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Abstract—In this paper, we analytically model the impact of
clipping and quantization for optical wireless communicaton
systems which employ direct-current biased optical orthog-
nal frequency division multiplexing (DCO-OFDM). Analytic al
expression for signal-to-distortion-quantization ratio has been
evaluated, as a function of clipping ratio, considering urform
quantization for both digital-to-analog converter (DAC) and
analog-to-digital converter (ADC). A lower bound on required
bit resolution for DAC/ADC, as a function of clipping ratio h as
also been determined for a target bit-error-rate (BER). Gah in
modulation power at the output of the DAC under severe clipphg
conditions, has been analytically evaluated. Furthermorg an
iterative method for clipping mitigation is presented, which can
be employed to relax the bit resolution required by the DAC,
and further to mitigate the clipping distortions.

I. INTRODUCTION

ulated (sacrificing the even ones) to obtain an asymmetric
time-domain signal, for which the negative amplitudes can b
clipped without any loss of useful information. In terms efp
formance, DCO-OFDM is spectrally more efficient compared
to ACO-OFDM, while ACO-OFDM is more power efficient
compared to DCO-OFDM for low order constellations.
Conventional O-OFDM techniques (DCO- and ACO-
OFDM) are generally attributed to have a high peak-to-
average power ratio (PAPR) [2]. High PAPR is of particular
significance in the context of IM-DD, since the LEDs have
a limited linear dynamic range. Moreover, the limited bit
resolution of digital-to-analog converters (DACs) andlaga
to-digital converters (ADCs) also limit the performancetiod
OWC systems because quantization noise is exacerbated when
a signal with high PAPR is impinged on them [5]. Therefore,

Orthogonal frequency division multiplexing (OFDM) haghe non-linear distortions of DAC and ADC will be pivotal in
been widely used in modern communication systems owingte&rms of achieving high data rates.

a number of advantages, such as, its inherent resilienoéi i

Due to limited linear dynamic range of LEDs, the time-

symbol interference, high spectral efficiency etc. Regenttiomain DCO-OFDM signal is clipped double-sidedly in dig-
optical-OFDM (O-OFDM) has been explored as a candidaital domain before DAC. Clipping of time-domain DCO-
for optical wireless communication (OWC) systems becau§#DM signal will induce clipping distortions in the system,
of benefits like immunity to fluorescent-light noise near DGhus, drastically impacting the system performance.

region [1], [2]. Moreover, with the advent of incoherent Herby, in this paper, we analytically model the non-linear
high power optoelectronic light emitting diodes (LEDs)dandistortions that occur in OWC systems, considering DCO-
highly sensitive photo-detectors (PDs), OWC has gained @FDM. Extending the work by Dimitroet al. [3], in which
interest in the recent past [3]. In OWC systems, O-OFDMhe authors evaluated the impact of clipping distortiontitam
can be employed using intensity modulation-direct detectian effective signal-to-noise ratio (SNR) assuming infinite
(IM-DD) techniques. In IM-DD, the data carrying intensityresolution DAC/ADC, we evaluate the signal-to-distortion
waveform (time-domain O-OFDM signal) is modulated ontguantization noise ratio (SDQNR), which along with clipgin
the brightness of the LED, and the light intensity is photdadistortion and thermal noise also incorporates the quaitiz
detected at the receiver, thus, producing a photocurreidtwhnoise impact. Double-sidedly clipping is incorporated fpgns

is directly proportional to the received light intensityurkher,

metrically clipping the time-domain DCO-OFDM signal to a

IM-DD is particularly attractive for OWC systems because gire-defined value. Further, uniform quantization is coeed

low cost and ease of implementation [2], [3].

to assimilate the impact of DAC/ADC. Moreover, clipping’s

In IM-DD, the intensity waveform which is used to mod-impact on required bit resolution for the DAC/ADC has also
ulate the brightness of the LED is constrained to be relaten examined. It has been observed that if the DCO-OFDM
and non-negative. Therefore, O-OFDM techniques have besgnal is severely clipped, then, following added benefits c
tailored for IM-DD implementation, the two main approachese achieved: (i) gain in modulation power at the output of
being: direct-current biased O-OFDM (DCO-OFDM) [1] andAC, (ii) significant reduction in PAPR, (iii) reduction imeé
asymmetrically-clipped O-OFDM (ACO-OFDM) [4]. In DCO- DC bias required to overcome the non-negative constraint,
OFDM, a DC bias is added to the bipolar time-domain signél) reduction in quantization noise, and (v) relaxationhitf
to attain a unipolar time-domain signal. However, additioresolution requirement for DAC. However, if small clipping
of the DC bias results in an increased power consumptiaatio is considered, then clipping distortions would aggta.
Whereas, in ACO-OFDM, only the odd sub-carriers are mo&o, in order to overcome the clipping distortions, we prepos



an iterative method for clipping distortion mitigation dtet wherez.;,(n) is thenth element of the clipped time-domain
receiver, which is in line with [6]. Simulation results pided DCO-OFDM signalx.ip. Note that we have considered sym-
demonstrate that if a smaller clipping ratio is used in cooju metric clipping, i.€.£iower = —E&upper- The severity of clipping
tion with clipping distortion mitigation, the required efftive can be determined by a factor referred tochpping ratio, -,
number of bits for the DAC can be reduced, thus reducing thed is associated with the clipping amplitud€s,fer, {iower)
overall system cost. asy £ §(y/ 0
The remainder of the paper is organized as follows: sectionz.iip is impinged on a uniform DAC witl); bits to obtain
Il presents the systems model, section Ill provides siagist DCO-OFDM intensity waveformg;. The quantization noise
analysis of non-linearities like clipping and quantizati®ec- variance of the DAC can be given ag§, ,.. The DCO-OFDM
tion 1V highlights the effects of clipping, and also preseah intensity waveformgx,, is inherently bipolar, therefore, a DC
iterative method for clipping distortion mitigation. Simation bias,8pc, is required to obtain a unipolar intensity waveform,
results are depicted in section V, finally based on the obthinx g, i.€.,xp = x; + fpc. xp can thus be used to modulate
results, conclusions are drawn in section VI. the intensity of the optical carrier. To avoid further lowevel
In the sequel, we use lower case, boldface letters for tim@ipping from the LED, the condition for the bias, i.8pc =
domain vectors e.gg;, and upper case boldface letters (eR)., | minz;| = yo, is considered.
for matrices. Discrete Fourier transform (DFT) of time-daim  In what follows, we assume perfect synchronization [2], [9]
vectors is represented by upper case, boldface calligrapHiOl, further, we also consider that the intensity waveforny,
letters e.g. X. corresponds to the dynamic range of the LED and the input
limits of the DAC [2]. Non-linearity of the LED operating
Il. SYSTEM MODEL within its dynamic range can be mitigated using pre-digtart
techniques [11], henceforth, a linear response of the LED is
Consider DCO-OFDM transmission withV sub-carriers, considered.
in which the frequency-domain data-symbol vectdf, is  The data carrying intensity waveform is photo-detected
modulated according td/-quadrature amplitude modulationat the receiver using a photo-detector (PD), which is then
(QAM) constellation X is enforced with Hermitian symmetry converted to an electrical signal. It has been considered
to obtain a real-valued time-domain DCO-OFDM signa), that no additional clipping has been introduced by the PD.
using an inverse DFT o, i.e.,x = IDFT{X} = F'X. F  The received signal is electronically amplified using a ran
represents the DFT matrix whosé, /)th element is given simpedance amplifier (TIA) and then impinged @), bit
by F(k,l) = N~12e=32mkl/N. (k1) € 0,1,---,N — 1, uniform ADC. The quantization noise variance for the ADC
and (.)" represents the Hermitian operator. By exploitings represented by? . Moreover, the thermal noise of the
central limit theorem, forN — oo,  can be modeled as TIA is modeled with double-sided power spectral density of

Gaussian distributed, i.eN'(0,2). For brevity, we use(z) N,/2. The received electrical signa}, can be given as
to represent the probability density function (pdf)aafgiven

as ) Y = gnTclip T W (3)
1 . . .
p(z) ~ = exp (—;—2) (1) where the noiseqw, has a variance of? .. given as
V2o Ti 02 .« = NoB, with B being the double sided bandwidth of
where o2 is the mean power given asZ = E (|o|2), E(-) the frequency-domain DCO-OFDM signal, apg being the
being the statistical expectation. optical path gain coefficient of the channel. The SNR at the

Cyclic prefix (CP) can be appended in the DCO-OFDM sig€ceiver can be defined as SNRjw? /07 ;.- (3) incorporates
nal to combat the inter-symbol and inter-carrier intenfess, the simplified description of the optical wireless chanselce
and to transform the dispersive optical channel to a flanfadiit has been considered as flat over entire DCO-OFDM frame
optical channel [3], [7]. However, in what follows, CP had3]- &V point DFT operation on (3) is used to translate the
been omitted, since it has negligible impact on the requirégCeived electrical signay, to the received frequency-domain
electrical SNR, and the spectral efficiency [3], [8]. DCO-OFDM symbols, expressed as [3]

Due to limited input limits of DAC a.nd Iimited_ linear Y= guXaip+ W (4)
dynamic range of the LED, the digital time-domain DCO- _

OFDM signal,z, is subjected to amplitude clipping at givervhereX., andWy are the frequency-domain counterparts of
UPPEr Eupper) and lower oyer) levels prior to DAC stage. For Zeiip @ndw, respectively. AnM/-QAM demapping operation
given clipping levels &, pper, Slower ), the clipped time-domain 1S performed ony to obtain an estimate of transmitted data

DCO-OFDM signal,z.i,, has the form after equalization.
Zetip(n) = [1l. STATISTICAL ANALYSIS OF NON-LINEARITIES
Euppers z(n) > Euppor In this section, we statistically analyse the impact of non-
clip {z(n),v} = { z(n), Elower < (1) < Eupper linearities in OWC DCO-OFDM system. The non-linearities
Elower z(n) < Eower considered are (i) the clipping distortion, and (ii) quaation

(2) impact of DAC and ADC.



A. Clipping Distortion A, results in the reduction of the mean power of time-domain

Clipping can be performed on time-domain DCO-OFDI\/EjSJ]ZZS'\:SSIQnaL The power of the clipped portion can be

signal to counteract the high PAPR, relax the bit resolution
requirement for DAC/ADC, and further, to operate within the 2 / Slower

2 2
= - d
linear regime of the LED. According to Ochiai and Imai [12], (27 = Llower () d2

OAz =

the clipped time-domain OFDM signals can be modeled as a oo ) ) (10)
sum of two uncorrelated parts, therefore we have +/ (27 = Lipper)P(@)d.
Telip = i +d ®)  For symmetric clipping, (10) can be simplified to
vv_here_a is a !in_ear attenuation factor, andlis the clipping 2 L= 2f+oo (2% — €2 o )p(z)dz
distortion statistically uncorrelated to. The factor,«, can be upper
evaluated by exploiting the Bussgang Theorem, as follows =52 [\/%7 exp (_'y;) (1 —~2)erfe (%)} (11)
a= w = erf (%) (6) By applying the law of conservation of energy and combin-

ing (6), (8) and (11), the power of clipping distortion can be
wherecov][-] is the covariance, andf(v) is the error function obtained as

given aserf(y)) = 2/\/Ejgz’ exp(—t?)dt. Observe thatx s )

reflects the shrinkage of the signal power caused by clipping %clip = %2 ~ Pz.eff ~ 9Az

However, the impact of power shrinkage is dominant only if ) 5 5 2

the clipping ratio is small. Furthermore, for a given clipgi = Oz {1 —ert (%) - \/;7 eXp (_77) (12)
ratio, v, the clipping probability for DCO-OFDM can be given —(1 = ?)erfe (i)}

asPeip =1-2 erf('y/\/i), 7/

Contrary to the approximation thatis Gaussian distributed Observe that the attenuation factar,the variance of clipping
e,z ~ N(0,02), the clipped time-domain DCO-OFDM distortion, o%;, are independent of the QAM constellation

signal,z.i,, cannot be modeled as Gaussian distributed, ratrader M/, and the size of IDFT/DFTN, rather are a function
it follows a truncated Gaussian distributigriz.ii, ), given by of the clipping ratio,y.

p(Tetip) =
’ c B. Quantization
1 Supper ) _ . j—
perfe (. /l;irg) O@atip = Lupper); zetip() = &uver  Here, we consider uniform DAC and ADC with, bits. The
L exp (_1_22) Elower < Telip (1) < Eupper CIPPE time-domain DCO-OFDM signak..ip, is impinged
202 ) ower cli upper

2mog upon DAC with £ uniform levels to convert the digital signal,
1 — ferfe <€12_w2)] §(Zetip — Elower)s  Telip(n) = Elower Lelips .into analog tim_e—domain _intensity waveformt_. The
V=% effective number of bits),, required forL level quantization
(") can be obtained a§)y, = log,(L). Moreover, for uniform

where erfc(y)) is complementary error function given adPAC, the quantization noise is modeled as additive, unifgrm
erfe(yp) = 1 — erf(1)). distributed white noise, with a variance of

Owing to (7), it can be observed that clipping results in a 12]pper 7202
modification of the mean power of time-domain DCO-OFDM bac = (1 — PC“")W =(1- Pclip)g(T(;b)- (13)
signal. As a consequence, the mean power of the clipped time- . o i
domain DCO-OFDM signal is now the sum of effective powe\p/hereD represents the input limits of the quantizer (DAC).

of the clipped time-domain DCO-OFDM signal, and the powé-ljere we consider that the upper and lower clipped levelsef th
induced by the clipping distortion, i.e. time-domain DCO-OFDM signal are constrained by the input

limits of the DAC, D, therefore, we hav® £ Eupper—Elower =

= aiﬂcﬁ-—kafhp (8) 2&upper- Moreover, (13) foresees that for larger amplitude
thereshold of the signal, the quantization noise varianoedv

be high, and vice versa. Interestingly, decreasing theiclgp
ratio, ¥ can reduce the quantization noise, at an expense
of increase in clipping distortion. Therefore, a compramis
between clipping distortion and quantization noise can be

wheres?2 is the power of clipped time-domain DCO-OFDM
signal, agycﬁ. is the effective power of the clipped time-
domain DCO-OFDM signal, an@lflip is the power of clipping
distortion. Moreover, the effective power of the clippehd-
domain DCO-OFDM signaly? can be evaluated as

o eff? achieved to operate the system in conditions which resalts i
2 2 | plupper 1 42 S a maximum SNR.
Toeft = 00 | Jooer fmoz P (_W) dx} = ogerf (75) At the receiver, the photo-detected signal has a reduced sig

(9) nal varianceg?, because of the optical path gain coefficient,
Further,z.;;, can be re-written as.;, = * — Az, whereAz gy, thereforep?2, = g2o2. The received electrical signaj, is
is the clipped signal portion. Note that the clipped portiothen fed to the ADC withy), bits to obtain a digital electrical



signal. The quantization noise variance for the ADC is givarovide a lower bound on the required number of bits, since

as 5 o thermal noise has been ignored while evalua8igNR,.,.
0,2 _ YV Ory (14)
ADC — 3(22Qb).
. SDQNR versus Clipping Ratio, SNR = 30 dB
Moreover, (14) assumes that PD does not introduce any fu ‘ ‘ ‘ ‘ — ;
clipping —o—Qy=3 Yopt for Qp = 3 is 2.1
’ _D_Qb =4 Yopt for Qb =4 %S 24,
Using (12), (13), (14), and considering the impact of ther -0, =5 o for gb —ona
noise, an analytical expression for SNR, which we refe —+—Qy=6 sz for O — 7 is 2.6
as signal-to-distortion-quantization noise ratio (SDQNR oL@ =7 Yopt for Q, =8 is 2.6 | |
evaluated after equalization process, which can be exgah = Q=38
= 1
as
2 2 o
SDQNR = ———° %aCs -— (15 3 i
Tarip T 9Dac T @Zée + 72 2 ol 1
where(s is the utilization factor of double sided bandwidB, 11
which is equal ta(g = N/(N —2). Moreover,(pc represent U
the attenuation of the useful electrical signal power duthé U
DC bias and is equal tohc = 1/(14+2). Note thatSDQNR L
represents the ratio between the attenuated signal povi 10 : 1 : : :
1 15 2 25 3 35 4 45

the total noise power in the system. Clipping Ratio,

The characteristic behaviour S[DQNR' as a function of Fig. 1: (in decibels) considering both DAC and ADC versus clippiagjor
clipping ratio,~, for different bit resolution of DAC and ADC, +, for different number of quantization bit§, and SNR = 30dB and using
Qs is depicted in Fig. 1 folSNR = 30dB considering 16- 16-QAM DCO-OFDM.

QAM constellation and;? = 1 for simplicity. SNR of 30dB
defines the overall noise floor in the system. It can be obderve
from Fig. 1 that there is an optimal value of clipping rat'~

Yopt» fOr @ach@, which can maximize th&é DQNR. To the . @ for target BER of 10
right of vopt, i-€.,7 > Yopt, SDQNR is limited by quantizatior —0—-16-QAM
and thermal noise, whereas, on the left sidg:, i.e., v < —o-64-QAM

6.5 —0—256-QAM

“Yopt» SDQNR is constrained by clipping distortion. Note th
Fig. 1 has been evaluated considering a DC biaggf =

~o, for eachy. Furthermore, oncEDQNR is computed, the
system performance in terms of BER can easily be evalu
by using the closed-form expression for BER of squafe

QAM constellation [13] given as

2 1 3
BER = g, 37 [1 - \/M} erfc [\/72(1\4 — 1)SDQNR :

16)

Additionally, we also evaluate the correlation between

required bit resolution of DAC/ADC to achieve a target Bl | | |

and the clipping ratio;y. Consider a target BER of0~3, 43 35 4 45 5

for M-QAM constellation, the requireDQNR, ., to achieve Clipping Ratio,

target BER can be determined by (16), which can be furthBig. 2: Required effective number of bit§; to achieve a target BER of

used to evaluate the lower bound (as thermal noise is ighoré@ ~ using 16-, 64- and 256-QAM constellations.

on the required bit resolutioy, .4, required for DAC/ADC,

as Furthermore, the BER performances of DCO-OFDM us-
1 [(BY?(2 = P)] ing 16-QAM constellation with different bit resolution DAC
Qb.req = 5 108 SDQNchqg)(az —SDQNR,_ A) (17 Q,, and usingy,p, evaluated from Fig. 1 are depicted in
el Fig. 3 againstEyciec)/No Which is given asEy(ciec)/No =
where A = o2, /o2. SDQNR,,, to achieve a target BER SNR/(log, M(pc). It can be observed that for higher bit
of 103 for 16-, 64- and 256-QAM constellation is 16.5dBresolution, the BER performance improves with an increase
22.5dB and 28.4dB, respectively. Further, the effectiveber in (,. Further, for@Q, = 6 and ., the performance of
of bits, Q, for M-QAM constellations, as a function gf are DCO-OFDM is comparable with ideal DCO-OFDM (infinite
depicted in Fig. 2. As aforementioned, the results in Fig. 8t resolution DAC and3pc = 7dB).

o]
T
|

4]
O
|

Effective Number of Bits, Q;
o
o

A
o1




BER performance of DCO-OFDM for different @, using 7oy as

10° P a2 2
) Bpc = Yopt0s is used for simulations G(v) = le:: = agptﬂgm- (20)
210 Fig. 4 evaluates the gaig () (in dgcibels) co_mputed using
g (6) and (20) for 16-QAM constellation, and different number
- of DAC bits, Q. Moreover, the optimized DC bias considered
% iS given asfpc,opt = Yoptoz- It is evident that if the signal
102 , is deliberately clipped at smaller clipping ratios, thenang
§ in modulation power at the output of DAC can be achieved.
& —0—Qy = 3, Yot = 2.1 However, the clipping distortions in these cases, e Yopt
510_3 | |—o—Qy = 4,70p = 2.4 | will be dominant (Fig. 1). Therefore, in the following semrti
0= @y =5, Y0pt =26 we present a method to mitigate the clipping distortions and
X%ﬁi?lﬁi _ 32 results in an improvement in system performance.
—< Qb = 8, Yopt = 2.6
104 i . Analytical Analysis of Gain, G(y) at SNR = 30dB
5 10 15 20 25 30 T T _o_‘Qb —
Eiy(etec)/No B o o4 |

Fig. 3: BER performance of 16-QAM DCO-OFDM considering differ:
number of bits for DAC. The optimised clipping ratigept, iS obtained a
SNR = 30dB.

——@,=5,6,7,8

IV. SEVERE CLIPPING EFFECTS ANDMITIGATION

In this section, we explore the impact of severe clipj

(Y < 7opt) ON the time-domain DCO-OFDM signal. It h | The gain for Q, = 5,6,7,8 is

the same since ~yop; is similar

been observed that if the time-domain DCO-OFDM signi 21 (from Fig. 1)

clipped such that clipping ratio i < 7.ps, then, we cal

achieve a number of benefits like gain in modulation pc 1r

at the output of DAC, a reduction in PAPR and DC bias,

moreover, a reduction in quantization noise. 00 0_‘5 N 15 5

Clipping Ratio, v
A. Gain in Modulation Power Fig. 4: Gain G (in decibels) in modulation power achieved by clipping the

In this section. we provide an analytical analysis of t|,]%ignal at the transmitter versus clipping ratio for 16-QANCO-OFDM.

gain in modulation power that can be achieved at the output
of_ the DAC, if the _tim_e-dom_ain DCO-OFDM is deliberaterB. Clipping Mitigation
clipped at small clipping ratios, i.ey% < Yopt. The required

DC bias is a function of the PAPR and can mathematically be!n this section, we present an iterative method for clipping
expressed aspc req = Yreq0z- CoNsider an optimal DC bias Mitigation under severe clipping conditions, i.6.,< 7opt.

of Bpc.opt Which corresponds to previously defined optimizedve have presented a theoretically similar method for cligpi
clipping ratio, yopt. Using yopt, the power at output of DAC, mitigation for DCO-OFDM has been presented in [14]. Clip-

modulating the LED can be given as ping mitigation is achieved by means of clipping distortion
D2 a2 D cancellation in the frequency-domain. This method is a sim-
Popt = agptagz_ — Opzt (18) plified version of the one proposed in [6] and is explained as
opt Yopt follows:
whereSop, = Yopt Ty Qopt IS the attenuation factor because of 1) The time-domain DCO-OFDM signal after the equaliza-
clipping using optimized clipping ratioy,p¢, andD defines tion process at the receiver is evaluated, and the DC
the input limits of the DAC. Now consider if the signal is bias that has been added at the transmitter is subtracted,
deliberately clipped using a much smaller clipping ratie,,i ie., s = IDFT{ji} — Bpe, where) is the signal after
v < Yopt, With same DAC input limits, the power at the output  equalization.
of DAC output can be given as 2) (Initialization) seti +— 1, for the first iteration, the distor-
D2 2D tion contribution is neglected, i.eD") = 0. Moreover,
Paip = 0202 — = —— (19) the method is input a8V =DFT{3}.
upper 7 3) Retrieved set of symbols9(?, are obtained a®(®
where&upper = Y0,. Then the gain in modulation power over = Slice{#)}, where Slicef.} represents hard symbol

the optimized power at the output of DAC can thus be defined estimator.



4) An estimated time-domain DCO-OFDM signai?), is BER performance for @ =4

obtained via#(?) = IDFT{("}. 10} 10 R
5) () is subject to a similar clipping process as at th -
transmitter, i.e.,&() = clip{#(¥,y} and symbols are 000006000
evaluated a®!” = DFT{&()}. Note that a distortion, &
D, similar to the one introAdu)cedAat the transmitter ic £ 102} 102}
now introduced idt”, whered!” = () + D, _ $ —— eI DCO-OFDE 7D
6) An estimate of the clipping distortion compone®(?), = O Quaised DCOOFDM
is made asz)(i) _ é&l) _ é(z) g —>— Quantized DCO-OFDM using .
7) (Update)i « i + 1 and@®) = gti=1) — Dl-1), 2 0%t 103}
8) If ) = 9~ andi +# 1, return, else go to step 3). A
|
V. SIMULATION RESULTS AND DISCUSSION
In this section, simulation results are presented to demo 10 | 104
strate and compare the performance of clipping mitigatio 10 20 30 10 20 30
method considering 16-QAM DCO-OFDM, 3 iterations of Epa/No Ei(etee)/No

iterative method and), of 4 and 5. Note that the minimumFig. 5: Clipping mitigation using the proposed compensation nutfay
clipping ratio for 4-, 16-, 64- and 256-QAM is recommendedt-QAM DCO-OFDM.

as 1, 1.4, 1.9 and 2.5, respectively to achieve a target BER

of 10~% and with 3 iterations of the iterative method. DCO- . . . _
OFDM with 1024 sub-carriers is simulated, and the resul@ltlo ha? been evaluated. Analytical expression of the gain
are averaged over 2000 independent OFDM realizationsl Id o_dulatlon power at the_ OUtpl.Jt (.)f DAC. is also computed,
DCO-OFDM with 8pc = 7dB is presented as a benchmarkV ich shows that reducing clipping ratio can have added
The BER performances of quantized DCO-OFDM (withoﬁ?eneﬁts for IM-DD. We also propose an iterative method for
clipping) and DCO-OFDM with optimum clipping ratigop clipping mitigation, which can be used in conjunction with

are also provided as reference. The idea here is to use aIIOV\FHPp'ng to relax the bit resolution required for the DAC.

resolution DAC and clip the signal at a low clipping ratiojgh REFERENCES
reducing the quantization noise and increasing the mOdnla‘t[l] J. B. Carruthers, B. Jeffrey, and J. M. Kahn, “Multipleksarrier mod-

power. And finally using clipping mitigation method at the ~ yation for nondirected wireless infrared communicatiotEEE J. Sl
receiver to mitigate clipping distortion. Areas Commun., vol. 14, no.3 , pp. 538-546, 1996.

: ; : : : [2] W. O. Popoola, Z. Ghassemlooy, and B. G. Stewart, “Rikgisted PAPR
Results depicted in Fig. 5 demonstrate that if the signal % reduction technique for optical OFDM communication syst@énd. of

clipped at a smaller clipping ratio compared to the optimal [ightw. Tech., vol. 32, no.7 , pp. 1374-1382, 2014.
one, a low bit resolution DAC can be used, and with clippinf§] S. Dimitrov, S. Sinanovic, H. Hass, "Clipping Noise in ON-based

e ; ; optical wireless communication systemi&FEE Trans. Commun., vol. 60,
mitigation at the receiver, good BER performance can be no. 4 . pp. 1072-1081, 2012.

achieved. It has been demonstrated thatQif = 4 and [4] J. Armstrong and A. J. Lowery, “Power efficient optical DR,” Electron.
clipping ratioy = 1.5 is used in conjunction with clipping Lett., vol. 42, no.6 , pp. 370-372, 2006.

. : ; : : ] C. R. Berger, Y. Benlachtar, and R. Killey., "Optimum mging for
mitigation, the BER performance is comparable with the "de& optical OFDM with limited resolution DAC/ADC,'Sig.Process. Photon.

DCO-OFDM (infinite DAC resolution), and is better than the  commun., 2011.
BER performance Whenyopt is used. Furthermore, if the[6] J. Tellado, L. Hoo, and J. M. Cioffi, “Maximum-likelihoodetection of

i ; . _ _ nonlinearly distorted multicarrier symbols by iterativecdding,” |EEE
bit resolution is increased fron), = 4 to Q, = 5, the Trans. Commun., vol. 51, No. 2 . pp, 218-228, 2003,

performance of clipped DCO-OFDM with clipping mitigation[7] j. Armstrong, “OFDM for optical communications,” Lightwave Tech-
is better than the ideal DCO-OFDM, because due to clipping, nol., vol. 27, no. 3, pp. 189-204, 2009.

; : H. Elgala, R. Mesleh, H. Hass, “Practical consideragidor indoor optical
the reqwred DC bias has been reduced from 7dB to 5.1 ' wireless system implementation using OFDM,” Rroc. 2009 IEEE

which results in power efficiency. Refer to Fig. 3, which slBOW  |nternational Conf. Telecommun..

that at least@), = 6 is required to achieve a comparabld] L. Nsdal, M.S.dMoreoIo, ﬂ M. Fabrega, ar?d G. Junyent,mb;rison of
it _ ; ; peak power reduction techniques in optical OFDM systemsdas FFT

.pe_rformance-wnh ideal DCO QFDM W"pt ,IS used, Whereas’ and FHT,”Intl. Conf. on Transparent Optical Networks, pp. 1-4, 2011.

if time-domain DCO-OFDM signal is deliberately clipped atio] A. weiss, Y. Arie, and S. Mark, “Iterative Symbol Recoydor Power-

lower clipping ratio, and clipping mitigation is applied e Efficient DC-Biased Optical OFDM Systems}. of Lightw. Tech., vol.

; o ; i 34, no. 9, pp. 2331-2338,2016.
receiver, a similar performance can be achieved Wih= 4, [11] H. Elgala, R. Mesleh, and H. Harald, “Non-linearity exffs and predis-

thus, reducing the number of bit of DAC by 2. tortion in optical OFDM wireless transmission using LEDiser national
J. of Ultra Wideband Commun. Syst., vol. 1, no. 2, pp. 143-150, 2009.
VI. CONCLUSIONS [12] H. Ochiai and H. Imai, “Performance analysis of deldtety clipped

. . . . OFDM signals,”lEEE Trans. Commun., vol. 50, no. 1, pp. 89-101, 2002.
In this paper, we analytically model the non-linear disy3; 3. G. Proakis, “Digital communicationsiicGraw Hill, 1989.

tortions in OWC systems such as clipping distortion and4] A. W. Azim, Y. Le Guennec and G. Maury “Enhanced DC-Bidse
i7ati i i ; i ; Optical OFDM for Intensity-Modulated Optical OFDM Accesgsgms,”

quanuzauory noise. Bit resolu_tlon _requwed for DA_C/ADQIVM Intl. Cont. on Transparent Optical Neworks, pp. 1-4, 2016.

respect to different constellation sizes, as a functioripping



