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ABSTRACT Visible light communications (VLCs) have received extensive attention in the research
community thanks to their advantages of high bandwidth, low cost, robustness to electromagnetic interfer-
ence, operation in an unregulated spectrum, and high degree of spatial confinement in indoor scenarios.
One of the main limitations for high data-rate transmission in VLC systems is the limited modulation
bandwidth of commercial light emitting diodes. To circumvent this limitation, spectrally efficient modulation
schemes should be used. Optical orthogonal frequency-division multiplexing (O-OFDM)-based schemes
have become very popular and several proofs of concept have shown their ability to attain over gigabits
per second transmission rates. We consider here the use of pulse amplitude modulation and carrier-less
amplitude and phase modulation schemes together with frequency-domain equalization (FDE) at the receiver
as interesting alternatives to O-OFDM. We show the advantages of the former schemes in terms of the peak-
to-average-power ratio, and demonstrate through numerical results the merits of FDE-based signaling in
attaining high data rates.

INDEX TERMS Visible-light communications, optical OFDM, pulse amplitude modulation, carrierless

amplitude and phase modulation, frequency-domain equalization, PAPR.

I. INTRODUCTION

In the past decade, world has witnessed a dramatic increase in
the data traffic and demand for high-speed Internet services
such as HDTYV, video calls, and cloud computing. This has
strengthened the need for further innovation, research and
development in new emerging wireless technologies capable
of delivering high transmission rates. The development of
novel and efficient wireless technologies for different trans-
mission scenarios and link distances is essential for building
future heterogeneous communication networks to support a
wide range of service types and to meet the ever-increasing
demand for higher data rates. This in particular concerns
the 5th generation telecommunication networks where ubiq-
uity and ultra-high spectral efficiency are among the main
features [1].

Given the exponential growth in the wireless data rates,
existing communication standards will be unable to satisfy
the increasing demand for data throughput. In particular, in
an Internet-of-things or Internet-of-everything paradigm, the
current radio frequency (RF) transmission standards may not

address all challenges and requirements. By harnessing the
optical spectrum, optical wireless communications (OWC)
have been shown to be a powerful complementary technology
to the new RF transmission standards [2].

A. VISIBLE LIGHT COMMUNICATIONS

An interesting application area of OWC is in indoor environ-
ments where an important part of the wireless traffic takes
place. In particular, the visible light communications (VLC)
technology aims at using the incoherent solid-state lighting
devices such as light emitting diodes (LEDs) for illumination,
data transmission (with a promise of over-Gbps data rates),
and indoor localization. By exploiting the LED-based illumi-
nation facilities for data transmission, the VLC technology
provides a unique opportunity to provide communications
in underground and mining environments, to provide high
security (in banking and finance, manufacturing, and mili-
tary), and to avoid electromagnetic radiations in restrictive
areas (such as hospitals and within aircrafts) and at the same
time permits a significant reduction in power consumption of
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the users [3], [4]. This application of VLC has been recently
called Li-Fi (light fidelity) that can be seen as an example of
the “green communication,” which effectively exploits high
energy-efficient LED lighting (>70% compared to standard
lighting sources) for data transmission, we can avoid/limit
power-hungry alternative solutions such as Wi-Fi networks,
particularly in indoor environment; thus, reducing the pres-
sure on the RF spectrum so that it could be used in areas
where mobility is paramount. Note that, some recent works
have considered the use of VLC for indoor localization and
sensing as well. According to [5], the global market for VLC
is expected to grow at a compound annual growth rate of
109.2% from 2015 to 2022.

B. INDOOR VLC

LEDs are expected to be the primary illumination source in
the future thanks to the advances made in incoherent solid-
state lighting and because of significantly reduced energy
consumption compared to the traditional lighting sources,
and the possibility of easy control of intensity and color of
illuminated spaces. In VLC, LED luminaries are exploited
for simultaneous illumination, broadband data transmission
and indoor localization. The most relevant case is white light
illumination where a popular approach consists in using the
so-called white LEDs, where ablue LED is used together with
yellowish phosphor coating to emit a broad-spectrum white
light. These devices have the main advantage of reduced
production cost but at the price of reduced bandwidth (i.e.,
3 — 5MHz compared to 20MHz of red, green and blue
LEDs) [6], [7]. Several proofs-of-concept have been realized
recently showing the possibility of high transmission rates
[7]-[9]. A next generation OWC standard is currently defined
(i.e., IEEE 802.15.7r1), which aims at data rates within the
range of 1 Mbps - 10 Gbps. However, despite the numerous
advantages of this technology, the commercial deployment
of VLC is far from being straightforward.

In this paper, we focus on the downlink and discuss appro-
priate transmission solutions that can allow high data rate
transmission. We start by a brief overview of techniques
for high data rate transmission for VLC links in SectionII.
Among these techniques, we focus on optical orthogonal
frequency-division multiplexing (O-OFDM) -based trans-
missions in Section III and discuss their pros and cons. Next,
in SectionIV we consider single-carrier transmission solu-
tions as an alternative to O-OFDM. For these schemes, we
propose to use frequency domain equalization, as described
in Section V. The performance of the proposed schemes is
investigated in Section VI through a set of numerical results.
Lastly, concluding remarks and some discussions are given in
Section VII.

Il. HIGH-RATE DATA TRANSMISSION BY VLC

The most important limiting factor in increasing the data rate
of VLC systems is the relatively low modulation bandwidth
of commercial GaN-based white LEDs (typically < 5 MHz),
which is due to the slow response time of the coated
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phosphorous. One solution to increase the bandwidth is to use
a blue filter at the receiver (Rx) to remove this slow compo-
nent from the modulated signal. By doing so, the modulation
bandwidth can be increased up to 20 MHz typically [2], [10],
but at the cost of an increased intensity loss on the order of
10dB, which could be tolerable in practice as we have in
general a sufficiently high signal-to-noise ratio (SNR) at the
Rx (i.e., > 70 dB) due to the illumination level recommended
by the European Lighting Standard [7]. Other proposed solu-
tions are pre- or post-equalization [11], using multiple-input
multiple-output (MIMO) structures [12]—-[15], and high-order
modulation schemes based on O-OFDM [10], [16]-[18]. In
particular, the MIMO technology through employing spatial
multiplexing can effectively boost the data-rate. Note that,
in contrast to RF or free-space optics counterparts where
MIMO is used to increase link reliability by providing spatial
diversity gain against channel fading [19], [20], in indoor
VLC systems we are mostly concerned with a deterministic
channel [21], [22], and hence, the only interest of adopting
MIMO architectures is to increase the data rate through spa-
tial multiplexing. The simple way of implementing a MIMO
link is to use a non-imaging lens at the Rx for collecting the
transmitted intensity. But the drawback is that the channel
matrix may become rank-deficient or ill-conditioned depend-
ing on the Rx position, in which cases, data recovery at the Rx
becomes rather impossible [12]. The use of an imaging lens
can circumvent this problem at the price of increased size,
cost and complexity of the Rx [2].

As such, the use of O-OFDM for achieving higher data rate
R, in VLC systems has drawn particular attention and it has
even become omnipresent in most related publications. The
highest reported R; (laboratory set-ups) are around 1 Gbps
for the case of white LEDs and about 3 Gbps for the case
of RGB LEDs over a range of several tens of centimeters
typically [7], [9]. Recently, some researches have considered
the use of GaN-based micron-size LEDs (commonly called
HLEDs) that have the advantage of very large modulation
bandwidths (typically a 3-dB bandwidth of 60 MHz), and
have demonstrated peak data rates around 3.5 Gbps [8].

Ill. O-OFDM-BASED DATA TRANSMISSION

OFDM is a well-known spectrally efficient technique
for achieving high data-rate transmission over frequency-
selective RF channels. This multicarrier transmission tech-
nique offers a simple way to divide the entire channel into a
number of narrow-band sub-channels and to multiplex data
over them, thereby allowing an increase in the symbol dura-
tion and a reduction of the inter-symbol interference (ISI).
In fact, due to the need for very high Ry, most of today’s
RF systems are suffering from multipath induced ISI, and
hence, OFDM has become a popular technique to simplify
the channel equalization task at the Rx.

This idea has inspired the researchers working in VLC to
deal with the limited bandwidth of the LEDs. This scheme is
known as O-OFDM, or optical discrete multi-tone (DMT). At
the same time, O-OFDM is a robust solution against channel
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frequency selectivity that mostly occurs either when a line-
of-sight (LOS) path is not available due to blockage or shad-
owing, thus resulting in a diffuse channel inducing a relatively
large delay spread, or when multiple LOS paths exist (from
multiple emitters to the Rx) [21]. Basically, through the inser-
tion of a cycle prefix (CP) at the beginning of each frame of
OFDM symbols, the frequency-selective aggregate channel
(including the effects of the propagation channel and the LED
response) is equalized using a simple single-tap equalizer.
To increase further the R;, bit and power loading can be
introduced in order to match the data rate of different sub-
channels to the frequency response of the aggregate channel
[17], [18], [23].

A. MOST POPULAR O-OFDM SCHEMES

Given that intensity modulation with direct detection
(IM/DD) is widely used in VLC systems due to the highly
non-coherent LED sources, the information-bearing sig-
nal has to be real and positive prior to IM of the LED.
Several transmission schemes based on O-OFDM have
been proposed so far, the most popular being DC-biased
O-OFDM (DCO-OFDM) and asymmetrically-clipped
O-OFDM (ACO-OFDM) [16], [24]. In both schemes, Her-
mitian symmetry is imposed on the modulated subcarriers to
guarantee a real time-domain OFDM signal. In the former
scheme, a DC bias is added to the signal to make it unipolar.
Obviously, this cannot be guaranteed to hundred percent
unless a very large DC bias is used, which results in a
poor energy efficiency. Thus, with a DC bias, the remaining
negative amplitudes are clipped (i.e., set to zero) prior to IM,
which is usually modeled by the so-called clipping noise
(CN) [25]. In ACO-OFDM, on the other hand, only the
odd sub-carriers are modulated and the even subcarriers are
assigned zero amplitude. In this way, the time domain signal
will have an anti-symmetric property, which is then made
positive by hard clipping the negative part. By doing so, the
resulting CN affects only the even sub-carriers and not the
data carrying (odd) sub-carriers [16], [26].

To achieve the same R;, DCO-OFDM needs a much
smaller constellation size than ACO-OFDM, e.g., m-QAM
(quadrature amplitude modulation) for the former, and m?-
QAM for the latter. Let us denote the symbol rate and the
normalized LED bandwidth by Rs and Bjgp, respectively.
This way, for relatively small values of n = Rg/BLEgD,
ACO-OFDM offers an improved optical power efficiency,
compared with DCO-OFDM, whereas for larger n, DCO-
OFDM is more power efficient.

B. DRAWBACKS OF O-OFDM

In O-OFDM schemes there are a number of drawbacks, which
have motivated researchers to investigate alternative more
robust transmission solutions. Basically, the optimality of
the O-OFDM schemes is rather questionable, in particular,
regarding spectral efficiency. Firstly, the Hermitian symme-
try constraint incurs a spectral-efficiency loss of factor two
and four for DCO-OFDM and ACO-OFDM, respectively,
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compared with baseband unipolar modulation schemes such
as pulse amplitude modulation (PAM) [27]. CP insertion
also reduces slightly the spectral efficiency. Another major
drawback is the relatively high peak-to-average power ratio
(PAPR) of the O-OFDM-based schemes. In fact, given the
limited linear operation range of most commercial LEDs, the
corresponding double-side signal clipping, to fit the signal
into the LED dynamic range (DR), can severely affect the
system performance. This is especially the case for high
modulation orders where the system can suffer from severe
non-linear distortion, i.e., high CN.

A few variants of O-OFDM have recently been proposed
such as the enhanced unipolar OFDM (eU-OFDM) [28] that
promises similar spectral efficiency as DCO-OFDM with
almost no DC power penalty. Also, pilot-assisted transmis-
sion was proposed in [29] in order to reduce the PAPR.
These schemes generally imply a considerable increase in
the system complexity, as compared to DCO-OFDM, for
instance.

IV. ALTERNATIVE SOLUTIONS TO O-OFDM

Some other modulation schemes have recently been under
investigation such as PAM and carrier-less amplitude and
phase (CAP) modulation. The well-known PAM, which uses
a certain number of discrete amplitudes for transmitting data,
is a “baseband” transmission scheme where the spectral cen-
troid of the signal that modulates the LED intensity is located
at the zero frequency. The “bandpass” CAP modulation, on
the other hand, is basically a QAM modulation where instead
of using a mixer for up- and down-conversion, employs two
orthogonal finite impulse response (FIR) digital filters whose
impulse responses (IRs) form a Hilbert-transform pair [27].
This way, the electrical signal that modulates the LED inten-
sity is a DC-biased QAM signal on a sub-carrier of rela-
tively low frequency. Historically, CAP was considered for
high data rate signal transmission over telephone cables for
asymmetric digital subscriber line (ADSL) connections [30]
before being withdrawn in favor of DMT. It was considered
for optical communication in [26] and more recently revisited
in the contexts of optical fiber transmission [31]-[34] and
VLC [35]-[38] thanks to its advantages of low PAPR and a
simple system structure.

Figure 1 illustrates the principle of CAP. For the case of
analog CAP signaling, Fig. 1(a), the real (I: In-phase) and
imaginary (Q: Quadrature) parts of QAM-modulated sym-
bols are passed through two orthogonal filters 4, (¢) and hp(1),
which are related through the Hilbert transform [39] to realize
the frequency shifting. We have:

hi(t) = g(t) cosQnfct), ho(t) = g(t) sinnf.t), (1)

where g(¢) is the IR of the baseband shaping filter, which
is usually a square-root raised-cosine (SRRC) function. To
ensure the orthogonality of I and Q filters, f. should be larger
than the maximum frequency of g(¢). The signal at the output
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Ry () = g(©).cos(2mf.t)

QAM
Baseband ——)]
signal

CAP
Modulated
signal

QAM
Baseband
signal —

CAP
Modulated
signal

(b)

FIGURE 1. Principle of CAP signaling: (a) basic CAP transmitter using
analog filters where h;(t) and hq(t) have the role of up-converting the
baseband signal; (b) CAP transmitter using digital filters, a large enough
up-sampling factor M increases filters’ accuracy.

of the modulator can be written as:

o]

sty=>_ ilnlhi(t —nT) = glnlho(t = nT)  (2)

n=—0oo

where i[n] and g[n] are the corresponding I and Q symbols
after QAM mapping.

In the digital implementation (see Fig. 1(b)), this is done
using the equivalent FIR digital filters A;[n] and hg[n]. In
order to increase the precision of this digital pulse shaping,
inputs to these filters are first up-sampled by a factor M by
inserting (M — 1) zeros between consecutive symbols. The
precision of these filters depends also on the number of filter
taps Ly used in their implementation. By setting M and Ly
to sufficiently large values, we can obtain performance close
to the ideal analog case, i.e. when using h;(#) and hg(?).
Otherwise, this pulse shaping would not satisfy the Nyquist
criterion (inducing hence undesired ISI) and in addition, will
result in non-zero cross-correlation between Ay [n] and hg[n]
inducing, hence, cross-talk between I and Q branches.

We have shown in Fig.2(a) the IRs of &;[n] and hg[n]
filters as well as their auto- and cross-correlation for M = 8.
We can neglect the tails of these IRs by taking a sufficiently
large Ly. For instance, setting Ly = 20 and M = 8, we
effectively use 161 filter taps, which has an obvious impact
on the system computational complexity.

In the following, we will consider the same SRRC filtering
for the case of PAM signaling in order to make a fair com-
parison between its performance and that of CAP. Note that
in contrary to the baseband PAM, CAP is a passband signal,
as it can be seen from Fig. 3 that shows the spectra of the two
signals for a given symbol duration 7.

Indeed, the most important advantage of PAM and CAP
over O-OFDM is their lower PAPR (thus, being less sub-
jected to CN). At the same time, they have the advantages
of higher spectral efficiency and lower power consumption
at the transmitter (Tx). However, at higher data rates they
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FIGURE 2. CAP signaling, (a) in-phase and quadrature filters’ IRs for

M = 8; (b) autocorrelations and cross-correlation of I and Q IRs. Pulse
shaping g(t) is a square-root raised cosine SRRC filtering with 0.1 roll-off
factor. The abscissa is normalized by the symbol duration Ts.
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FIGURE 3. Spectrum of CAP signal compared to PAM, Ts denotes symbol
duration.

may suffer from significant ISI where the aggregate chan-
nel becomes frequency-selective. This means that channel
equalization has to be performed at the Rx prior to signal
de-mapping. Channel equalization is classically performed in
the time domain, which is in general complex to implement.

27005



IEEE Access

M.-A. Khalighi et al.: PAM- and CAP-Based Transmission Schemes for VLCs

= [5]
Q =]
Tx bits| < & é? £ o & -y
—E e e
53 = -5
OE E“"‘ 6 = gu DCTbias
AWGN
a8 L8 & Optical
Re bits|s'E. 28 = - 7Y l Channel
anne
okl LG E (b
L = ™
8 E é’ i PD
(@)
g £ o |[Ba
Tx bits | =2 |5 o= =
S NZE & [ 2E—{2E DA 3
g = [T~ 2= A
By 2l (=34 ¥
3| o DCbias LED
el 1B i 51 o e Optical
Rx bits| <& ~ & ey o Channel
—Z5 | E|E & | & | 55 ._-ﬁégk f—
e = By =] 20 AD rs
r:LE — 65‘. = g §E -
(o) 4] 4 PD

In-phase
Shaping filter
J (5] [l e,
. =] =1 i1
Tx bits |8 S = 4
Sy %g—;» 2 _'gi B—= 25—~ DA iz\}
= = o = ( =
5 A |—s|  hg[n] ] DCbias LED
Quadrature
Shaping filter In-phase
Matched filter
=] 2
=] 5] -9 Optical
; R= oR= &)
Rx bits | = g - 2 5 — E 73 »| Channel
SE — =g 7 E
E U & i E
55 e~ PD
Quadrature
Matched filter

FIGURE 4. Block diagrams of the Tx and the Rx: (a) DCO-OFDM, (b) PAM-FDE, and (c) CAP-FDE.

We consider here frequency-domain equalization (FDE)
under block transmission, which has the advantage of rel-
atively low computational complexity and necessitates a
single-tap equalizer together with fast-Fourier transform
(FFT) / inverse FFT (IFFT) operations over the frame at the
Rx [40]-[42].

V. FDE-BASED TRANSMISSION USING PAM AND CAP

Before describing PAM and CAP transmission schemes, let
us briefly present the rather classical case of DCO-OFDM
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transmission; see Fig.4(a). At the Tx, the information bits
are modulated using a QAM constellation. The Hermitian
symmetry is then applied to the time-domain symbol frame
before applying an IFFT and inserting a CP of length L.
To limit the signal bandwidth, SRRC pulse-shaping is then
applied to the signal. Next, double-side clipping is applied
prior to digital-to-analog (D/A) conversion, adding a DC bias,
and IM of the LED. Denoting the modulated signal by x(¢),
the DC bias current is set as k+/E{x(¢)}2), where E{.} denotes
expectation and k is the clipping level, which is related to the
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CCDF

PAPR (dB)

FIGURE 5. Contrasting CCDFs of PAPR for PAM- and CAP-FDE and
DCO-OFDM for different frame sizes N.

so-called clipping factor «, defined as: k = 10 loglo(k2 +1).
At the Rx, following photo-detection and analog-to-digital
(A/D) conversion, digital matched filtering is performed prior
to CP removal and FFT. Single-tap channel equalization is
then performed and the transmitted bits are recovered after
demodulation.

The block diagrams of the Tx and the Rx for PAM and CAP
transmission are shown in Figs.4(b) and 4(c), respectively.
For the case of PAM, at the Tx, the mapped symbols are
organized into frames of length N and with a CP of length
L inserted at the start of each frame to avoid inter-frame
interference. Then, after pulse shaping and signal clipping,
a DC bias is added to it after D/A conversion to ensure a
certain illumination level. For the case of CAP, following
QAM mapping and CP insertion to the frames of complex
symbols, I and Q components of the symbols are passed
through the digital filters h;[n] and hg[n]. The output of
the subtracter is then passed through double-sided clipping
and D/A conversion modules prior to insertion of the DC
bias. At the Rx, for both cases, following optical-to-electrical
conversion, the received signal is sampled and applied to the
digital matched filter. Next, for each frame, after CP removal,
channel equalization is carried out in the frequency domain
before symbol demapping.

Let us focus in more detail on the pulse shaping and
matched filtering operations, which are performed in the
digital domain. As explained earlier (see Fig. 1(b)), an up-
sampling of factor M is performed before digital filtering by
inserting (M — 1) zeros between consecutive symbols. The
filter output is then down-sampled to reduce computational
complexity. For the case of CAP, in order to guarantee a
sufficiently low cross-talk between I and Q branches, one
would expect that larger Ly and M are required, compared
to PAM. Overall, we notice that PAM-FDE and CAP-FDE
schemes have the advantage of reduced Tx complexity but
need a more complex hardware at the Rx, as compared with
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FIGURE 6. Illustration of the link configuration considered in the
simulations.

DCO-OFDM. However, this is not really an issue, given the
availability of advanced digital circuits.

To explore the signal PAPR, let us contrast the corre-
sponding complementary cumulative distribution function
(CCDF) plots of the three schemes for different frame
sizes. Results are shown in Fig. 5, which testify the advan-
tage of PAM and CAP over DCO-OFDM. For instance,
the probabilities that the PAPR exceeds 10dB are about
0.03, and 0.3 for 16-CAP and 16-QAM DCO-OFDM,
respectively, whereas it is almost zero for 4-PAM. In
addition, the PAPR of DCO-OFDM is very sensitive to
the FFT size and increases considerably with N (which
corresponds to the number of modulated sub-carriers),
whereas for the two other schemes this increase is rather
small. Therefore, for increased frame size, the FDE-based
schemes do not suffer from any significant increase
in PAPR.

VIi. PERFORMANCE STUDY

In order to get more insight into the perfromance of the
FDE-based schemes, we present here a set of Monte-Carlo
simulation based numerical results.

A. INDOOR CHANNEL MODEL AND ASSUMPTIONS

We consider a medium-size room of dimension (4 x 4 x 3) m3
with four LED lights positioned symmetrically on the ceiling
with respect to the room center, see Fig. 6. The Rx is posi-
tioned at the center of the room at a height 0.85cm above
the room floor, which is classically that of a desktop, and
uses an optical Rx composed of a PIN photo-detector and a
trans-impedance amplifier. We assume that there are no other
objects or people within the room to cause beam blocking or
shadowing. We consider using OSTAR LEDs from OSRAM
with the semi-angle at half power about 65° and model
them as Lambertian sources. The channel loss coefficient is
5 x 107°. The LED DR corresponds to the current range
interval of 0.1A < I < 1A. For the sake of simplicity, we do
not consider any clipping factor here and set the DC bias to
the DR center, i.e., at Ipc of 0.55A. While we take the CN into
account, we assume that the LED has a linear characteristic
within its DR. Without loss of generality, we normalize the
“input current - output optical power” efficiency of the LED.
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TABLE 1. Default parameters of the Tx, Rx, and the optical channel.

Parameter “ value

Room size (L x W x H) 4x4x3m3

Receiver height 0.85 m
LED lamp configuration 2 X 2, symmetrically arranged
Channel path loss 5x 1075

LED Lambertian order 1
DR of LED drive current I 01—-1A
LED 3-dB modulation bandwidth 2.5 MHz (20 MHz: blue filtering)

Receiver type PIN
Photo-detector responsivity 1

Receiver noise unilateral PSD No || 10721 W/Hz
Frame size N 256 symbols
CP length L 8 symbols
Up-sampling factor M 8

SRRC of roll-off factor 0.1
20 symbols

Pulse shaping
Pulse-shaping filter span L s

The LED is modeled as a first order low-pass filter witha 3 dB
modulation bandwidth of f;, = 2.5 MHz with normalized IR
of higp(t) = e~ 27fo!  For the sake of comparison, we also
consider the case where a blue filter is used at the Rx resulting
in an effective modulation bandwidth of 20 MHz [2]. Note
that using such a filter also results in a reduction of the
background noise level at the Rx. Therefore, without loss of
generality, we do not consider any additional power loss due
to blue filtering; our aim being to compare the performance
of the different schemes under the same channel conditions.
Other simulation parameters are summarized in Table 1.

Given the transmitted signal s(¢), the received signal can be
written as follows:

r(t) =y s(t) ® hLep(?) @ hyLc(?) + N(2), 3

where y is the PD responsivity in (A/W) that is set to unity
for simplicity, Ayrc(?) is the IR of the physical indoor VLC
channel, and ® denotes convolution. Also, n(z) is the Rx
noise, which is modeled as signal-independent additive white
Gaussian noise (AWGN) with one-sided power spectral den-
sity (PSD) of Ny. We assume that the Rx is background noise
limited. We do not use any channel coding and no lens is used
at the Rx. Given the link configuration, see Fig. 6, we model
hyic(?) by a shifted Dirac function (see [21]). Lastly, the SNR
being relatively high, we use the classical zero-forcing equal-
ization for which, we obviously need to know the channel
IR that we can estimate based on the transmission of pilot
symbols. Here, we consider the case where the aggregate
channel IR is perfectly known at the Rx.

B. COMPARISON OF PAM- AND CAP-FDE

WITH DCO-OFDM

Lets see how these signaling schemes perform in terms of
energy efficiency for a given data rate R;. We have presented
in Fig.7 the bit error rate (BER) plots as a function of
electrical power at the Tx, Pty (excluding the DC power),
for n = Rg/BLgp = 5 and 10. Sub-figures 7(a) and 7(b)
correspond to the cases of without and with blue filtering at
the Rx. We consider 64-CAP and 8-PAM modulations as well
as DCO-OFDM with 64-QAM that provide the same R; of
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FIGURE 7. Contrasting BER performances of CAP-FDE, PAM-FDE, and
DCO-OFDM schemes for: (a) without and (b) with blue filtering at the Rx
(BLep of 2.5 and 20 MHz, respectively).

about 71.5 and 143 Mbps for n = 5 and 10, respectively.
When using blue filtering, R; will be 570 Mbps and
1.14 Gbps, corresponding to n = 5 and 10, respectively.
Note that we do not consider any bit/power loading for the
DCO-OFDM case.

As seen, for a given transmission scheme, the BER
decreases by increasing the transmit power Ptx until a limit
over which the BER degrades due to the dominance of
CN, i.e., signal clipping outside the LED DR (for about
P1x 2 —16dB). In practice, however, the system will operate
within the LED DR and therefore will not use such high Py
levels. From Fig.7(a), at a BER of 1073 (i.e., the forward
error correction limit) and n = 5, the power requirements
are around —38.7, —32.7, and —31.7 dB for 64-QAM DCO-
OFDM, 8-PAM, and 64-CAP, respectively. For n = 10,
CAP outperforms PAM at this BER: the corresponding Prx
values are around —29.7 and —28.3dB for 64-CAP and
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FIGURE 8. Performance degradation of DCO-OFDM for increased PAPR:
larger FFT size N or larger constellation size. Bjgp = 2.5 MHz, 5 = 10.

8-PAM, respectively. Note that PAM has the lowest PAPR
and suffers from the least CN. Nevertheless, being a base-
band modulation, to achieve the same Ry, it needs half of
the bit/symbol than CAP, which is a bandpass modulation
scheme. As 7 increases, the channel becomes more and more
frequency-selective and the baseband PAM suffers from more
attenuation in the relatively high frequency region, compared
to the bandpass CAP signal. Under such conditions, CAP
provides an improved performance over PAM. We notice
similar results when using blue filtering, see Fig. 7(b).

The interesting point is that in both cases, DCO-OFDM
outperforms both FDE-based schemes. Indeed, here we inten-
tionally considered a relatively small FFT size N = 256
and signal constellation 64-QAM to have the AWGN as the
dominant factor affecting the performance. For larger FFT
sizes and/or for higher modulation orders, the higher PAPR
of DCO-OFDM becomes increasingly penalizing as the CN
becomes more and more important. This is illustrated in Fig. 8
where plots of BER versus Pty are contrasted for different
N and different QAM modulation orders. We can see that
the performance of the DCO-OFDM scheme can degrade
severely for large values of these parameters. Note that
the performances of PAM- and CAP-FDE are independent
of the frame size N and also have negligible dependence on
the constellation size.

C. FDE-BASED SCHEMES: EFFECT OF PULSE

SHAPING PARAMETERS

Let us investigate the influence of the choice of the parame-
ters related to Tx and Rx digital filters, i.e., the up-sampling
factor M and the filter span L. We have shown in Fig. 9 the
BER plots versus Pty for n = 5, 10 and three values of M for
CAP- and PAM-FDE schemes where no blue filtering is used
at the Rx (similar conclusions are drawn when using blue
filtering). We notice that the choice of M has a non-negligible
impact on the link performance. Almost same results are
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FIGURE 9. Sensitivity of FDE-based transmission schemes to the
up-sampling factor M. (a) 64-CAP; (b) 8-PAM. B gp = 2.5 MHz. Other
parameters correspond to default values in Table 1.

obtained for For M > 8. If we tolerate a moderate loss in
SNR, we can set a smaller up-sampling factor to reduce the
computational complexity. Interestingly, the same sensitivity
to M is observed for the case of PAM. Therefore, the main
factor affecting the BER is the ISI resulting from imperfect
Nyquist filtering rather than non-zero cross-talk between I
and Q branches for the case of CAP.

As concerns the choice of filter span, we have contrasted
the BER plots in Fig. 10 for CAP- and PAM-FDE schemes
and different Ly. Obviously, with a larger Ly, we are closer
to the ideal pulse shaping and matched filtering. In this case
study, the best performance is obtained for Ly = 20 and
larger values do not allow any noticeable improvement in the
BER. Interestingly, the CAP-FDE scheme appears to be more
sensitive to the choice of Ly than PAM. This can be explained
by a higher crosstalk between I and Q channels due to non-
ideal filtering for the former case.
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FIGURE 10. Sensitivity of FDE-based transmission schemes to the
pulse-shaping filters’ span L. (a) 64-CAP; (b) 8-PAM. B gp = 2.5 MHz.
Other parameters correspond to default values in Table 1.

D. FDE-BASED SCHEMES: EFFECT OF CP LENGTH

Lastly, let us investigate the importance of the choice of
the CP length L on the link performance. Since we have
considered a rather simple link configuration where the VLC
channel is frequency non-selective, see Fig.6, only Agp
introduces ISI in our case (of course, apart from the ISI
induced due to non-ideal pulse shaping and matched fil-
tering). For increased 1, we exploit more and more band-
width of the LED and consequently, the aggregate channel
becomes more and more frequency selective. In other words,
for increased n, we should use a larger CP.

We have shown in Fig. 11 BER plots for different n and
when using different CP values. Let us consider first the case
of CAP-FDE, see Fig. 11(a). For n = 5,aCPof L = 1 is
sufficient to remove the ISI induced by the channel (larger
L result in the same BER performance). For increased n we
need to increase L, but given the simple channel we have
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FIGURE 11. Sensitivity of FDE-based transmission schemes to the CP
length. (a) 64-CAP; (b) 8-PAM. By gp = 2.5 MHz. Other parameters
correspond to default values in Table 1.

considered here, the value of CP remains very small; i.e. the
corresponding loss in the spectral efficiency is negligible. The
required CP lengths for n = 10 and 20 are L = 2 and 6,
respectively. For the case of PAM, Fig. 11(b), we notice that
we need a larger L, compared to CAP. This can be explained
by the fact that PAM is a low-pass signal and for the same 7, it
spectrum is more affected by the aggregate channel frequency
response than CAP, see Fig. 3. The required L for n = 5 and
10 are 4 and 6, respectively.

VII. CONCLUSIONS AND DISCUSSIONS

We investigated FDE-based schemes as alternatives to
O-OFDM in the context of indoor VLC systems and eluci-
dated their advantage in dealing with a limited DR of the emit-
ter device. We showed that PAM and CAP have the advantage
of alower PAPR, and hence, a lower sensitivity to the clipping
noise. The latter scheme appears to be more advantageous
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for higher data rate transmission, i.e., relatively larger ratios
of bit-rate to the system bandwidth. As such, FDE-based
schemes can be interesting alternatives to O-OFDM, which
has usually claimed to be the “evident” solution.

We considered in this paper an ideal (linear) LED char-
acteristic within its DR. In practice, in addition to clipping,
the signal undergoes further distortion due to the non-linear
“output power - driving current” characteristics of the LED
as well as the non-linearity of the power amplifiers (drivers)
at the Tx [43]. Given that this nonlinearity affects the system
performance especially at high PAPRs, FDE-based schemes
are expected to be still more advantageous over O-OFDM.

Concerning the implementation complexity, the IFFT oper-
ation at the Tx in O-OFDM-based schemes could be consid-
ered as being shifted to the Rx side in FDE-based schemes.
This can be considered as the main price paid for benefiting
from a lower PAPR. Considering Li-Fi applications, this
means less complex lighting installations while necessitating
more complex Rx devices. The former is an obvious advan-
tage for the deployment of the technology, whereas the latter
can be a disadvantage that may be tolerated thanks to the
advances in digital integrated circuits and the battery lifetime
of the portable devices.

It is worth discussing the choice of SRRC pulse shaping for
PAM in our study. By choosing the same pulse shaping for the
considered signaling schemes, we wanted to compare their
performances with the same optical power at the Tx and the
same electrical noise variance at the Rx. In practice, for the
case of PAM, a rectangular pulse shape would be preferable
since this removes the need for FIR filtering at the Tx. Obvi-
ously, the signal will be of much larger bandwidth, but this is
not an important issue (in contrary to RF transmissions with
much more strict bandwidth regulations). Furthermore, one
can realize the PAM signaling levels by simply switching on
and off different LEDs. On the other hand, the return-to-zero
(RZ) signaling format can be used instead of non-RZ (NRZ),
which provides a slightly improved performance but at the
cost of increased bandwidth requirement [42]. Moreover, one
can also combine PAM with line coding to shift the signal
spectrum and avoid the DC component. This will ensure
a constant short time average of the signal, and hence, a
constant LED brightness (that is important or illumination).

Note that, despite the advantage of reduced PAPR for FDE-
based schemes, O-OFDM could provide a higher data rate
thanks to the possibility of bit and power loading, but at the
cost of considerable increased system complexity. In fact,
the principle of bit and power loading can also be applied
to the case of multi-band CAP signaling (usually called m-
CAP) [44]. However, such a scheme requires multiple pulse
shaping (and matched filtering) filters to be implemented in
digital domain, which makes the resulting system of rather
high implementation complexity. For this reason, the FDE-
based schemes proposed here could be of special interest in
device-to-device communications.

Although in the presented results we considered not so
high data rates, competitive data-rates with Wi-Fi (about two
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orders of magnitude higher) can be achieved through employ-
ing spatial multiplexing using MIMO structures, wavelength
division multiplexing (WDM), and using faster emitters such
as uLEDs [45]. Meanwhile, it is worth mentioning that,
although recent Wi-Fi standards such as IEEE 802.11.ac and
.ad promise over-Gpbs data rates, they will likely be exposed
to the spectrum congestion problem in the very near future
since they use the unlicensed ISM band and with increase in
number of Wi-Fi routers, their performance will be limited by
packet collisions thus resulting in long back-offs [46].
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