 —05 05 1 15
Re{S[k]} Re{S[k } + Z sin, p[t—(Nepp+Nep) T— (1 — Nipr )T
(a) (b) n=N. —N,
FFT cp
Fig. 7. (a) Distortion in ACO-OFDM/U-OFDM after clipping gative values (24)
of the pulse-shaped unipolar signal. (b) Distortion in PANKT after clipping ) ) ) ) o
negative values of the pulse-shaped unipolar signal. The discrete-time unipolar signal, ready for digital-teakog

conversion and transmission, can be expressed as:
Signals in ACO-OFDM, PAM-DMT, and U-OFDM are made 1
unipolar after clipping of the negative values. Bipolar &l s[t] = V2CLIP (s'[t]) = — (s'[t] + |s'[t]]).  (15)
shapes like the sinc and the raised-cosine filter tuunipolar V2
Signa| before pu|Se Shaping intotmdar Signa| after pu|se At the receiver, the Samples of a given frame after match
shaping. An example is presented in Fig. 6. The issue clifering can be expressed as:
be solved by introducing a bias to account for the negati\é(fn (s[t] * ht]
values. This leads to an increase in the energy consumption B
of approximately 3 dB. Alternatively, the negative valuéiea — (
pulse shaping can be clipped at zero again, but this leads to

n[t]) * pltll;—nr

('[1] + |5'[4]) » hle] + nm) el

s\ﬂ

t=nT

the distortion presented in Fig. 7. Therefore, it is import@ (L It] +|S1 1)) *h[t]+n[t]) wplt] n< Nerr

. . . . \/i t=nT ’ 2
implement pulse shaping before the negative values in ACE-{ > .

OFDM, PAM-DMT, and U-OFDM are removed. Then, as de- (E "[tl+s2"[1]]) *h[tHn[t]) *plt t=nT sosn

scribed in (6), the clipping operation leads to a unipolgnal (16)



where x denotes convolutiony[t] denotes AWGN, andi[t] designsP[n] = —s"[n]. Hence, a closer look at (12) shows that
denotes the impulse response of the channel in discrete ti8[t] = —s"[t] except for the third terms in the summation.
The cyclic prefix is sufficient to remove ISI and to turn th&he differences appear due to the time-domain sparftbbut
continuous-time convolution with the channeh(t), into a are not significant whetVt, << N,.... Then, the samples of
circular convolution indiscrete time with the channelh[t]. the positive frame block and the negative frame block after
Assuming perfect channel knowledge, the equalised sampfeatch filtering at the receiver become respectively:

at the receiver are expressed as: 1
Suln] = (sl + )« = [) il o= (5 (710 + 15" 01) < 4l + )
= "18)
= (5 I+ ISR+ nle )
t=nT 1 . m
B (25 (2" E+ls1 1)) +nlt]sh 1)) *p[t]‘t:nT < Neer §"[n)= (5 (s™[t] + |s" [t]]) * Alt] +n2[t]) ol
(5 (5211152 0)) +le)h10)) sl Moz (19)

(17) where n,[t] and n.[t] are two independent identically-

distributed instances of the AWGN process. The bipolar sam-

A. ACO-OEDM ples at the receiver can be reconstructed by subtracting the
In ACO-OFDM, s[n] = —s[n + N,../2]. Therefore, received samples of the negative frame block from the redeiv

§'1[t] = —s'at+ NFQFT | except for the third terms in (13) andsamples of the positive frame block:

(14). Differences appear because in the time domfirspans  5"[n] = 5°[n] — 5" [n]

beyond a single symbol duration and beyond the boundaries of 1, . o

the OFDM frame. However, this effect is not significant when = (5 (s [t1=s""[t]) * hlt]+m [t]—nz[t]) * p[t]
ot + 5T,

I i 1 i 1 NFFT i

At the receiver, the distortion term in the first*C points, The nonlinear distortion termg |s'P[£]| * ht] *p[t”t:nT and

%|s/1[t]| * hlt] *p[t]’nT, is the same as the distortion terml|s™[¢]| « h[t] = p[t]],_ .. are equal and so are completely
removed by the subtraction operation. The noise doubles as
N described in Section III-D.

|S'1[t]|%‘s’2 {t+ %T” Therefore, distortion falls on the An important implication of these proofs is that pulse

t=

NE, << N, As a consequencey’s [t]|~ nT(ZO)

in the seconcfvgﬂ points, %|s’2[t]| * ht] *p[ﬁ]‘ . because

even subcarriers only as described in Section Il1-B. shaping can also be incorporated in the analysis of the monli
ear distortions for ACO-OFDM, PAM-DMT, and U-OFDM.
B. PAM-DMT If pulse shaping is applied after clipping at zero, then the

distribution of samples in the time domain changes, and that

: . o compromises the accuracy of the analysis. OFDM samples

representations in (13) and (14, [1] ~ o Q[NFFT.T — 1. in, the time domain follow a Gaussian distribution when the

Again, differences appear between the first term in (13) aﬂﬂmber of carriers is greater thad [8], [10], [12]. Hence

the third term in (14). The differences are caused by the'timl%e positive samples of ACO-OFDM, PAI\}I-DMT and ’U-

aomaln.fpan Sﬁ[ﬂ buT adredntot f'%mf'fan,t f?VNgP;iNF_Fﬁ' OFDM follow the distribution of a Gaussian function, cligbe
ence, it can be concluded thiah [¢]] ~ |s's[ —#]|. The at zero. Pulse shaping is a linear operation, which linearly

FFT
pulse-shaping filter's impulse response is an even function combines the discrete samples of an OFDM frame, scaled
rE)y the samples of a pulse-shaping filter. Linearly combining

plt] = p[—t]. From (17), the distortion term after equalisatio

consists of 5 |s'1[¢]] + pt] ., and 51s"2[t]] *p[t]‘t:n - samples that follow a clipped Gaussian distribution result
It maintains Hermitian symmetry, and hence noise due @ samples that follow a different distribution. Hence, gl
distortion is orthogonal to useful information as desadibeshaping after clipping at zero produces a signal which canno

In PAM-DMT, s[n] = —s[N.r — n]. Therefore, with the

before in Section I1I-C. be analysed with the Bussgang theorem. On the other hand,
combining samples that follow a Gaussian distribution ltasu
C. U-OFDM in samples that again follow a Gaussian distribution. Heifce

the pulse shaping is done before the clipping at zero, theepul

The U-OFDM bipolardiscrete signal is encoded in two con- . NG
secutive frame blocks. The oversampled discrete-timelmipoShaped samples follow a Gaussian distribution and after the
clipping operation they follow a clipped Gaussian disttibn.

part of s'[t] which contains the information of the positive ™ :
frame block can be expressed with the representation in (113}'3 enablgs thg use of the Bussgang theorem and the analysis
and denoted as’’[t]. The oversampled discrete-time bipolapresented in this work.

part of s'[t] which contains the information of the negative

frame block can be expressed with the representation in (12) V. NONLINEARITIES IN OWC

and denoted as’'"[t]. If sP[n] denotes the original bipolar There are a number of possible sources of nonlinear dis-
samples of the positive frame block, ar#l[n] denotes the tortion in an OWC system. Electronic devices have limited

original bipolar samples of the negative frame block, thgn ldynamic ranges and often nonlinear characteristics witién



dynamic range. Furthermore, transitions between thealigifrequency domain the noisk is transformed into additive
and the analog domain lead to signal quantisation effects. Gaussian noise due to the central limit theorem (CLT). The
The processed digital time-domain signal needs to be passadance ofY in the frequency domain is agait, and its
through a DAC in order to obtain a signal, which can b#me-domain average contributes only to th#h subcarrier.
used to drive the LED. An increase in the resolution of @herefore, at each modulated subcarrier an additional- zero
DAC increases the design complexity and cost. Decreasing thean additive Gaussian noise component with variaf@:e
resolution leads to signal quantisation. In addition, mwdr is present. Overall the system experiences an increaseein th
distortion occurs from the limited range of the device whichdditive Gaussian noise power by and a decrease in the
leads to clipping. An accurate analysis of the distortidaats useful signal power by a factor af?. This approach has
caused to a signal allows for making informed choices betwekeen used in a number of works to analyse nonlinearities
cost, range and accuracy of the DAC. in an analytical or semi-analytical fashion [8], [10], [12]
LEDs and photodiodes (PDs) are another source of nonlifke analytical solution, however, is not guaranteed to be in
earity. The voltage-current relationship at an LED is no¢déir. a closed form. Whenever a closed-form solution is desired,
With the design of suitable V-to-1 transducers, this trdosi an additional step is required as the derivation needs to be
step in the system can be almost completely linearised. Hotailored to the respective nonlinear distortion functitmthe
ever, the relationship between the current through the LEiDrrent paper, a general derivation approach which leads to
and the produced light intensity is also not linear. In a@ddit a closed-form analytical solution with arbitrary accurdoy
there is a minimum and a maximum allowed current levaln arbitrary memoryless distortion function is proposdd. |
so that the diode can operate properly. This means that theapplicable to the four OFDM-based modulation schemes
OFDM signal should be clipped at the processing step in ordavestigated in this work. The rest of this section introgsic
to become suitable for transmission through the LED. Thke modified technique and describes how it can be applied to
same effects due to the nonlinear relationships betweén ligoCO-OFDM, ACO-OFDM, PAM-DMT, and U-OFDM.
intensity, current and voltage are present in the PD. Howeve
this device operates in a much smaller range, which meand\n arbitrary distortion functionz(X) can be expressed

that distortion is not as significant as in the LED. as a set of intervald with cardinality || and a set of
continuous polynomials which accurately approximat&’)
VI. NONLINEARITY ANALYSIS in those intervals. The polynomials can be generated tiiroug

interpolation of empirical data, or with a polynomial exgam
eof a function. The polynomial degree sets the accuracy of the
a{bprommatmn Then(z) can be represented as:

For a large number of subcarrie®§,.,. > 64, an OFDM
time-domain signal can be approximated by a set of indep
dent identically distributed random variables with a contius

Gaussian distribution [8], [10], [12]. According to [12]n&n- ]
linear distortion in an OFDM-based system can be described) = Y > ¢, ;27 (U2 — Zmin) — U(@ = Zmax)) (27)
with a gain factor and an additional noise component, both =1 j=0

of which can be explained and quantified with the help Qfhere i denotes thelth interval, n, denotes the order of
the Bussgang theorem. K is a zero-mean Gaussian randonthe polynomial in interval, ¢, , denotes thejth polynomial
variable andz(X) is an arbitrary memoryless distortion oncoefficient in intervall, and U( ) is the unit step function.
X, then following the Bussgang theorem in [21] and Rowefgoreover, Tmin; and T,.., denote the lower and upper

subsequent work in [22], boundaries of interval. Thena can be calculated as:

(X)=aX +Y 21 _EXzX)] 1 /'°° o) Lo (Z) da

E[XY] =0. (22) 03 03 ) oo ox " \0x

Il n
In these equationsy is a constantE|[-] stands for statistical _ 1 ZZL 2+ (U — min)
expectation, and” is a noise component not correlated with o2 ) o — = s -
X. Using (21) and (22)¢ can be derived as:
E[Xz(X)] U — 1 [z d
- 07)2( (23) (T — Tmax,1)) O’X(b o x
whereoy is the standard deviation of . The noise component 1] ny Tmax.i
Y can be quantified as follows: 52 ZZ €1s / 2l — ¢< ) dz
x ZLmin,l X
E[Y?] = E[2(X)] - a%0? (24) o
(46) 1 Zi dJ+1D t xmlnlaxmaxlao UX)
E[Y] = E[z(X)] (25) o2 — € dti+l —o
(28)
o2 =E[Y?] - E[Y]? (26)

where functionD(t, a, b, u, 0x) is defined in the Appendix.
wherec? denotes the variance af. When the fast Fourier The variance of the time domain signaf, can be calculated
transform (FFT) is applied at the system receiver, in theith the following formula for DCO-OFDM and U-OFDM:



tionship:

1 Nppr—1
ox = > logy(M;)Eh;. (29) By o’Ey

FET

(33)

o2 02 42
NY N Y
For ACO-OFDM and PAM-DMT, the time-domain varianc&yhere ;¢ is the resulting energy per bit of thén subcarrier,

can be calculated as: Ey; is the initial energy per bit of thgth subcarrierg? is the
g Nzt variance of the channel AWGN, antg_ is the overall noise

o= N Z log, (M;)Eh; (30) variance. Closed-form analytical expressions for the BER i

FET  j—Q M-PAM and M-QAM as a function of the SNR exist in the

wherel; is the size of the signal constellation afig; is the literature [20]. . o

energy per bit at thgth subcarrier. The factor of two for ACO-  1he Bussgang analysis presented so far is valid for zero-
OFDM and PAM-DMT results from the power rescaling aftef€an s_lgnals with Gaussian distribution. All four optical
clipping of the negative samples. It should be noted tharaffnedulation schemes — DCO-OFDM, ACO-OFDM, PAM-
pulse shaping, the variance of the oversampled signal is /¥/T. U-OFDM — are modifications of the original zero-
constant over time. However, the authors of [12] have shoWgan OFDM signal and need to be treated with care for a
that for commonly used pulse shapes this does not influerQTect assessment of the nonlinearity effects. The aisalys
the validity of the analysis. Results in this work confirmsthjShould take into account all effects on the signal up to the

finding. The calculations necessary to complete the staist POint where an FFT operation is performed by the OFDM
description ofY” can be expressed as: demodulator at the receiver. Let's assume thafr) is a

memoryless distortion at one stage of the system, for exampl

o 1 i : e .
E[Y] = E[z(X)] = / 2(x)—¢ (ﬁ) dz caused by clipping the signal within the allowed rangs;r)
—o0 Ox  \0Ox is a memoryless distortion at another stage, for example due
oo [ 1T to quantisation at the DACzs(z) is a third memoryless
:/ > e, 2! (U = 2ming) distortion, for example the addition of a bias level. Then,
= | 1=1 j=0 the overall distortion after the three separate consezutiv
distortions isz(s'[t]) = z3(z2(z1(s[t]))). It does not matter
~U(% — Tmax,)) i(b <£) du yvhether a di;tortion is Iine.ar_or. n_onlinear. It can alvyays be
Ox  \0x incorporated in the analysis if it is memoryless. This work

0l n assumes that there is no distortion with memory or any such
l

B ZZC Trmas, i xji¢ LA distortion can be completely equalised, for example ISI.
o b For comparison purposes, the average electrical energy per

i Tmin, Ox X . .
z:|1[|jfo l bit Eycec and the average optical energy per it op¢
L dID(¢, Tmin.1, Tmax.i, 0, Ox dissipated at the transmitter are defined as:
(46) ZZCM (t,z .,(li,tj? 1,0, 0%) (31) p . e
=1 j5=0 t=0 Eb p_— Pelec — E[Zelec(s [t])] (34)
,elec Bn Bn
B0) = [ 220 (L) a
Z = z\xr)— — X Vg
—00 Ox Ox Eb . = P(?Ptg’ _ E[ZOPt(S/[tD] (35)
)0 - -
oo (1 T By Br
:/ YN e, a (Ul — wming) where P22 is the average electrical power of the signal,
% =1 =0 proportional to the mean square of the electrical sigﬁ’ég’f
2 is the average optical power of the signal, proportional to
—U(2 — Tmax.t)) i¢ (i) dx the average intensity of the optical signaljs the respective
Ox \0x spectral efficiency defined for the various schemes in (3), (7

1 m m (10) and (11);ze1ec(s'[t]) is the current signal at the diode;
_ ZZ ZC B /zmax’l $j+ki¢ (i) dz Zopt (8'[t]) is the light intensity signal at the diodé; is the
L, 7 lk O_X

st — Ox _signfil bandwidth in Hz_. For the egamples Whic_h are presented
0w - in this Work,zelec(§’[t1) |ncIUQes cllpplng, quantisation effects
(46) Z Z Z c e ¥ D(t, min,l Tmax,l; 0, ox) at the DAC and biasing while,, (s'[f]) includes the current-
== b Lk dtitk .o to-light output characteristic of the diode in addition.
(32)

A. DCO-OFDM

o i . ; The proposed analysis can be applied to DCO-OFDM in
rules, itis straightforward to obtain closed-form EXPIeSS 5 straightforward manner. The biasing of the signal can be
for (28), (31) and (32). The procedure can easily be Pr@bnsidered as part of the nonlinear transform. It does ned ne

grammgd on a computer. The resultiqg SNR at each f_requel?gybe added separately like it has been done in other works
subcarrier can be calculated according to the foIIowmg-reI[S] [10]

With the help of the Appendix and the standard differergiati



B. ACO-OFDM distortion, experienced by the nonzero ACO-OFDM samples
is:
The modulation process of ACO-OFDM includes clipping , ,
at zero. This operation is a nonlinear transform, but dogs no 2(s'[t]) s >0 = za(s'[t]) s >0 — 2a(0). (40)
affect the odd carriers of the system. As a consequence, a
slight modification needs to be made to the analysis in order PAM-DMT

to account for this effect. The modified approach is desdribe 11,4 time-domain signal of PAM-DMT has the same sta-

in the rest of this section. In ACO-OFDM, the bipolar OI:D'vhstical properties as the ACO-OFDM signal. In additiong th

signal before clipping consists of a set of positive Sampl?)%Yver of the additive Gaussian noise from the nonlinearity

and a set of negative samples. The two sets have |dent|I aequally split between real and imaginary components in

contribution to each_ modulated value in the frequenc_y doma}he frequency domain. Therefore, the nonlinearity analgsi
[3]. Therefore, setting one set to zero does not distort trﬁM_DMT is exactly the same as for ACO-OFDM. It should
useful signal except for a factor 6f5. This means that the ), kept in mind that PAM-DMT employa/-PAM while ACO-

nonlinearity analysis can be conducted only on the positi DM employsM2-QAM for the same spectral efficiency.

samples. The result is the same as if the effect of a symraktric, . - yditive Gaussian noise environment-PAM and M/2-
distortion function on the bipolar OFDM signal is analysechM perform identically in terms of BER ’

Hence, for the calculations, the intervals of the nonlinea
transform can be specified frotnto co. Then (28), (31) and
(32) can be calculated in the intervat oc] and scaled by 2 D. U-OFDM

to account for the negative half of the signal distributi®he In U-OFDM, the signs of negative samples are switched,
equations become: they are transmitted as positive samples and switched back a
o i1 the demodulator. As a result, the nonlinear distortion o th
o= 2 Z Z c T D(, Pmin,l> Tmax,l; 0, 0%) (36) bipolar OFDM signal is symmetric around zer®,, z(s'[t]) =
R e+t —0 —z(—4'[t]). Any two bipolar samples with the same absolute
value experience exactly the same nonlinear distortiomcele
o D o 0 z(s’[t])é_,,[t]go is formed as a mirrored versio_n mts’[_t])sl[t]zo
E[Y] = QZZCH ( » Pmin b Pmax,l, 0x) (37) according toz(s'[t]) = —z(—s'[t]). Alternatively, it can be
=1 =0 de’ =0 stated that due to the symmetry of the Gaussian probability
density function (PDF)z(s'[t]) can be specified only in the
E[22(X)] = interval[0; oo] for the calculations of (28), (31) and (32). Each

of the equations, however, needs to be doubled to account for
the negative half of the distribution as is the case for ACO-
—o OFDM and PAM-DMT. The subtraction of the negative block
(38 from the positive block effectively doubles the system AWGN

) ) Hence (33) is modified as:
The removal of the negative samples does not influence the new 5
L A %Y

odd subcarriers, as previously explained in Section Ille Th = o
calculated noise variancexi, needs to be halved before Oy 20, + 035

addition to the AWGN variance because the noise is eventyshould be noted that in the demodulator the bipolar signal
distributed on both odd and even subcarriers. There(s5a js obtained by subtracting the negative block from the pasit
factor to the SNR, Stemming from the removal of the negati\tﬁ]e_ If all zeroes Corresponding to C||pped negative Saﬂ]p|e
samples. Then for ACO-OFDM, (33) becomes: from the original signal are transformed4g(0)0, then the

Epew 0By, subtraction operation shifts all positive samples by4(0)

2 T (39) and all negative samples;(0). The functionz4(s'[t]) is the

N 2(0% +5) overall nonlinearity distortion which the signal expees on

It should be noted that the zeroes from clipped negatit& path to the demodulator. The subtraction operation & th
samples need to preserve their value in order not to influer@@modulation process effectively adds additional diiiort
the modulated subcarriers. The overall distortion of tiymai Which needs to be accounted for by subtractingd) from
up to the demodulator is4(s'[t]); this distortion does not z4(s'[t]), i.e., the resulting overall nonlinearity becomes:
include the addition of AWGN. I&4(0) # 0, then the zeros / _ /
obtained from clipping the negative(s;mples are distoffe. z2(8'[t]) s/ 1ty>0 = za(s'[t])s7j11>0 — 2a(0) (42)
distortion on the clipped zero values in the time domain adds in ACO-OFDM and PAM-DMT.
distortion on the odd subcarriers in the frequency domdiis T The analyses of ACO-OFDM, PAM-DMT, and U-OFDM
effect is avoided when the clipped values are zeraq(D) is show that all three schemes experience exactly the same
interpreted as a DC shift and subtracted fremis’[t]), then SNR deterioration for the same nonlinearity effects. This
the modified Bussgang analysis described in this section aaoturs because the three schemes exhibit the same sttistic
be applied without having to additionally model the distumt properties in the time domain when their spectral efficiesci
resulting from the distorted clipped samples. Hence, tlegally are equivalent. This finding is also supported by the results

I ng my

dj+kD(t, Lmin,ly Tmax,ls 07 UX)
=222 > asu ati+F

=1 j=0 k=0

(41)
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in the next section. Therefore, in addition to the equivalervaluate the optical efficiency of the system, a third quanti

performance in a simple AWGN channel, the three schemissdefined asEy, opy = E[z4(23(22(21(5'[t]))) + ibias)]/(B7)

exhibit the same performance in a nonlinear AWGN channetherez,(x) expresses the transition from current to optical
signal in the LED, specified by the polynomial in Table I.

VII. NUMERICAL RESULTS The modulation bandwidth of white-light LEDs & MHz

In this section, the joint effect of three nonlinear dismms [19]. The coherence bandwidth of the optical channel isdou
at the OWC transmitter is illustrated. These include cliygpi 90 MHz [19], which is much higher than the modulation
to account for the limited dynamic range of the electronitequency of the LED. Hence, ISI does not need to be
devices, quantisation from a low-resolution DAC, and theonsidered. In an alternative scenario, where ISl is areidbe
current-to-light output characteristic of the LED. Nomar- presented nonlinearity framework is still applicable asg@as
ities at the receiver are not examined since they are nbigigichannel knowledge is available at the receiver, and theakign
in comparison to the ones present at the transmitter. Thean be equalised. In the assumed system configuration, the
could be analysed in an analogous manner using the concepteived current signal can be expressed as:
presented in Section VI. In the following case study, the . _
oversampled pulse-shaped signdlt] has an oversampling u(t) = za(i(t)he
ratio of 10. whereh,, is the channel gain due to dispersion of light, and

The zero-order hold has a limited range of output amplitudgsis the responsivity of the PD. Using the profile of the LED
betweens’,in and s’ max, and a finite number of bitg. The Jight spectrum and the PD responsivity to different optical
different levels of the device are equally spaced in therviale wavelengths [24], the receiver responsivity to white ligght

(44)

[s"min; 8'max] at a distance of: calculated ag = 0.52. The channel gain depends on a number
o — &' min of factors - distance, receiver area, angle with respechdo t
dg = T o1 (43) transmitter. In the current worls, is selected depending on

Each tisation threshold i tin th iddle betw tthe M-QAM modulation order that is used. The aim is to
ach guantisation thresnold Is set in the middie between V(\fBerate the LED in the full range of its active region because

consecutive quantisation levels. For example, the thﬂdshtt)nen the improvements of ACO-OFDM, PAM-DMT and U-
/. ! H /. ’

bftV\I/eem m(‘j“ ?nds m‘“—;dq 'S set Ztgbm‘“:dqéz .Thg values 5epn gver DCO-OFDM are demonstrated. In the cases when

Of Sr‘]“i“ S:C Smaa‘ Sre hetezlmmed y the elswe accn;rar(]%e optical signal varies only slightly around the biasimogng,

of the and by the allowed operational range of t e energy consumption depends almost entirely on thengjasi

LED, [i_'ni’l;i'nax]‘ Therefore, they account for the C”ppinglevel, which makes the energy dissipation almost constamt f
effects introduced by the DAC and the LED. In the conductetple four schemes

simulations, the resolution of the DAC is set¢e8 bits. ) ) ] )
After the signal values are quantised by the DAC output "€ main source of AWGN in an OWC system is shot noise
function, they are biased by a constant and are passed throfijthe photo detector caused by background light. The power
the LED. The LED output function is a continuous functiorSPectral density of shot no|sej~go:_10*21 W/Hz according
specified in the intervalim; imax]. According to the device © [19]. The variance of the ANGN is calculated =B N,.
datasheet [23]imin=0.1 A andin.x=1 A. The LED output  Fig. 8 presents a working example which compalr€3AM
function corresponds to a transition from a current sigonal DCO-OFDM,16-QAM ACO-OFDM, 4-PAM PAM-DMT, and
an optical signal. The output characteristic of the LED had$-QAM U-OFDM - all with the same spectral efficiency
been obtained through interpolation of data from the devioé 1bit/s/Hz. The simulated channel gain fg,=4x10~%
datasheet. A third degree polynomial has been used in #iace this value allows all the presented schemes to reach
interpolation, and its coefficients are presented in Table BER values in the order of0~2 and 10~ — required for
The relationship between radiant flux (power) and luminowsiccessfull communication [10], [19]. At the same timesthi
flux (power) is linear. Therefore, since only the relatidpsh value of the channel gain requires almost full utilisatidh o
between current through the device and luminous flux ike LED active range. The bias levels for ACO-OFDM, PAM-
available in the datasheet, it has been adopted as an azcubMI T, and U-OFDM are set tapi,s=0.1 A since this is
representation of the relationship between the currenttlaed the minimum biasing requirement of the LED. The selected
radiation power. simulation parameters set the minimum bias level for DCO-
It is assumed that the modulating signal is contained in tl@DM at iy;,s=0.19 A. The distribution regiorf—30; 30] is
current signal through the LED. The initial average energyuantised for DCO-OFDM, and the regi@ih 3o] is quantised
per bit of the original bipolar OFDM signal[n] is E},. The for the other three schemes. Anything outside those regions
actual dissipated electrical energy per bit at the LED agsgm is clipped. These clipping levels are chosen to be the defaul
that the resistance is normalised 16 and including the clipping levels as they introduce negligible nonlineatatison
quantisation effects and biasing 1%, ... = E[i%(¢)]/(Bn) = according to simulations. Since the AWGN power is constant,
E[(23(22(21(5'[t]))) + ibias)?]/(Bn). In this formula,z; (s’[t]) higher SNR values can be achieved by amplifying the in-
is the clipping effect in the preprocessing step appliedhen tformation signal through the LED. However, if that signal
oversampled pulse-shaped sigrdt]; z2(x) is the quantisa- falls outside the allowed operational range of the devicemnh
tion effect of the DACyz;3(z) is the conversion from voltage to amplified, it is further clipped at the predistortion stepnader
current, which is assumed to be linear with gairin order to to satisfy the electrical properties of the LED. Hence, the
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TABLE |
POLYNOMIAL COEFFICIENTSc; ;, IN INTERVAL [ AND OF DEGREEKL

Interval 13 2 ¢l 1,0
l=1<i(t) < imin 0 0 0 0.1947
Il =2 imin < i(t) <imax | 0.2855| -1.0886| 2.0565 | -0.0003
l =3 imax < i(t) 0 0 0 1.2531
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Fig. 8. Comparison betweetQAM DCO-OFDM, 16-QAM ACO-OFDM,
4-PAM PAM-DMT, and16-QAM U-OFDM in terms of electrical and optical

SNR.

and this can be observed in Fig. 8(b). In that figure, ACO-
OFDM, PAM-DMT, and U-OFDM require about dB less
energy per bit than DCO-OFDM f@ER=10"2 and about the
same energy foBER=10"*. According to Fig. 8(c), DCO-
OFDM is aboutl dB less optically efficient than the other
three schemes fdBER=10"2 and abou?.3 dB less efficient

for BER=10"". It is interesting to note that, as expected, the
BER values decrease with the increase in SNR up to a certain
point. Afterwards, the active region of the LED is exhausted
and the increase in power leads to increase in clipping and
hence to more nonlinear distortion. It should also be ndtad t
the theoretical analysis coincides well with the Monte Garl
simulation results for square pulse shapes (Boxcar filfdre
Monte Carlo results for a root-raised-cosine filter arehtlig
better than the other results because the match filter at the
receiver eliminates some of the distortion noise whichsfall
outside the desired signal bandwidth. Nonetheless, the roo
raised-cosine filter results follow closely the theordtiezults

and confirm validity of the new analytical framework. For
practical purposes, the presented analysis can serve ama go
lower bound approximation 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 prded

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 simil
performance of the three schemes.

ACO-OFDM, PAM-DMT, and U-OFDM exhibit better en-
ergy efficiency than DCO-OFDM. However, they require a
bigger M-QAM constellation size for the same spectral effi-
ciency. Larger constellations are more vulnerable to disto.

This vulnerability can put the three schemes at a disadganta
in certain scenarios. Such an example occurs if the channel
gain is decreased th,=2x10-°. In this case, the minimum
biasing requirement of DCO-OFDM becomésg.s=0.5 A,

and it is kept ati;,s=0.1 A for the other three schemes. In
spite of the worse performance in the previous simulation, i
this scenario DCO-OFDM becomes the better choice. It ik stil
able to achieve a BER dfo—*, while all three other schemes

BER curves presented in this section are V-shaped. The dipcemnot even reach a BER @0—3. This example shows that
the plots emerges because after a certain point the destorta minor change of the system parameters such as a factor of
due to clipping outweighs the improvement due to the SNi®o in the channel gain can be decisive in the selection of a
increase. Fig. 8(a) shows the electrical energy efficierficy modulation scheme.

the four schemes when the energy dissipation due to biasind-ig. 9 presents a case for a significantly higher channel gain
is neglected. As expected for bipolar signals, DCO-OFDM_=4x10~*. In this scenario, the information signal energy
performs better than the other three schemes. The benefguirement is small. Hence, the main contributor to energy
of the latter, however, are due to the biasing requiremengnsumption is the biasing level. The bias of DCO-OFDM is
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set t0ipias = 0.1018 A, which is the minimum required bias Analytical derivations as well as numerical results exhibi
that is able to accommodate the information signal withoefjuivalent performance of ACO-OFDM, PAM-DMT, and U-
severe clipping distortion. The bias of the other three sed®e OFDM in a nonlinear AWGN channel. The findings suggest
is kept at the minimumipias = 0.1 A. The electrical energy that these schemes are three separate and equally valid ap-
advantage of ACO-OFDM, PAM-DMT, and U-OFDM overproaches with respect to spectrum efficiency and energy effi-
DCO-OFDM is in the order 06.06 dB while the difference in ciency. A brief analysis demonstrates that the optimal @hoi
the optical energy requirement is in the ordeOdf4 dB. The of a modulation scheme depends on the operating conditions
four schemes are almost equivalent in performance becheseand can change with variations in the system parameters. The
main contributor to energy dissipation is the bias of the LEpresented framework provides a quick and accurate way to
It should be noted that the electrical energy efficiency ofDAC estimate system performance without computationally expe
OFDM, PAM-DMT, and U-OFDM is lower than presented insive Monte Carlo simulations and numerical integratiorug;h

the papers which originally introduced these concepts + [3] enables system optimisation as the influence of a large
[4], [5]. The reason for this is that all clipped values whaole range of system parameters can be evaluated exhaustivaly wi
set to zero at the modulator actually cannot be lower than threasonable computational complexity.

minimum required current at the LED and so also contribute

to the power dissipation.

10° 10” APPENDIX
——©6— DCO-OFDM|
——8—— ACO-OFDM|
—A— PAM-DMT
—&— U-OFDM

10” This section presents the necessary formulas for derivatio
of a closed-form solution in the proposed novel analytical

framework. The formulas are defined as follows:

107 10 b 1 _@=w?
D(t,a,b, i, 0y) :/ ert e 2% dx
( a \/2mo2

. . —2ztol ta? —2uztu?
127 127.1 127.2 100 100.1 100.2 — 20‘)2( dm

= e
@ B qap) ) Dxet qap) o \/2m02
b 1 _ 22 —2(to2+p)atu?
Fig. 9. Comparison oft-QAM DCO-OFDM, 16-QAM ACO-OFDM, 4- — e 202 dz
QAM PAM-DMT, and 16-QAM U-OFDM for a high channel gairm =4 x o A /QWJ)%

10—4, scenario: (a) Electrical power efficiency including biagrent; (b)

2 o002 125440402 2_ 42,4 5,2
Optical power efficiency including bias level. _zio2(togtpatttoy h2togutp oy —2togn

202 dz

[ =
The analysed schemes achieve higher spectral efficiency 2moy )
when the M-QAM/M-PAM modulation order is increased. "+tu/ = s *;‘;I““’ ) d
This leads to more variance in the time-domain signal as o
described in (29) and (30), which for the same system pa- (eepto
rameters leads to more distortion. At the same time, bigger = : x““/ B
constellations are more sensitive to noise. Therefordyifgrer 27702
spectral efficiencies and assuming the same OWC system ¢ "+tu ( ( ) —-Q (b— M= tUi))

27r02
2)2

parameters, the BER performance suffers from additional Ox
deterioration. (45)

where Q(z) is the tail probability of the standard normal

VIl ConcLusion distribution, andy(z) is its PDF.
A complete analytical framework has been presented for

the analysis of memoryless nonlinear distortion in an OWC d"D(t, a, b, 1, 0%) (45)

system. It allows for the analysis of an arbitrary distartio der t=0

function and guarantees closed-form solutions. The cdncep an o1 _lemw?

has been successfully applied to four separate OFDM-based = @/ \/We o dw
modulation schemes proposed for IM/DD systems: DCO- ¢ x t=0
OFDM, ACO-OFDM, PAM-DMT and U-OFDM. Examples bar 1 w2

have been given for the joint distortion effects from quanti - /a am € \/me = dr
sation at a DAC element, as well as for distortion from the ) t=0
nonlinear relationship between electrical current andttechi _ /b noot 1 (T;j“z)

. . . ; . . = z"e e x dx
light in an LED, which are the major sources of nonlinearity a \/2mo2 —o
in an OWC system. Monte Carlo simulations show very good b 1 emw? B
agreement with the proposed theory, thus confirming validit = / " e 2% dzx (46)
of the approach. o \/2m0%
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aQ (M) . )
ox —p—toy
_ = —X ) oy 47
- " ( - ) o (@7)
xr— 7t0)2(
d¢( ix )¢ r—pu—to? r—pu—to?
dt Ox Ox *
(48)
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