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RESUME EN FRANCAIS

Les réseaux de communication en lumiére visible (VLC) s’appuyant sur 'utilisation de
diodes électroluminescentes (LED) bénéficient actuellement d’un intérét grandissant, en
partie grace a leur robustesse face aux interférences électromagnétiques, leur large bande
disponible non-régulée, leur faible cott, leur bonne efficacité énergétique, ainsi que leur
compatibilité avec les infrastructures d’éclairage déja existantes. Dans cette thése, nous
étudions des techniques de modulation a haute efficacité spectrale pour la couche physique
des VL.C pour augmenter les débits tout en considérant la qualité de ’éclairage ainsi que
les cotits d’implémentation. Des études numériques et expérimentales sont réalisées sur
la modulation d’impulsion d’amplitude (PAM) et sur la modulation d’amplitude et de
phase sans porteuse (CAP) sous des contraintes d’éclairage et pour des grands ordres de
modulation. De plus, 'impact des non-linéarités de la LED est étudié et une technique
de post-distorsion est évaluée pour corriger ces effets non-linéaires. Dans ce cadre, des
débits de plusieurs centaines de Mb/s sont atteints en utilisant un banc de test réalisé
a partir de composants a bas cotits. Par ailleurs, un systéme multi-entrées multi-sorties
(MIMO) imageant est également développé et l'impact du désaxage de l'imageur sur les
performances est étudié. Finalement, une technique de décomposition polynomiale basée
sur la méthode de factorisation classique LU est étudiée et appliquée aux systémes MIMO
VLC dans des grands espaces intérieurs.

Mots-clés : communication en lumiére visible, éclairage intérieur, modulation d’amplitude
et de phase sans porteuse, non-linéarité de la LED, diode électroluminescente, MIMO,
multiplexage spatial, modulation spatiale, décomposition de matrice polynomiale






ABSTRACT

Indoor visible light communication (VLC) networks based on light-emitting diodes (LEDs)
currently enjoy growing interest thanks in part to their robustness against interference,
wide license-free available bandwidth, low cost, good energy efficiency and compatibility
with existing lighting infrastructure. In this thesis, we investigate spectral-efficient mod-
ulation techniques for the physical layer of VLC to increase throughput while considering
the quality of illumination as well as implementation costs. Numerical and experimental
studies are performed employing pulse amplitude modulation (PAM) and carrierless ampli-
tude and phase (CAP) modulation under illumination constraints and for high modulation
orders. Furthermore, the impact of LED nonlinearity is investigated and a postdistor-
tion technique is evaluated to compensate these nonlinear effects. Within this framework,
transmission rates in the order of a few hundred Mb /s are achieved using a test bench made
of low-cost components. In addition, an imaging multiple input multiple-output (MIMO)
system is developed and the impact on performance of imaging lens misalignment is theo-
retically and numerically assessed. Finally, a polynomial matrix decomposition technique
based on the classical LU factorization method is studied and applied for the first time to
MIMO VLC systems in large space indoor environments.

Keywords: visible light communication, indoor illumination, carrierless amplitude phase
modulation, LED nonlinearity, light-emitting diode, MIMO, spatial multiplexing, spatial
modulation, polynomial matrix decomposition
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Nophoton Number of counted photons.
N, Number of transmit LEDs.
N, Number of receive PDs.
N Maximum number of resulting subchannels.
Ngymp Window size in NMSE calculation.
Q Number of reflecting elements on the room surface.
P Inverse correlation matrix (M; + M2 x My + M3).
P(X) Spectral power density function.
p(n) Discrete-time output of Volterra series model.

P Maximum optical power.
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P oise Noise power in Watt [W].
P, Received mean optical power in Watt [W].
Pyignal Received signal electrical power in Watt [W].
(,Spl}/fp SM optical intensity.
Pi}}g SMP optical intensity.
Prns Received signal root mean square voltage in Volt [V].
P, Emitted mean optical power in Watt [W].
0] Angle of emergence as defined in Fig. 2.4 in degree.
Dyym Luminous flux in lumen [lm].
Y Field of view of photodiode in degree.
Q Order of the Volterra series expansion.
q Vector of input signal samples (M x 1).
R PD responsivity in ampere per Watt [A/W].
Rphoto Receiving PD.
Pe., Coeflicient of reflectivity of the surface e,.
s(t) Instantaneous modulated current.
s(n) Discrete-time input modulated signal.
5(n) Discrete-time adaptive postdistorter output.
s Vector of input signal samples at the Volterra series model ((M; + M3) x 1).
scap(t) CAP modulated signal.
span(t) PAM modulated signal.
sgam(t) QAM modulated signal.
S[k] Discrete DMT modulated signal.
o? Noise variance.
o2 Shot noise variance.
03 Input signal variance.
o2 Equalized signal variance.
o2 Shot noise variance.
02 ermal Thermal noise variance.
t Time in second |s].
T Symbol period in second [s].
T; Emitting light source 1.
0 Angle of incidence as defined in Fig. 2.4 in degree.
0 1 LED semi-angle at half-luminance in degree.
u Distance from the object to the lens in meter |m].
u(t) Unit step function.
u(n) Symbol before decision at the n-th iteration.
Upost Post-filter matrix.
v Distance from the lens to the image in meter [m)|.
V(A) Luminous efficiency function.
v Vector of feedback filter coefficients (M, x 1).
Vore Pre-filter matrix.
w Vector of feedforward filter coefficients (My x 1).
x Vector of transmitted signals at the array of LEDs (/V; x 1).
X Vector of estimated signals (V; x 1).
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X Vector of pre-coded signals at the array of LEDs (IV; x 1).
x(t) Instantaneous emitted optical power.

y Vector of received signals at the array of PDs (N, x 1).
y(t) Instantaneous received signal.

y(n) Discrete-time received signal.

X Vector of post-coded signals at the array of PDs (N, x 1).
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CHAPTER 1

Introduction

1.1 Motivation

Wireless communications currently constitute a pervasive technology, promoted by the
recent development of portable devices such as smartphones, laptops and other wearable
devices, whose usage have been massively accepted and adopted by modern societies. Ac-
cording to the Cisco Annual Internet report [27|, there will be 5.3 billion total internet
users by 2023, up from 3.9 billion in 2018. In this context, the continuous growth of in-
ternet traffic entails a need for more bandwidth and higher data rates. Existing wireless
communication technologies (e.g. Wi-Fi, Bluetooth, 4G etc...) are based on radio fre-
quency (RF) systems and use the radio frequency range of the electromagnetic spectrum
which is strictly regulated and overcrowded. This congestion leads the consortiums for the
next generation of wireless communications standards to exploit ever higher frequencies in
order to find more available bandwidth, e.g. in the GHz region, where the emerging fifth
generation of cellular technology (5G) is operating. From early discussions on the sixth
generation of cellular technology (6G), the use of THz bands is envisioned for high-speed
wireless communications. However, the implementation of THz transmitter and receiver

devices that are commercially-available, affordable and efficient is a major hurdle.

A promising alternative to overcome these restrictions is to transmit information via the
optical bands of the electromagnetic spectrum, which remain largely unexploited to date.
Visible light communication (VLC) is a form of optical wireless communication that mod-
ulates the visible portion of the electromagnetic spectrum (400 - 800 nm) to encode infor-
mation [65, 60, 94, 48|. An interesting feature of VLC is that the downlink transmission
can be leveraged for the dual functionalities of illumination and data communication.
To this end, light fixtures made of high-power light-emitting diodes (LEDs) constitute a

vehicle for the wide-scale implementation of VLC.

From 2010 onwards, LEDs are increasingly replacing conventional lighting methods such
as incandescent or fluorescent light bulbs. Indeed, LEDs provide many advantages such
as higher efficiency, longer lifetime, smaller size and lower heat. Moreover, LED lighting is
gaining popularity in the domestic and industry sectors, in sync with a growing demand

for clean energy, cost-efficient systems and high quality lighting. According to data from
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the International Energy Agency [56], the world illumination market share of LED sales
rose from 4 % to 46 % between 2013 and 2019 and is projected to take over the market with
87% by 2030. Furthermore, their low-cost and market availability makes them particularly
attractive for VLC.

VLC provides many advantages such as a very large and unlicensed spectrum (near 375
THz of available bandwidth), low-cost and commercially-available components, intrinsic
robustness against eavesdropping, and immunity to electromagnetic interference. Initially
developed in the early 2000’s by a research group at the University of Keio in Japan [69],
VLC has since drawn a lot of interest in the research community, as it is considered a
viable candidate to complement Wi-Fi in indoor environments while relieving pressure
on the radio spectrum. Furthermore, VLC is an attractive option with respect to elec-
tromagnetic wave-sensitive environments such as aircrafts, hospitals or nurseries. Due to
aforementioned advantages, it is foreseen that VLC could be integrated as a segment of
the next generation of cellular networks to realize highly dense indoor communication net-
works. Finally, VLC opens doors to new opportunities and new fields of application such

as underwater, outdoor, vehicle-to-vehicle or satellite communications.

Many challenges still need to be addressed in VLC in order to enable a mass adoption of the
technology in the near future. One of the main drawbacks of LED-based communications is
the limited modulation bandwidth of high-power LEDs, which are designed for illumination
functions and are therefore not well suited for communications. To that extent, new
spectrally-efficient modulation techniques must be developed to overcome these limitations
and increase the modulation bandwidth, hence the achievable throughput. In addition, the
LED exhibits a nonlinear behavior which can degrade the system performance. Moreover,
blockage issues can arise when obstacles, objects or people stand in the way of the light

propagation path, thus reducing the intensity perceived by the user terminal.

1.2 Standardization of VLC

VLC is an emerging communication technology and the standardization process is still
in its infancy. Moreover, the multiplicity of standards may be a source of confusion and
could lead to compatibility issues. The following elements give an overview of the current

progress in the standardization of VLC.

The Institute of Electrical and Electronics Engineers (IEEE) 802.15.7 standard completed
in 2011, later revised in 2018 and named "Short-Range Optical Wireless Communications"
[109] defines the physical (PHY) and medium access control (MAC) layers for VLC and

optical camera communications. Three different modes of point-to-point operation are
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proposed depending on the intended application scenario (indoor or outdoor) with variable
data rates ranging from a few kbps up to tens of Mbps. The recommended modulation
schemes are on-off keying (OOK), variable pulse position modulation (VPPM) and color-
shift keying (CSK). In addition, eye safety regulations are met and illumination features

such as dimming support and flicker mitigation techniques are provided.

Other established standards can be cited, such as the ITU-T G.9991 standard, completed
in 2019 by the International Telecommunication Union, which also provides recommen-
dations with respect to the PHY and MAC layers based on orthogonal frequency-division
multiplexing (OFDM) for indoor VLC-based transceivers [58]. In addition, the ongoing
IEEE 802.15.13 task group known as "Multi-Gigabit /s Optical Wireless Communications"
is working on enabling data rates up to 10 Gbps at distances up to 200 meters, with a

focus on industrial applications [108].

Finally, one of the most promising standardization process expected to push forward the
implementation of VLC in a wide range of use cases is the IEEE 802.11.bb task group.
Initiated in 2018, the latter is working on an amendment to the well-known IEEE 802.11
standard (Wi-Fi) where a new PHY layer will be specified, as well as a few adjustments
to the already existing MAC layer [107]. The forecasted achievable minimum single-link
throughput is 10 Mbps while the targeted maximum throughput lies in the Gbps range
with OFDM-based modulation techniques.

Note, "Li-Fi (Light-Fidelity)" and "VLC" are two terminologies often employed to desig-
nate the same technology. However, they differ slightly in that VLC defines any system
using the light medium to convey information, whereas Li-Fi is a term coined by Harald
HAAS in 2011 aiming to designate a fully networked wireless protocol using visible light
[47]. Nonetheless, the term "VLC" is commonly adopted in the standardization process

and in the scientific literature.

1.3 Thesis objectives
As discussed previously, many challenges still need to be addressed in VLC. The use of

optical front-end components such as the LEDs entails some impediments such as a limited
modulation bandwidth (a few MHz), hence a limited throughput. The optical front-end
components presently available on the market are primarily designed to fulfill the function
of illumination and not that of communication. Furthermore, due to a smaller market,
the optical components developed specifically for the function of communication are still
significantly more expensive than the ones designed for the mass market of the lighting

industry. The design of VLC systems merging high-speed communication and standard-
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compliant illumination becomes a challenging task if we aim for a final system which is
both low in cost and in hardware complexity. Competitive data rates with other wireless
transmission technologies such as Wi-Fi, 4G or the emerging 5G must also be delivered in

order to make VLC attractive for wide-scale deployment inside buildings.

This dissertation intends to propose improvements for the physical layer of downlink single-
user VLC to achieve high throughput while taking into account the quality of lighting as
well as implementation costs. Within this framework, theoretical and simulation investi-
gations are conducted and some results are validated through experiments. The objectives

of the thesis are the following:

1. The optimization of data rate on a low-cost point-to-point VLC system compliant

with illumination standards in indoor environments (addressed in Chapter 3) .

2. The modeling and compensation of the LED nonlinearity for high modulation orders
(addressed in Chapter 4).

3. The evaluation and comparison of state-of-the-art modulation schemes to answer the
following question: which modulation scheme is best suited for VLC (addressed in
Chapter 5)7

4. The investigation of multiple-input multiple-output (MIMO) techniques by leverag-
ing the multiple light sources in a LED-based luminaire as means to improve the

spectral efficiency (addressed in Chapter 6).

5. The theoretical investigation of lower-upper polynomial matrix decomposition (LU-
PMD) to mitigate both the inter-channel interference (ICI) and the inter-symbol
interference stemming from the difference in optical path lengths in large space

scenarios (addressed in Chapter 7).

1.4 Thesis structure

This dissertation is organized in 8 chapters.

Chapter 2 intends to provide useful knowledge on VLC systems for the rest of the
thesis. The existing components employed at the transmitter and at the receiver are
reviewed along with their advantages and drawbacks. We also introduce the nonlinear
characteristics of the LED. Furthermore, we present the indoor lighting metrics and the
characteristics of the optical wireless channel both in line-of-sight (LOS) and non-line-of-
sight (NLOS) configurations. Finally, we discuss stat-of-the-art modulation schemes and
MIMO techniques.
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Chapter 3 describes a VLC transmission over a point-to-point experimental test bench
employing carrierless amplitude and phase (CAP) modulation. We first exhaustively de-
scribe the CAP modulation format and we then specify the design considerations for indoor
illumination in normal working conditions using a low-cost white LED. Lastly, we present

the test bench and the throughput optimization approach.

The objective of Chapter 4 is to develop a simulation model based on the analytical
model of the impulse response of a white LED. In addition, to better comprehend the im-
pact of LED nonlinearity, we incorporate two nonlinearity models with different accuracy
and complexity, namely the Hammerstein and the Volterra series model. We evaluate
the quality of the proposed simulation model by determining the distance between the
numerical results and that of the experiment. Furthermore we investigate a postdistortion

algorithm based on the Volterra series at the receiver to compensate the LED nonlinearity.
After these three chapters, we will start presenting the contributions of the thesis.

In Chapter 5, we compare two modulation schemes, namely pulse amplitude modulation
(PAM) and CAP by simulation and by experiment and we investigate the maximum
achievable throughput for each modulation while limiting the illumination level to that
of a typical office room. The roll-off factor parameter, which is directly related to the
signal bandwidth, is also optimized. Furthermore, we study for the first time the impact
of LED nonlinearity on high-order PAM and CAP. Lastly, we compare the results with

the performance of discrete multi-tone (DMT).

Chapter 6 studies the potential of two MIMO techniques, namely spatial multiplexing
(SMP) and spatial modulation (SM) to further enhance the spectral efficiency of VLC
systems. We start by presenting the principle of imaging receiver and we then evaluate
the performance of the SMP and SM techniques analytically and by simulation. We also
experimentally investigate the impact of imager misalignment in case of receiver mobility

and propose a bit-loading technique to maintain a quality of communication.

In Chapter 7, we propose a novel technique for MIMO VLC, namely the LU-PMD.
Initially developed for wideband RF systems, we apply this technique for the first time
in VLC for large space indoor environments, where differences in optical path lengths can
have a significant impact on the system performance. We demonstrate that the technique
can completely cancel the ICI and reduces the MIMO channel into independent single-
input single-output (SISO) additive noise channels.

Finally, Chapter 8 concludes the thesis and propose future research perspectives.
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CHAPTER 2
Fundamentals of VLC

2.1 Introduction

In this chapter, we introduce the basic concepts of VLC. The intensity modulation and
direct detection (IM/DD) transmission scheme, which is often implemented in practice to
perform low-cost and simple modulation and demodulation, is first introduced in Section
2.2. Then, in Section 2.3, the different types of optical front-end components used in
VLC are presented. The nonlinear characteristics of the LED are also discussed. In
Section 2.4, the illumination metrics for LED lighting are presented along with the health
impact of VLC. The characteristics of the optical wireless channel are presented in Section
2.5. Finally the baseband modulation digital modulation schemes employed in VLC are

described in Section 2.6.

2.2 IM/DD model

LEDs are incoherent light sources, i.e. the amplitude, frequency and phase of the emitted
photons vary randomly in space and time. VLC systems are therefore usually implemented
with IM /DD [63|. As shown in Fig. 2.1, the LED driving current s(¢) is first modulated by
the desired waveform. Then, electrical-to-optical conversion is performed by the LED and
the signal z(t) corresponding to the instantaneous emitted optical power is sent through
the VLC channel. Note that the LED driving current s(¢) must be positive and real, which
imposes constraints with respect to the signaling design. The unipolarity (positive) can
either be achieved by the addition of a direct current (DC) bias or by employing power
switched modulation schemes which are inherently unipolar and positive. Note, the DC
bias is added to ensure full swing of the modulated signal in the dynamic range of the

LED and also to provide the desired level of illumination.

LED Photodiode

Input Received
signal s(t) x(t) | VLC channel signal ¥(t)
» LED driver > ¥§ T w0 2 — TIA ——

Figure 2.1 Optical wireless transmission with IM/DD.
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At the receiver side, a lens focuses the light onto the PD active surface, and the latter
performs optical-to-electrical conversion by producing a photocurrent y(t) proportional to
the instantaneous received optical power. The photocurrent is then usually converted into
a voltage signal using a transimpedance amplifier (TTA). A VLC system can be modeled
as a baseband linear system with a finite-length channel impulse response (CIR) h(t), and

the received signal can be expressed as

y(t) = Re(t) * h(t) + n(t), (2.1)

where R is the PD responsivity, % denotes the convolution product, and n(t) is the noise.

2.3 Optical front-end devices

2.3.1 Types of LEDs
There are different types of LEDs that are possible candidates for VLC.

e White LED: The most common type of LED employed for general illumination is
the white LED, which consists of a blue LED chip coated with a yellow phosphor
that absorbs some of the blue photons and re-emits yellow photons, as described
in Fig. 2.2. The yellow photons combine with the blue photons that are emitted
directly to produce white light. However, because of the slow relaxation time of the

phosphor, the modulation bandwidth is limited to a few MHz.

White Light

Blue photons __Yellow photons

Figure 2.2 Illustration of the principle of a white LED.

e Red-green-blue LED (RGB LED): Another type of LED used in indoor illumi-
nation is the RGB LED, which is made of three LED dies, allowing more flexibility
for color tuning. In recent years, RGB LEDs have drawn a lot of attention in the
field of VLC: due to the absence of a phosphor coat, these LEDs generally provide
a modulation bandwidth of a dozen MHz. Furthermore, high speed VLC links have

been experimentally established by means of the wavelength division multiplexing
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(WDM) technique, which consists in modulating the three LED sources indepen-
dently to increase the throughput [81, 70, 28, 29|.

e Micro-LED: More recently, the use of gallium nitride (GaN) based micro-LEDs has
been investigated as a promising solution to significantly enhance the modulation
bandwidth to hundreds of MHz and therefore achieve throughputs on the order of
the Gbps [26, 38]. Unfortunately, the manufacturing process is complex and costly.
Moreover, their small size, hence limited output optical power, makes them less
suitable for indoor illumination. A large quantity of micro-LEDs would be required
to provide an adequate lighting level in an indoor environment. It can however be
pointed out that their price could drop as production rises in conjunction with higher
demand.

e Organic LED (OLED): Recent research works have also investigated the potential
of OLEDs for VLC. This type of LED is made of organic materials and was originally
designed for display technologies, where they emit white light in a fashion similar to
that of RGB LEDs. The advantage of OLEDs is the capability of implementation
under the form of a large area unit, i.e. a large panel, at extremely low-cost. Thus,
luminaires based on OLEDs can provide a high power efficiency, hence sufficient
illumination to meet the indoor lighting requirements. On the other hand, OLEDs
exhibit a low modulation bandwidth, on the order of several kHz, due to their
inherent high plate capacitance [21, 49, 25|. Therefore, the achieved data rates
reported in the literature do not exceed a few Mbps [20, 51, 117, 50].

e Laser diode (LD): LDs have drawn a lot of interest recently for their potential
application in VLC as they exhibit a higher modulation bandwidth, in the GHz
range, compared to LEDs. Moreover, white light can be produced in a similar
manner as with the LEDs, i.e. by either placing a yellow phosphor film in front
of a blue light LD or by combining red, green and blue light beams produced by
three distinct LDs. Although extremely high data rates of several tens of Gbps have
been reported in the literature |75, 24|, LDs are not yet extensively used in VLC
because of their drawbacks with respect to the concurrent function of illumination.
An LD emits a very intense narrow light beam, which raises concern about on eye
safety and homogeneous illumination. As a result, a phosphor-coated diffuser must
be added to broaden the spectrum and spatially diverge a blue laser light, at the cost
of a drastic throughput reduction [130, 22]. The use of a diffuser allows the launch
power constraint at the transmitter imposed by eye safety regulations to be relaxed,
but it nonetheless remains lower that of the LEDs [137]. It follows that the latter
are better suited for indoor illumination. Finally, the 3-dB bandwidth of LDs can
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fully be exploited only if wide bandwidth electronic components, namely amplifiers

and photodetectors, are employed which increases the cost of the system and could

compromise the viability of an industrial product.

The different types of front-end transmitters in VLC and their characteristics are summed

up in Table 2.1.

Table 2.1 Comparison of different transmitters for VLC.

RGB LED | White LED | Micro-LED OLED LD

Output optical power High High Low Moderate High
3-dB bandwidth ~ 10 MHz ~ 1 MHz ~ 100 MHz | ~ 100 KHz | Very high

Price Moderate Low High Low High

2.3.2 Types of PDs

In this section, the two different types of PDs available on the market that can be used
for indoor VL.C are presented, namely the positive-intrinsic-negative (PIN) PD and the
avalanche photodiode (APD).

The most common type is the PIN PD which consists of an intrinsic undoped region,
interposed between a n-type and a p-type region, that are heavily doped. To operate as a
photodetector, the PIN PD must be reverse-biased to increase the width of the depletion
region. When photons with sufficient energy strike the depletion region, electron-hole pairs
are generated and current can flow. The more light falls onto the PD active surface, the

more photocurrent is generated.

An APD relies on the principle of impact-ionization to create an internal gain and therefore
In contrast to PIN PDs, APDs are reverse-biased at
higher voltages, without exceeding the breakdown voltage. The high bias voltage creates

increase the level of sensitivity.

an intense electric field in the avalanche region so that the carriers generated by the
incident light collide with the lattice atoms, generating new electron-hole pairs, and the
impact-ionization process repeats. This mechanism leads to a significantly improved SNR
compared to PIN PDs. On the other hand, the multiplication process generates an excess
of shot noise. Therefore, APDs are more suited for low light scenarios with weak incident

optical power.

The excess noise in APDs can be avoided by operating the APD in the Geiger mode, i.e.
when the device is operated at a voltage above breakdown. Consequently, a single photon
can trigger an avalanche by creating an electron-hole pair. Detection devices to function
in this regime represent a relatively new technology designated single-photon avalanche

detector (SPAD). They consist of an APD in series with a quenching device, a resistor for
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instance, that lowers the bias voltage down to the breakdown voltage and quenches the
avalanche [23|. The carriers are no longer able to accelerate and collide with the lattice
atoms. The downside of SPADs is that once a photon is detected, there is a short recuper-
ation interval, known as the dead time, during which detection is impossible. In addition,
the output signal is not proportional to the light intensity. To overcome this limitation,
SPADs can be placed in arrays to form a device known as silicon photo-multiplier (SiPM)
or multiplepixel photon counter (MPPC) [141]. It is reported in [140] that commercial
off-the-shelf arrays of SPADs can provide more sensitivity in weak illuminance conditions
as APDs, but are not yet as effective in the presence of strong background light because

they are shot-noise limited.

Although existing SiPMs are still expensive components, they are expected to become
more sensitive than any other type of PDs [1]. The PIN PDs remain currently the most
affordable and effective solution for the design of low-cost and simple VLC receivers. The
typical characteristics of APD and PIN PDs are presented in Table 2.2.

Table 2.2 Comparison of characteristics of APD and PIN PDs when applied

to VLC.
PIN PDs APD
Sensitivity Low High
Noise level Low High
3-dB bandwidth | 10 MHz to 10 GHz | 100 MHz to 10 GHz
Linearity High Low
Price Low High

2.3.3 LED nonlinearity

VLC systems include components with nonlinear characteristics such as LEDs, PDs,
digital-to-analog converters (DACs) and analog-to-digital converters (ADCs) which cause
signal distortions and degrade the system performance. The most severe impairments stem

from the LED nonlinearity which drastically limits the transmission rate |80, 143, 32, 33|.

The LED electro-optical transfer characteristic relating the forward current and the output
optical power denoted P,,. is a nonlinear function as described in Fig 2.3. When full swing
of the modulated input current is enforced, the variations of radiated optical power with
respect to the driving signal cause signal distortions which degrade the overall performance
of the system. In Fig 2.3, the output optical signal x(t) = P,,:(s(t)) is a distorted replica
of the input modulated current s(¢). Considering the LED nonlinearity, the system model
described by (2.1) can thus further be written as
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y(t) = RP,y (s(t)) = h(t) + n(t). (2.2)

The LED is operated within a fixed dynamic range: the input current should be positive
and the higher peak of the signal should not exceed the maximum permissible current
value recommended by the LED manufacturer to prevent overheating and damaging of

the device.

Moreover, the carrier-density response of the LED is frequency-dependent and therefore
the LED nonlinearity has a memory effect: the present output does not only depend on
the present input but also on past values. As a matter of fact, this memory effect grows
with the signal bandwidth, and thus the nonlinear behavior of the LED cannot be ignored
at high transmission rates [135, 64|. Furthermore, The LED nonlinear characteristics may

vary over time due to thermal effects and aging of the component [103].

Output optical power
A
Quasi-linear
x(t) segment Full dynamic range
v R
0 s(t) Input current

%

Figure 2.3 Nonlinear transfer characteristic of an LED.

In order to cope with the nonlinearity effects, the LED can be operated over a smaller
segment of the transfer characteristic that is quasi-linear. However, this method drasti-
cally reduces the signal power. Advanced LED nonlinearty compensation techniques are

discussed in detail in Chapter 4.
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The peak-to-average power ratio (PAPR) of the modulated signal s(¢) is an important
metric with regard to the impairments caused by the LED nonlinearity. The PAPR is
defined as the ratio between the instantaneous electrical power s(¢)? and the average

electrical power E[s(t)?], i.e.

PAPR = 101log,, (%) . (2.3)

It can be assumed that modulations with higher PAPR will suffer more degradation due
to the LED nonlinearity. In that sense, single-carrier modulation schemes such as PAM or
CAP are expected to be less affected by the LED nonlinearity compared to multi-carrier
techniques such as DMT since the former schemes exhibit lower PAPR [67]. In order to
reduce the PAPR of DMT, bilateral amplitude clipping is usually be applied to fit the
DMT-modulated signal to the desired dynamic range. The drawback of this technique is
the clipping noise, that can significantly degrade the system performance [31].

2.4  lllumination analysis for indoor VLC systems

2.4.1 Lighting properties of LEDs

There are two important metrics with regard to LED-lighting. The first one is the luminous
flux @, in lumen (lm) which quantifies the radiant power from the LED as perceived by

the human eye. It can be expressed as follows [41]:

780
Dy = K [ POV (M)A, (2.4)
380

where A is the wavelength, K, with value 683 Im/W is the maximum luminous efficacy
(ratio of luminous flux to radiant power), P(A) is the spectral power density function
which represents the amount of power per wavelength, and V() is the luminous efficiency

function which describes the spectral sensitivity of the human eye for each wavelength.

The second important metric when it comes to evaluating the illumination distribution in
space is the horizontal illuminance E}, which is defined as the luminous flux per unit area
[lm/m?] and is measured in lux (Ix). The horizontal illuminance is given by the following

expression [118]:

cos™(¢) cos(0)

Eh = (m + 1) I d? lum

(2.5)
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where ¢ is the angle of emergence with respect to the transmitter normal axis, 6 is the
angle of incidence with respect to the receiver normal axis, d is the distance between the

emitter and the receiver as shown in Fig. 2.4, m is the order of Lambertian emission
s — = In(2)
defined as m = W

LED.

and 9% corresponds to the semi-angle at half-luminance of the

LED lights

3m

Sm

AT
v

Sm

Figure 2.4 VLC transmission in an office room.

To provide a sufficient illumination level in a room, the luminaires are commonly made
of arrays of LEDs [45]. The total horizontal illuminance E}° is defined as the sum of the

contribution of each LED and can be expressed as

Efft = Nrepkh, (2.6)

Npep being the number of LED chips in the luminaire.

2.4.2 Lighting requirements

The illumination standards provide recommendations for lighting applications based on
factors such as visual ergonomics, performance needs, safety or economy. To this extent,
the European norm EN 12464-1 defines a framework for lighting of various interior areas,
tasks and activities [17]. Considering normal working conditions, the latter gives recom-
mendations for lighting parameters including illuminance levels, luminance distribution,
directionality and variability of light, colour rendering, flicker and glare. Due to the LEDs
radiation pattern, the task area usually located right below the light source has the highest
illuminance level and it decreases in the immediate surrounding areas. Some examples of

illuminance levels extracted from the EN 12464-1 standard according to the area or the
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type of activity are given in Table 2.3. These requirements can be taken into account for
the design of VLC-based transceivers in indoor environments to determine the number of

LED chips and the required amount of power.

Table 2.3 Indoor illuminance level recommendations (EN 12464-1 Std.).

Work area / Activity [luminance

Circulation areas, corridors,

restrooms, stairs, elevators 50 - 100 Ix
Entrance halls, cloakrooms, lounges 100 - 200 Ix
Store rooms (packing, handling, 100 - 300 Ix
etc.)
Auditorium, lecture halls, offices,
conference rooms, meeting rooms
. o . 500 Ix
(reading, writing, data processing,
etc.)
Fine precision tasks (painting, 500 - 1000 1x

technical drawing, sewing, etc.)

High precision tasks (precision
mechanics, quality control, color 1000 - 2000 1x
inspection, metal engraving etc.)

2.4.3 Eye safety requirements

The emissions from a VLC transmitter are tightly controlled due to safety requirements.

An overview of the health impacts of VLC are presented here.

Firstly, the eye’s ability to focus the light onto the retina can cause biological effects
that strongly depend on the wavelength, the light intensity and the duration of exposure.
There are two categories of hazards: thermal and photochemical. Thermal hazards are
related to overheating of the retinal tissue whilst photochemical hazards correspond to the
decomposition of pigments in the photoreceptor cells caused by strong incident blue light.
In this respect, LEDs are safer than laser diodes because the emitted light is more diffuse
and less intense. In fact, LEDs designed for illumination purposes exhibit a wide angle of
emission, thus limiting the amount of power falling onto the eye retina. However, white
LEDs or RGB LEDs have a pronounced peak in the blue range around 450 nm and the
photochemical (or blue-light) hazard is the dominant source of hazard for exposure times
greater than 10 s according to the european norm EN 62471 for “photobiological safety

of lamps and lamp systems" [35]. The standard also specifies maximum irradiance levels
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measured in W.m?.sr~! and classifies the LED devices into risk groups. The non-coherent
diffuse continuous-wave LEDs are considered completely eye-safe if the radiance measured
at a distance of 200 mm in the direction of maximal directivity within 10 000 s is less than
100 W.m?.sr~!. The average optical power of the signal should therefore be adjusted at

the transmitter side to guarantee that this level is respected.

Secondly, the VLC emissions must be flicker-free to avoid harmful effects on human health
such as photosensitive epilepsy or headaches. A useful metric is the maximum flickering
time period (METP), which is defined as the period over which the human eye cannot
detect any brightness variation. The MFTP must be less than 5 ms to be considered safe
[119]. Equivalently, the modulation speed must be higher than 200 Hz. This is generally
not an issue at high data rate since LEDs can be modulated at speeds far faster than the
human eye can perceive. However, at lower throughput, flicker can arise from long series
of zeros and ones. To prevent this issue, run-length limited codes can be employed, e.g.

Manchester coding.

2.5 Optical wireless channel
In this part, we first present the different topologies employed for the dual-purpose of

communication and illumination. Then, an analytical description of a typical indoor VLC
channel is presented. We also derive an expression for the CIR and highlight the frequency

selectivity in VLC mainly due to the optical front-end response.

2.5.1 Topologies

Several topologies are possible to establish a VLC communication link between a transmit-
ter and a receiver. If we consider indoor illumination as a key feature of the VLC system,
two configurations are commonly employed in indoor environments and extensively stud-
ied in VLC, namely LOS and NLOS. They differ in whether a direct path (also called
"LOS component") exists between the transmitter and the receiver or not. In a LOS con-
figuration, the light propagates directly to the receiver, and via multiple reflections on the
walls and on the objects within the room. These reflected paths are collectively referred
to as "diffuse link". In a NLOS configuration, there is no direct path and the receiver
collects light solely from the diffuse link. The two configurations are presented in Fig. 2.5.
The direct path is represented by a solid line, while the diffuse reflections are represented
by dashed lines.

2.5.2 VLC channel model
The CIR of the static VLC channel h(t) is defined as the received signal when the emitted

signal is the Dirac delta function §(¢) and can be written as
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(a) LOS configuration. (b) NLOS configuration.

Figure 2.5 Possible topologies for indoor VLC.

h(t) = hLED(t) * hVLC(t); (27)

where hypp(t) is the LED response, and hypc(t) is the impulse response with respect to
the free space propagation of the light rays. The LED response can be modelled as a
simple first-order low-pass filter such that [138]

hLED(t) = e—27rf0t7 (28)

where fy denotes the 3-dB modulation bandwidth of the LED. The impulse response
hvre(t) is the sum of the contribution from the direct propagation path hgiec:(t) and the
diffuse link hgirp(t) [104], i.e.

hyrc(t) = hairect(t) + haipp(t). (2.9)

Assuming the emitter has a generalized Lambertian pattern, the impulse response of the

direct path hgirect(t) is defined by the following mathematical expression [41]:

DA cosm () cos(0)0(t — 4) 0 <0 <,
hdirect(t) - 2md ¢ o o (210)
0 6> 1,
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where A is the PD active surface, ¢ is the speed of light and 1 is the field-of-view (FOV)
of the PD. On the other hand, the diffuse component impulse response hg;ss(t) can be
decomposed into an infinite number of bounces on room surfaces which arrive successively
at the receiver. Considering Nygp sources on the ceiling, the contribution of the diffuse
haif(t) from the sources T; to a receiving PD R0, can be calculated based on an iterative

algorithm [41] such as

“+o00

hd@ff Z Zhg:}f t T Rph0t0)7 (211)
i=1 k=0

After k, reflections (k, > 1) the diffuse impulse response can be approximated by [41]

hg:}‘f(t» ,-Tia Rphata Zpendenhg;}f b t E; n) * h&?}f( ) :Ly Rphoto)- (212>

All room surfaces are divided into €2 small reflecting elements ¢, with a Lambertian ra-
diation pattern, a coefficient of reflectively p. , and a surface de,. When ¢, acts as a
transmitter with respect to the receiver PD Rppop, it is denoted €, and when it acts
as a receiver with respect to the transmit light source 7;, it is denoted €. Note that
hgz}f( € Rpnoto) Tepresents the LOS component impulse response between the surface

element €, and the PD R,p010-

Because of the slow motion of people and objects within the room, the channel variations
in time are very slow and the VLC channel can therefore be considered as quasi-static.
An important metric of the VLC channel is the channel DC gain Hpe which relates the

emitted mean optical power P; and the received mean optical power P,, i.e.

P. = Hpo P, (2.13)

The channel DC gain is the DC component of the Fourier Transform of the total CIR
defined in (2.9) and can be expressed as [41]

HDC = /Oo hVLc(t)dt. (2.14)

o0
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The total DC gain includes the DC gains from the direct path and the multiple reflections.
Investigations on the indoor VLC channel have shown that the direct path is significantly
stronger compared to the diffuse link [16]. In other words, the diffuse reflections within a
typical room represent a negligible fraction of the total received optical power. Therefore, it
is often assumed that only the direct path exists with respect to the link budget analysis.
This assumption is verified later in simulation in 2.5.5. Based on this, the diffuse link
contribution is negligible compared to the direct path and using (2.10), the channel DC

gain Hpc can be expressed as

HDC’ - / hdi'r'ect (t)dt

o0

(mil)4 cos™(¢p)cos(f) 0<6 <1, (2.15)

2md?
0 0 > .

2.5.3 Noise sources in VLC

There are two dominant types of noise that impair the communication quality in a VLC

link, namely shot noise and thermal noise.

Shot noise: Shot noise comes from the randomness of the photon arrivals on the pho-
todetector area. Due to the quantum nature of light, the arrivals of photons on the
photodetector active area are not homogeneously distributed in time. For a low received
optical power, i.e. few incident photons, the detection of optical signals can be described
by a photon-counting model: the number of photons Npjetn counted within a known time
window ¢ follows a stochastic process, that can mathematically be described by a Poisson

probability distribution defined as

_ k
P(Nphoton = k) = eXp( )‘/::t)<)\et) R k e R+, (216)

where A, is the expected number of photons per interval. Moreover, each photon inci-
dent on the detection area of the photodetector generates an electron-hole pair with a
probability known as the quantum efficiency. As a result, the fluctuations are passed on
to the produced photocurrent which also has a Poisson distribution. These fluctuations
are referred to as shot noise, to which both the ambient light and the data-carrying LED
contribute. The ambient light comes from natural (sunlight) and artificial lighting sources

(fluorescent lamps, incandescent lamps and other LED-based lighting fixtures).
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For a large A., a Poisson random variable can be approximated by a Gaussian distribution
with same variance by virtue of the central limit theorem. In other words, under the
assumption of a high received optical power, shot noise can be modeled as additive white
signal-dependent Gaussian noise. It is noteworthy that in a daylight configuration, the
ambient light contribution is typically more significant compared to that of the information
signal. In this case, it is assumed that shot noise is independent of the transmitted optical

signal.

Thermal noise: is induced by the random motion of electrons in the TTA of the receiver
circuit and can be modeled as additive white Gaussian noise (AWGN). Thermal noise
tends to be the dominant source of noise in absence of strong background illumination

[63]. In addition, thermal noise is generated independently of the information signal.

Therefore, since the two major sources of noise (shot noise and thermal noise) can be
modeled as two uncorrelated AWGN sources, the overall noise in an IM/DD-based VLC
link is modeled as zero-mean real-valued AWGN of unilateral power spectral density Ng

[41, 63, 30]. The noise variance denoted o2 is the sum of the shot noise variance o2, ,

and the thermal noise variance 032, ., |69, 128]. Therefore, the noise variance o2 can be
expressed as
o? = NyB, (2.17)
and
02 = U?hot + O-tzhermah (2]‘8>

where B is the overall system bandwidth over the positive frequency range.

2.5.4 SNR in VLC

In VLC, the received electrical signal-to-noise ratio (SNR) is an important metric to eval-
uate the quality of transmission over a given channel and is defined as the ratio between
the mean electrical power of the received signal and the noise power. The electrical SNR

can be written as [41]

R’P? _ R*Hpc P’
. .

SNR =

(2.19)

o o2
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Note that the received electrical SNR is proportional to the square of the received optical

power.

2.5.5 Evaluation of received power in LOS and NLOS configura-
tion

A numerical analysis is presented here to assess the received SNR in a LOS and a NLOS
configuration. The environment considered is a typical office room of size b m x 5m x 3
m with the parameters given in Table 2.4. As depicted in Fig. 2.6, the light fixtures are
arranged symmetrically on the ceiling to insure a wide area illumination coverage. Here,
only the first bounce is considered for the sake of simplicity (k, = 1). Moreover it was
shown that higher-order reflections have a negligible contribution [41]. Fig. 2.7 (a) and
(b) show the optical power distribution in a LOS scenario (direct path and diffuse link)
and in a NLOS scenario (diffuse link only), respectively. When the receiver is placed in the
middle of the room on a desk at 0.75 m above the floor, the collected light coming from
the multiple bounces on the four walls represents only ~ 8 % of the total received optical
power. In a NLOS configuration when the direct path is blocked, the receiver perceives
some light intensity, but since the SNR depends on the amount of received optical power,
the performance is significantly degraded compared to the LOS case. However, data
communication in a NLOS situation can still be maintained as reported in [34]. It is
noteworthy that in VLC, the SNR is usually high, which is a consequence of the brightness
levels recommendations for indoor facilities [45]. Indeed, based on simulations for the LOS
scenario, the horizontal luminance is calculated to be 468 Ix with (2.5) when the receiver
is located in the center of the room, and the received SNR is determined to be 65.6 dB.

The channel model at this point in the document is characterized only by the power loss
between the emitter and the receiver due to transmission through the optical wireless
channel. In the next section, we will discuss the frequency selectivity of the VLC channel

which arises from other data-carrying luminaires and the LED response.

2.5.6 Inter-symbol interference in VLC

Frequency-selective channels, or equivalently time-dispersive channels, can cause inter-
symbol interference (ISI) when the previously transmitted symbols interfere with the actual
received symbol. ISI induces severe distortions on the transmitted signal, thus degrading

the reliability and the quality of the communication link.

As demonstrated in 2.5.2, the diffuse component power contribution is negligible with
respect to that of the LOS component, and thus the reflections on walls, obstacles or

humans have little influence on the frequency selectivity of the channel [16].
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Table 2.4 Parameters used for simulations.

Parameter Value

LED optical output power 171 mW

LED semi-angle at half-luminance 6 1 55°

Surface d, 0.04 m?
Number of LEDs in a luminaire Ny gp 80
PD active area A 1 cm?
Wall reflectivity p,, 0.8
Receiver FOV 9 70°
Modulation bandwidth B 1 MHz
Noise PSD Ny 102! W/Hz [67]
Y
(-1.25,1.25) (1.25,1.25)
Ceiling 0 X
(-1.25,-1.25) (1.25,-1.25)

Figure 2.6 LED coordinates on the ceiling (all LEDs in a luminaire are assumed
to be located at the same point).
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Figure 2.7 Received optical power distribution on the receiver plane in (a) LOS
configuration (direct path + reflections) and (b) NLOS configuration (reflections
only).
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ISI can arise from the propagation delays of the LOS components between the LEDs and
depends on the configuration of the room and the distribution of the LEDs on the ceiling
[45]. The receiver receives multiple signals coming from the the numerous data-carrying
light fixtures on the ceiling. If the largest difference in the length of the optical paths
is significant with respect to the symbol period, the signal will be subject to ISI which
limits the transmission rate of the system. Considering a typical office room and the LED
distribution in Fig. 2.6, the maximum propagation delay between the direct components
is of only 9.7 ns, which occurs when the receiver is located in the corner of a room at
0.75 m above the floor (worst scenario). In the center of the room, there is no delay of
propagation between the LOS components assuming synchronously driven transmit LEDs.
Therefore, IS stemming from delays of propagation between the different transmitters is
a problem that can arise only in very specific cases, i.e. when operating at very high
data rates where the system baud rate is on the order of hundreds of Mbaud and / or
the VLC system is implemented in a large indoor environments with high ceilings such as

convention centers, shopping malls, factories, lecture halls or airports.

Typically, the frequency selectivity of the VLC channel is essentially introduced by the
front-end components and more specifically the LED response, the latter acting as a low-
pass filter. The PD 3-dB bandwidth is in fact usually much larger than the LED 3-dB
bandwidth, therefore ISI occurs essentially when the LED is operated beyond its 3-dB
bandwidth. In the context of high speed communication, the signal bandwidth is usually
larger than the 3-dB bandwidth, which is limited to a few MHz in the case of white LEDs.

2.5.7 Emitter 3-dB bandwidth enhancement
Given that the VLC channel has a low-pass behavior due to the LED frequency response,

several hardware solutions can be deployed to increase the 3-dB bandwidth of the emitter

and therefore employ a larger signal modulation bandwidth.

A first approach consists in adding a simple first-order RC pre-equalizer circuit at the
transmitter [123, 52| or at the receiver [72] to compensate the low-pass response of the
LED and increase the usable modulation bandwidth from a few MHz to several tens of
MHz. More complex equalizer circuits can be used to further enhance the 3 dB bandwidth
of the emitter employing white LEDs. For instance, modulation bandwidths of 520 MHz
and 151 MHz have been reported in [139] and [77], respectively. However, the drawback

of this technique is the additional hardware complexity.

Another simple approach consists in placing a bandpass blue filter in front of the PD to

collect solely the blue photons and therefore mitigate the slow response of the phosphor
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layer of the white LED. The blue filter has also the virtue of reducing the shot noise at
the receiver caused by sunlight [57]. However, several studies have demonstrated that the
blue filter has negligible impact on the overall performance of the VL.C system, due to the
drastic drop of SNR at the receiver [115, 113]. Therefore, the use of a blue filter is based
on a trade-off between the LED modulation bandwidth enhancement and the received

power.

2.6 Digital modulation schemes

In this section, we present the main digital modulation schemes that can be used in
VLC. Since IM/DD is employed, the modulated signal driving the LED must be real-
valued and unipolar non-negative. Modulation schemes can be divided into two groups,
namely the single-carrier and the multi-carrier modulation schemes. The difference is
that in multi-carrier modulation systems the signal bandwidth is divided into smaller
sub-bands (also referred to as subcarriers) of width AB, which transmit independent
data symbols, whereas single-carrier modulation schemes exploit the whole bandwidth to
transmit symbols, as shown in Fig. 2.8. It should be noted that, for both modulation
groups, the modulated signal remains in the baseband domain in VL.C, i.e. the lower side
band extends all the way to f = 0. As a result, the transmitted signal spectrum has a

low-pass characteristic.

Magnitude Magnitude
* + —— VLC channel response
0 Frequency 0 <A_l; Frequency

Figure 2.8 Schematic representation of the spectrum in the frequency domain
over the positive frequencies for single-carrier modulation schemes (left) and
multi-carrier modulation schemes (right) with the VLC channel response.

2.6.1 Single-carrier modulation schemes

There are several ways to encode information in the transmitted signal. Below are listed

the most popular single-carrier modulation techniques for VLC.
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OOK: OOK modulation is the most straightforward method to encode data and
consists in simply switching the LED on and off for bit 1 and 0 respectively. The
duty cycle of the pulse can be adjusted, resulting in a variable OOK (VOOK) which
supports dimming control |76].

Pulse width modulation (PWM): PWM is a pulse-based modulation scheme
where the information is encoded in the width of the transmit pulse. By assigning
different duty cycles depending on the incoming data, the average optical power
fluctuates, thus compromising stable illumination. Therefore, PWM is not suitable
for joint data transmission and indoor illumination.

Pulse position modulation (PPM): In PPM, the data is encoded in the position
of the pulse. The symbol period in a M-ary PPM is divided into M-slots, to which
the transmitted bits are assigned. PPM and PWM can also be combined to adjust
the mean emitted optical power by varying the pulse width, i.e. the duty cycle, the
latter being kept constant over a symbol period to guarantee stable illumination.
PAM: PAM is a modulation scheme where the information is encoded in the ampli-
tude of the transmitted pulse. PAM requires a higher SNR than PPM to operate at
the same bit error rate (BER). However, PPM requires more bandwidth [136, 39].
PAM is nowadays usually preferred over PPM and OOK for indoor application to
achieve high transmission speeds, as the SNR available at the receiver is sufficiently
high [45, 78|. On the other hand, due to the multiple amplitude levels, PAM is
less robust against the LED nonlinear distortions than the constant pulse amplitude
techniques such as PPM or OOK.

CAP modulation: CAP is a variant of quadrature amplitude modulation (QAM)
where instead of a sinusoidal oscillator, a pair of finite impulse response (FIR) filters
is employed to transmit in-phase and quadrature components through orthogonal
channels. The orthogonality is maintained due to the property of the filters which

form a Hilbert transform pair i.e., they are 90° out of phase.

2.6.2 Multi-carrier modulation schemes

As described in Fig. 2.8, multi-carrier techniques can have better tolerance against the

low-pass effect of VLC channels since by lowering the bandwidth requirement for each

sub-band, the attenuation over the signal frequencies is reduced. However, the number of

sub-bands must be sufficiently high, leading to large PAPR issues. The main multi-carrier

modulation techniques are listed below.

e DMT: DMT is a modulation technique similar to OFDM |70, 121, 9, 11] which was

originally developed to overcome severe channel frequency selectivity based on the
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following premise: the modulated signal spectrum is divided into smaller frequency
bands named "subcarriers" which individually experience a flat-fading channel. As a
result, DMT is very robust against ISI and equalization requires only one coefficient
per subcarrier. The difference with conventional OFDM employed in RF systems is
that in DMT, bit loading is usually applied based on the SNR of each subcarrier,
that is, more bits are allocated to subcarriers with high SNR. This operation requires
a feedback on the quality of the channel, and thus DMT is implemented with slowly
varying channels such as cabled channels (e.g. asymmetric digital subscriber line
(ADSL)). In addition, DMT modulation is modified to meet the requirements of
VLC systems and generate a real signal. Hermitian symmetry must be applied prior
to the inverse fast Fourier transform IFFT operation in order to obtain real-valued
signal. However, the Hermitian symmetry entails a loss of spectral efficiency by
factor 2, since Hermitian symmetry adds redundant conjugate symbols prior to the
IFFT operation. Note, DMT is also referred to as DCO-OFDM in the literature
because a DC bias is added to the OFDM-generated signal to transmit unipolar and
positive values.

e Asymetrically-clipped optical OFDM (ACO-OFDM): ACO-OFDM was pro-
posed to avoid a DC bias addition and to directly generate a unipolar signal [8]. In
ACO-OFDM, only the odd subcarriers are modulated and the even subcarriers are
assigned to zero. Another difference in the signal generation between DCO-OFDM
and ACO-OFDM is the clipping operation block. In DCO-OFDM, bilateral clipping
is performed, whereas in ACO-OFDM,; the signal is clipped at zero and only the pos-
itive part of the waveform is transmitted. The advantage of this technique is that
the clipping noise in ACO-OFDM falls on the even subcarriers and not on the data-
carrying subcarriers. Investigations in [10]| have shown that ACO-OFDM is more
power efficient than DCO-OFDM. However, the spectral efficiency in ACO-OFDM
is divided by a factor of 2 compared to DCO-OFDM.

e Flip-OFDM or unipolar OFDM (U-OFDM): Flip-OFDM was proposed in [37]
as an alternative technique to ACO-OFDM and DCO-OFDM. In Flip-OFDM, the
transmitted signal is generated in a similar way as in DCO-OFDM. However the
positive and negative samples are separated into two frames that are transmitted
successively. The absolute value of the negative samples is taken for the negative
frame so that the frame is unipolar and positive. As in ACO-OFDM, there is no
need for DC bias addition since the generated waveform is unipolar and the BER
performance is identical. The advantage of Flip-OFDM over ACO-OFDM consists

in a reduction by half of the hardware computational complexity [37].




28 CHAPTER 2. FUNDAMENTALS OF VLC

e Multi-band CAP: CAP modulation can be extended to a multi-band modulation
format, namely multi-band CAP, where the signal bandwidth is divided into sub-
bands. Analogously to DMT, by virtue of lowering the bandwidth requirement
for each sub-band, the attenuation over the signal frequencies due to the low-pass
channel is reduced. Furthermore, adaptive bit-loading can be applied to optimize
the constellation size in each sub-band depending on the channel attenuation, and
thus improve spectral efficiency. Nevertheless, it was shown in [3] that the PAPR
and implementation complexity constitute impediments in multi-band CAP, which
both grow with the number of sub-bands. Considering the limited LED dynamic

range, a power penalty is induced at the transmitter.

2.6.3 Digital equalization techniques

Digital equalization techniques are widely used in practice to mitigate the ISI from the
LED frequency-selective response and to help the VLC system operate beyond the 3-dB
bandwidth of the LED. Digital equalization allows hardware alleviation at the expense of
computational complexity. For single-carrier modulation schemes (e.g. PAM or CAP),
various types of time-domain equalizers can be employed at the receiver. A linear feed-
forward equalizer (FFE) can be used with either zero-fording (ZF) or minimum mean
square error (MMSE) criteria: the former completely eliminates the ISI to the detriment
of noise amplification, while the latter performs a trade-off between channel inversion and
noise enhancement. Alternatively, nonlinear decision feedback equalizers (DFEs) limit the
noise amplification by adding a feedback path to a FFE structure into which previous
estimated symbols are fed. As opposed to single-carrier signals with time-domain equal-
izers, multi-carrier modulation schemes such as DMT benefit from simpler equalization,
as each subcarrier experiences a flat fading channel and therefore requires a single-tap
equalizer. Furthermore, inspired by the equalization process of DMT, frequency-domain
equalization techniques have also been studied for single-carrier modulation schemes to

reduce the computational complexity [125, 44, 92, 67].

2.7 MIMO techniques

MIMO techniques are widely employed in wireless communications to improve link reliabil-
ity and /or increase the data rate. It is natural to extend MIMO to VLC as light fixtures are
typically made of multiple LEDs to provide sufficient illumination in the room. Further-
more, several PDs can easily be implemented at the receiver side in a compact portable
device thanks to their small size. We will firstly describe the MIMO system model in
VLC. Then, we will detail three common MIMO techniques in VLC, namely repetition
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coding (RC), SMP and SM. Finally, we will outline the merits and flaws of these MIMO

techniques.

2.7.1 Principle of RC

RC is a straightforward implementation of MIMO where all LEDs are active concur-
rently and transmit the same signal simultaneously. The spectral efficiency is not further
enhanced compared to a SISO configuration and is equal to log, (M), where M is the
constellation order of the transmitted signal. However, RC benefits from spatial diver-
sity, and thus improves the robustness of the communication link. The intensities add up
constructively at the receiver. Each PD receives a copy of the transmitted signal with a
variable strength depending on the location of the receiver. Thus, the received signals are
combined with a maximum ratio combiner (MRC) to exploit spatial diversity. In MRC,
each received signal is weighted accordingly to the received SNR. As a result, the MRC
output SNR is maximized and is equal to the sum of SNRs on each receiver branch. The

mechanism of RC at the transmitter and receiver side is presented in Fig. 2.9.
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Figure 2.9 Principle of RC in a 4x4 MIMO system with a signal constellation
of modulation order 4.

2.7.2 Principle of SMP

In SMP, all LEDs are active during a symbol duration and transmit independent data
streams simultaneously. The principle of SMP is shown in Fig. 2.10. When a M-ary
signal is transmitted, the spectral efficiency is increased compared to RC, and is equal to
N, log, (M) bit/s/Hz, Ny being the number of LEDs. SMP does not exploit spatial diversity
but exhibits a multiplexing gain that linearly grows with the number of transmit LEDs.
One drawback of the technique is the complex receiver, which must perform demultiplexing

to recover the data streams prior to demodulation.
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Figure 2.10 Principle of SMP in a 4x4 MIMO system with signal constellation
of modulation order 4.

2.7.3 Principle of SM

Among the MIMO techniques, SM was originally developed for RF communication sys-
tems [89] and later adapted to VLC and renamed "optical spatial modulation (OSM)"
[88]. Note, both terms can be found in the literature for VLC, referring to the same tech-
nique. For convenience, "SM" is used herein instead of "OSM". SM is a low-complexity
modulation scheme based on the encoding of bits in the spatial domain in addition to
the conventional signal constellation domain. In wireless communications, there are two
possible implementations of SM. The first one is transmit SM, which considers the index
of the transmitter to convey additional information. At the receiver side, the detector
must estimate the index of the active transmitter. The second type of SM is receive SM
which considers the index of the receive antenna. The latter is selected by means of spa-
tial focusing techniques and the detector must estimate the index of the targeted receive
antenna. In VLC, only the first form of SM, namely transmit SM is implemented. This is
because VLC implemented with IM /DD is by nature noncoherent and power-based, thus
making simple RF beamforming techniques (based on phase relationships between signals)

impractical.

The principle of SM is detailed in Fig. 2.11. Within a symbol duration, a single transmit
LED is selected and activated while the other transmit LEDs are turned off. The advantage
of SM lies in its simple implementation at both the transmitter and the receiver. Moreover,
ICI is mitigated as only one transmit LED is active among the total N, LEDs. Therefore,
the first log,(/V;) incoming bits are mapped to a spatial symbol which corresponds to the
index of the LED that will be active, and the next log,(M) are mapped to a symbol in
the M-ary signal constellation. Therefore, the spectral efficiency is improved by sending
additional bits in the spatial domain and is equal to log,(N;) + log,(M) bit/s/Hz. At

the receiver side, the SM receiver must detect which LED has conveyed the information
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Figure 2.11 Principle of SM in a 4x4 MIMO system with a signal constellation
of modulation order 4.

to recover the spatial information and then demodulate the signal. There are numerous

extensions and specific cases of SM that are listed below and in Table 2.5.

Space shift keying (SSK)
SSK is the simplest form of SM considering only the index of the LED to transmit data

[88, 87, 36]. In other words, no M-ary signal is transmitted and the incoming bits are
encoded solely in the spatial domain. Consequently, only a spatial symbol is conveyed
and the spectral efficiency is equal to log,(V;) bit/s/Hz. The LED that is selected by the
spatial symbol simply transmits a pulse through the wireless optical channel. A proof-of-
concept was reported in [120].

Generalized spatial modulation (GSM)

GSM is a generalization of SM where multiple LEDs can be activated concurrently [6, 106].
The number of active LEDs in a symbol duration is denoted N, where 1 < N, < N;. The
spatial symbol selects N, active LEDs among the NN, available LEDs while the remaining
LEDs are idle. The N, activated LEDs transmit the same M-ary signal. Therefore the
spectral efficiency is log, (gi) + log, (M) bit/s/Hz.

Generalized space shift keying (GSSK)

GSSK is a generalization of SSK as more than one LED can be activated at the same time
in a symbol duration. GSSK can be implemented with a fixed number of active LEDs N,
and can therefore be considered a specific case of GSM where M = 1. However, in the
literature GSSK is usually implemented with a varying number of active LEDs N, with
1 < N, < N;. 96, 15, 97, 98]. More specifically, in the latter implementation, the number
and positions of ones in the incoming bits stream determine the number of active LEDs
N, and the LED index, respectively.
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Optical spatial modulation OFDM (OSM-OFDM)

In SM, since one spatial symbol is sent within the time of a symbol interval and given that
the symbol duration in OFDM is significantly longer than in single-carrier modulation
schemes, combining SM and OFDM does not seem relevant at first. However, alternatives
similar to conventional SM as described above have been developed. The most common
one is referred as OSM-OFDM, which maps spatial bits to subcarriers [54, 142]. When a
subcarrier is assigned by a spatial symbol to a LED index, it is disabled for the other LEDs,
resulting in a loss of spectral efficiency. In this scheme, all LEDs are active concurrently. It
is also worth mentioning that OFDM requires an IFFT and fast Fourier transform (FFT)
operation at the transmitter and receiver, respectively, which compromises the advantage

of simple implementation of SM-aided systems.

LED index modulation (LIM) is another MIMO technique based on OFDM to improve
the spectral efficiency [131]. Index modulation refers to "the family of communication
systems that consider other transmit entities than amplitudes/frequency/phases to convey
information" as stated in [12]. SM can be seen as a special case of IM since it considers
the index of the transmit LED to convey additional information. Unlike SM, LIM does
not employ a spatial constellation, but uses multiple transmit LEDs to transmit different
parts of the signal (polarity, real and imaginary parts) and to achieve better energy and

spectral efficiency.

Extensions of SM and other LED modulations schemes are reported in Table. 2.5.

2.7.4 State of the art on the experimental demonstrations in VLC
Experimental investigations have been carried out in the literature to evaluate the perfor-
mance of VLC in practice. In Table 2.6 are listed relevant recent experiments performed by
various research groups in SISO and MIMO configurations. From that table, the following

observations can be made:

1. DMT with bit loading is often selected as the "default" modulation scheme in VLC.

2. A significant share of these studies focused on achieving high-speed transmission with
costly optical front-end components, such as micro-LEDs or LDs at the transmitter,
which exhibit a large 3-dB bandwidth, and / or with highly-sensitive APDs at the
receiver. In addition, transmissions of several Gbps are reported by employing RGB
LEDs in conjunction with the WDM technique which allows the multiplexing of
three independent data streams. Finally, many studies employed complex optical

equipments such as dichroic mirrors, multiple lenses or highly selective color filters.
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Table 2.5 Extensions of SM and LED index modulations.

Ref.| Name Design features Advantage Disadvantage

[5] S-CAP Combination of SM and | Low-complexity at TX/RX. | DC bias addition required.
CAP. High sensitivy to timing jit-

ter in practice.

[93] | GSPPM Combination of GSSK and | Enhanced  spectral effi- | The pulse inversion tech-
PPM. ciency. Better energy | nique at the TX requires a

efficiency than SSK and | DC bias addition.
GSSK.

[106] | MS-SM Combination of SM and | Enhanced spectral effi- | Sensitivity to channel corre-
SMP. N, out of N; se-| ciency compared to GSM. | lation. Complex receiver.
lected LEDs transmit inde- | More suited for illumination
pendent data streams simul- | than SM.
taneously.

[132,| TD-SM Based on OFDM. Time- | Higher spectral efficiency | Large DC bias required.

116] domain samples after IFFT | and better BER perfor- | Hermitian symmetry opera-
operation are assigned to 1 | mance compared to conven- | tion. Complex receiver. A
out of N; LEDs determined | tional OSM-OFDM due to | single LED is active in a
by a spatial symbol. DC | time-domain spatial map- | symbol duration: not suited
bias addition and zero clip- | ping and reduced ICI. for lighting functions.
ping operation.

[131]| GLIM-OFDM | Based on 4 transmit LEDs | High spectral and power ef- | 2 out of 4 LEDs are ac-
and OFDM. Real and | ficiency No DC bias re- | tive in a symbol duration.
imaginary parts separation. | quired. No Hermitian sym- | Complex receiver. Not well
Sign information encoding | metry operation. suited for illumination.
in LED indexes.

[133]| NDC-OFDM | Based on 2 LEDs and | No DC bias required. High | Hermitian symmetry opera-
OFDM. 1 LED transmits | power efficiency. Improved | tion. 1 out of 2 LEDs is ac-
the positive samples, while | spectral efficiency compared | tive in a symbol duration.
the other LED sends the | to OSM-OFDM. Robust | Complex receiver. Not well
absolute values of negative | against ICI. suited for illumination.
samples.

3. The illumination level at the receiver is not consistently considered as the most

relevant parameter. Although some studies report a luminance of more than 1000

Ix, this illumination level is only recommended for specific tasks which require high

precision (precision mechanics, color inspection, metal engraving etc...), as discussed

in Section 2.4.2. A high level of brightness leads to more received optical power at

the receiver, hence a higher SNR and better system performance. In contrast, a

regular luminance for normal office work is 500 Ix.
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Table 2.6 Experimental VLC setups in SISO and MIMO configurations

Ref. Year Data rate LED PD Distance Modulation Illumination

[121] 2010 513 Mbps White APD 0.3 m DMT 1000 1x
66 2012 1 Gbps White APD 0.1 m DMT 420 Ix
|66] p
70 2012 1.25 Gbps RGB APD 0.1m DMT 1000 Ix
[70] P
[126] 2013 3.22 Gbps RGB PIN 0.25 m CAP -
[28] 2014 400 Mbps RGB PIN 2 m DMT 500 lx
29 2014 5.6 Gbps RGBY APD 1.0m DMT 720 1x
[29] p
[18] 2014 50 Mbps White PIN 2m EL)X?J{ (MIMO 350 Ix
112| 2015 1.1 Gbps White PIN 0.16 m PAM 2000 1x
[112] D
OSM-OFDM
[54 2015 134Gbps  pLED  APD 1w oot o) ;
134 2015 8 Gbps RGBY PIN 1m CAP 451 Ix
[134] p
53] 2016 1 Ghps White  PIN  1m  DMT(MIMO ;
3x3)
26 2016 10.4 Gbps micro-LED PIN 1.5 m DMT 984 1x
[ P
81] 2017 636 Gbps RGB  PIN  1Im ];X“g)T (MIMO i
Multi-band
[123] 2018 249 Mbps White PIN 1m CAP (MIMO 545 1x
4x4)
[13] 2018 10.2Gbps  RGB  PIN . DMT ;

[14] 2019 1573 Gbps  RGB PIN  16m DMT -

2.8 Chapter summary

In this chapter, we presented the fundamental concepts of VLC. We reviewed the existing
optical front-end technologies and we highlighted the pros and cons of each. Since the cost
of implementation and the compatibility with the lighting function are key features in this
research work, a commercially-available white LED typically used for indoor illumination

and a low-cost silicon PIN PD will be employed.

Furthermore, we introduced the indoor illumination requirements, which will be taken into

account in the following studies.




2.8. CHAPTER SUMMARY 35

The characteristics of the optical wireless channel were also described. We have shown that
the amount of power provided by the multiple reflections in indoor VLC is negligible when
a direct path between the transmitter and the receiver exists. Therefore, the VLC systems
will be investigated in a LOS configuration and the impact of the multiple reflections on

walls, floor, obstacles or humans will be neglected.

We also introduced some of the major challenges faced in VLC, such as the bandwidth
limitation and the nonlinearity of the LED. In order to deal with this limitation, we
will investigate spectrally-efficient digital modulation schemes such as PAM, CAP, DMT
and MIMO techniques. Regarding the LED nonlinearity, we will employ compensation

techniques to improve system performance.

In the next chapter, we will thoroughly describe the CAP modulation scheme, and we will
carry out an experiment to show the potential of CAP as a strong candidate for high-speed

VLC transmissions.
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CHAPTER 3

Study of a VLC link under illumination con-
straints with CAP modulation

3.1 Introduction

Two approaches are generally considered for VLC transmission using bandlimited front-end
components. In the first one, the signal is narrowband and is modulated using single-band
modulation schemes such as CAP or PAM. In this case, the channel is non-frequency-
selective and no equalization is required. The throughput is, however, very low. In the
second approach, the information signal is wideband and multi-band modulation schemes
such as multi-band CAP or DMT-based techniques are employed in combination with
adaptive bit-loading while avoiding complex equalization. Another classical approach,
less extensively used for VLC, consists in extending the signal bandwidth as much as
possible and using equalization to cope with the channel frequency selectivity. This is the
method employed in this chapter and in Chapter 5. Given that the transmitted signal
spectrum is not bounded by neighboring channels, the modulation bandwidth in VLC is a
parameter that can be freely optimized without being constrained by overlapping spectra,

as opposed to RF systems where the electromagnetic spectrum is strictly regulated.

Moreover, the signal PAPR has a great impact on VL.C transmission due to the constraint
of limited LED dynamic range. A low signal PAPR is preferred to maximize the occupation
of the LED dynamic range, and therefore maximize the transmit power. Multi-band
techniques are known to exhibit a high PAPR and this is why single-band modulation
formats are usually preferred. Among the different modulation schemes used for VLC,
many reasearch studies deal with single-band CAP modulation. This spectrally-efficient
modulation technique is particularly suitable for VLC systems because of its low PAPR

and simple transceiver structures compared to multi-band techniques (e.g. DMT, multi-

band CAP).

In the literature, only a few experimental works have been carried out for VLC transmission
based on CAP modulation. The authors of [129] used a red-green-blue-yellow LED model
and the WDM technique to reach an aggregate data rate of 8 Gbps at a BER below
3.8 x 1073, A RGB LED is used in [126], allowing a transmission rate of 3.22 Gbps. In

37
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addition, a data rate of 1.1 Gbps is reported in [127], using a white LED and a blue filter
in front of the photodiode to increase the modulation bandwidth. However, none of those

experimental studies took any illumination requirements into account.

Therefore, the aim of this chapter is two-fold: 1) to propose an experimental setup carrying
out a VLC transmission with low-cost components; 2) to optimize the data rate while
maintaining standard illumination levels. For this purpose, we concentrate our study on
the implementation of single-band CAP modulation with low-cost components and low
complexity at both the transmit and receive sides, while complying with illumination

constraints.

The chapter is organized as follows: we firstly introduce the principle of CAP modulation
with a description of each function to be carried out at both the transmitter and the
receiver sides in Section 3.2. Then, in Section 3.3 the indoor lighting requirements recom-
mended by standardization bodies and the properties of the white LED are introduced.
The experimental setup is detailed, as well as the measurement method in Section 3.4.
In Section 3.4.3 the channel estimation method with PN sequence is presented. Then,
experimental and simulation results are analyzed and compared in Section 3.5. Finally,

Section 3.6, concludes the chapter.

3.2 CAP modulation scheme
3.2.1 Principle of CAP

CAP modulation was historically developed for communication over copper wires [55] and
has drawn a lot of interest recently for its potential as a suitable modulation for VLC due
to its special properties. The implementation of CAP in IM/DD VLC systems is simple,
as a pair of FIR filters is used to transmit an in-phase and a quadrature component in
an orthogonal fashion [3|. An interesting property of CAP is that the baseband signal
spectrum is shifted upwards (as with a carrier) but the amount of shift f. is low and is
such that the resulting spectrum remains in the baseband domain, i.e. the lower sideband
extends near or at f = 0. The frequency upconversion is implicit as part of the pulse
shaping filtering operation, thus obviating the mixing with a carrier produced by a local
oscillator, hence the term "carrierless". The absence of spectral components near DC in
the CAP signal can be an advantage for VLC channels since the received signal is high-
passed filtered to remove the DC component as well as any contribution from ambient
light.
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The CAP signaling scheme for a distortionless channel is illustrated in Fig. 3.1. First, the
incoming bits are modulated into complex QAM symbols ¢;. Then, the real and imaginary
parts ay and by, are separated and convolved with the filters h;(t) and h,(t), respectively,
which are obtained by multiplying a cosine and a sine of frequency f, with a square-root
raised cosine (SRRC) ¢(t) such that

hi(t) = g(t) cos(2m f.t), (3.1)

and
hy(t) = g(t) sin(27 fet). (3.2)

The center frequency of the CAP signal spectrum is therefore denoted f.. In order to
avoid any aliasing, f. must be equal or greater than the maximum frequency of g(¢). Fur-
thermore, it is desirable to maximize occupancy of the LED 3-dB modulation bandwidth,

leading us to define f. as being equal to the said maximum frequency, i.e.

 (1+a)
fo= "5 (3.3)

where « is the roll-off factor parameter denoting the excess bandwidth. The filter outputs

are then subtracted, yielding the CAP signal scap(t) defined as

SCAp(t) = f akhz(t — kT) - bkhq(t — ]fT)
k=—00 (3.4)
= Z arg(t — kT) cos(2m fo(t — kT')) — brg(t — kT') sin(2n f.(t — kT)),
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which can also be further written as

seap(t) = Re{ 3" crglt — KT) exp (—j2n fut — KT)) } (3.5)

At the receiver, each stream is reconstructed by means of matched filtering where the
receive filters h;(—t) and hy(—t) are matched to the respective transmit filters, i.e, their

impulse responses are time-inverted versions of the latter.
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Figure 3.2 (a) Impulse response of transmit filters h;(¢) and h,(t) and (b)
spectrum of the CAP signal.
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3.2.2 Comparison with QAM architecture

Let us now compare the CAP transceiver structure with that of well-known QAM, which
share similarities. In fact, there is a fine difference between the two modulation schemes
with respect to the implementation of the modulator: as described in Fig. 3.3. The QAM
modulator relies on a local oscillator at the transmitter whereas CAP relies instead on a

pair of orthogonal pulse shaping filters. Moreover, the transmitted signal in QAM can be

% o

S t 2nf .t
. cos@nft)  ySoam(®) cos(2mfet) DeteE—'
—sin(2rf,t) —sin(2mfet)

by X 7p(t)

Figure 3.3 QAM transceiver for a distortionless channel and a SRRC pulse
shaping filter g(t).

expressed as

U

soan(t) = Re{ 3" culklg(t — KT) exp (—j2 f.t) } (3.6)

The only mathematical difference between (3.5) and (3.6) lies in the addition of the mul-
tiplier exp(—j2n f.kT) in (3.5) which corresponds to a phase shift of 27k7" in the time
domain. In other words, in CAP the phase of the carrier is reinitialized for every sub-
sequent transmitted symbol, as opposed to QAM where the symbols are continuously
modulated by the carrier. This is due to the specific implementation of CAP, where the
modulator is integrated in the pulse shaping filter, the latter having a fixed number of
coefficients. It should also be understood that the use of FIR filters instead of local oscil-
lators to implement twin quadrature rails is made practical by virtue of the fact that the

effective carrier frequency f. in CAP is very low with respect to the signal bandwidth.

The mathematical expressions of demodulated signals in QAM are presented in Appendix
A. At the receiver side in QAM, the received signal is first multiplied by a carrier and then
low-pass filtered by the matched filter g(—t). This is equivalent to shifting the passband
modulated signal back to baseband. In addition, the desired part is conserved, while the
interference part stemming from the quadrature branch is negligible. As a result, QAM
modulation is very robust against timing jitter. On the other hand, CAP performs the
demodulation process in a single operation, namely matched filtering. Consequently, the

interference component is not negligible between sampling times (i.e. when t # kT') and
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the receiver is very sensitive to non-ideal sampling instants, which can occur for instance
when the receiver clock does not exactly match that of the transmitter. Therefore, the
very high sensitivity of CAP to timing jitter results in a rotation effect of the received
constellation and can severely degrade the system performance [4]. In order to mitigate
the effects of timing jitter in a practical bandlimited VLC system, one can employ a
fractionally-spaced equalizer (FSE) as in [2]. The FSE was first introduced in [42] and
consists in a simple FIR with input samples that are upsampled at a rate of K'/T, T being
the symbol period. This type of FIR filter outputs a filtered signal with the same rate as
the input. However, this filtered signal is then down-sampled by a factor of K’ in order
to get the output signal at the symbol rate. This output signal is then fed to a decision
device in order to make decisions on the symbols. The key characteristic of the FSE is
that at least two samples are taken per symbol at the input of the equalizer, thus relaxing

the constraint on the sampling clock to be strictly adjusted.

Given that most VLC systems are non-coherent and employ IM /DD, CAP modulation is
largely more used compared to QAM transceivers with the architecture described in 3.2.2

which requires the system to be coherent.

3.3 Illumination constraints and LED characteristics

3.3.1 White LED properties

A commercially available white LED was selected for this study (Lumiled LUXEON 3020),
with a color temperature of 3000 K. The low-pass frequency response of the LED was
measured using a network analyzer and provides a 3-dB bandwidth of 1.47 MHz. A blue
filter can be used to suppress the slow phosphor response and reduce the contribution of
parasitic lights. However, this comes at the cost of a significant decrease in signal power,
as our measurements have shown. A decrease in electrical power of 26 dB was observed
with a commercially-available blue filter with a central wavelength of 450 nm, a 25 nm
bandwidth, and transmittance close to 1. Note, a blue filter with a central wavelength
better adjusted with respect to the maximum relative power of the blue component could
be selected. However, according to the component datasheet, this would lead to a only 20
% improvement in received optical power. Such a filter was therefore not implemented in
the experimental setup. The LED outputs a luminous flux of 53 Im when the bias current
is set to 120 mA, which is the figure recommended by the manufacturer. Moreover, the

semi-angle at half luminance 6 1 is equal to 55°.
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3.3.2 Indoor lighting requirements

In Section 2.4, the concept of horizontal luminance was introduced, which is an important
metric to assess the illumination distribution in space of a LED-based luminaire. Accord-
ing to European norm EN 12464-1 for the lighting of indoor work places, a horizontal
luminance of 500 Ix must be ensured at the user level to read and write in a typical office
room [17]. In such a scenario, a luminaire made of multiple LEDs would be employed to
achieve the desired illumination level, since a single mid-power LED provides a limited

luminous flux.

In addition, in an office room, a distance of 2.25 m typically separates a desk or a work-
station from the ceiling. Therefore, when the desk is placed right below the roof-mounted
luminaire in the center of the room (i.e., § = ¢ = 0), the luminous flux required to achieve
500 1x at the user level is 7078 Im using (2.5). Therefore, 134 LEDs of the selected type
would be required to achieve the desired illumination level. It is assumed that all LEDs
in the luminaire are located at the same point for the sake of simplicity. The horizontal
luminance on the receiver plane in a typical room of size 5 x 5 x 3 m? is illustrated in Fig.
3.4.
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Figure 3.4 Horizontal illuminance on the receiver plane (top view) at a distance
of 2.25 m from the ceiling

As depicted in Fig. 3.6, light fixtures employed for indoor illumination typically comprise
multiple mid-power LEDs (such as the one we selected in this study) instead of a single
high-power LED in order to facilitate heat dissipation and improve electro-optical conver-
sion efficiency. If a diffuser is used in the luminaire as shown in Fig. 3.6, the distribution
of luminance will be more homogeneous and the number of LEDs must be increased to

obtain a luminance of 500 Ix at the receiver location. However, in order to reduce the
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size and complexity of the experimental setup, we use a single LED while still ensuring
the desired level of illumination at the receiver side. Using (2.5), horizontal luminance
is plotted against distance in Fig. 3.5. It can be observed that the requirement of 500
Ix using a single LED is fulfilled when the link length is set to 20 cm. Note that the
bandwidth limitation and nonlinear behavior of the VLC system are taken into account,
and the results of this study can naturally be extended to an implementation scenario in

a typical office room using a luminaire with a larger number of similar LEDs.
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Figure 3.5 Horizontal illuminance for one LUXEON 3020 LED with respect to
distance

Figure 3.6 Typical LED light fixture used for indoor illumination (Sylvania
START Panel Flat UGR19 600x600 Neutral White) consisting of 144 total mid-
power LEDs and providing a luminous flux of 3500 Im.
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3.4 Test bench presentation

3.4.1 Experimental setup

The diagram and a picture of the experimental setup are shown in Fig. 3.7 (a) and (b)

respectively. The transmission steps are detailed below:

1. The CAP is generated offline using MATLAB. First, the incoming bits are modulated
into QAM symbols. Then, the real and imaginary parts are separated, upsampled
by a factor K and convolved with the in-phase and quadrature filters, respectively.
The filter outputs are then subtracted. The oversampling factor K is chosen equal to
10 and the filter length is set to a length of 20 symbol periods to ensure the absence

of ISI at sampling instants.

2. The CAP signal samples are then fed into the arbitrary waveform generator (AWG)
(Tektronix, AWG 7052, 10 bits resolution) which operates at a sample rate fy,,, =
K x D,. The AWG output signal then modulates the LED light intensity using a
custom board we designed for interfacing the LED and providing both the DC bias

and the wideband modulating current.

3. The transmission is performed in a dark room to minimize the impact of ambient
light. After transmission through the visible light channel, a 16-mm diameter lens
concentrates the signal onto a low-cost silicon PIN (S-PIN) PD (OSRAM SFH-2400)

with a 1 mm? active area.

4. A trans-impedance amplifier is used to convert the photocurrent into a voltage signal
which is then sampled by a real-time oscilloscope (LeCroy 64 MXs-A) and saved for
subsequent offline processing. The received signal is first resampled, and then passed
through the matched filters. In this study, the outputs of the matched filters are
downsampled by a factor of K/ = K /2 and then recombined to obtain complex
QAM symbols prior to equalization. The equalizer is a FSE-FFE operating at a
rate of 2/T to mitigate timing jitter. The least mean squares (LMS) algorithm is
employed to adapt the coefficients of the FSE-FFE [124]|. The optimum coefficients
are obtained after a training phase during which the first 30 000 received symbols
are compared to known symbols. Lastly, QAM symbol demapping is performed to

recover the transmitted bits stream.

3.4.2 Methodology

For the experiment, a 4-CAP and a 16-CAP signal are transmitted within different mod-
ulated bandwidths by setting the appropriate sampling rate of the AWG. The AWG out-

put power is maintained at a constant level by properly using the whole dynamic range
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Figure 3.7 (a) Diagram and (b) picture of the VLC experimental setup.
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of the LED. For example, considering a bandwidth of 45 MHz, the symbol rate Dy is
45 + 1.2 = 37.5 Mbaud and the required sampling rate is fquy = 10 x 37.5 = 375 MHz.
The transmitted and received spectrum for a 16-CAP signal are presented in Fig. 3.8 (a)
and (b), respectively. We can observe the bandwidth limitation effect of the LED. The
larger the transmission bandwidth, the more the low-pass selectivity of the LED affects
the signal and the weaker the received signal power. We determine the maximum bitrate
of our system by increasing the modulated bandwidth of our signal until we reach the
target BER specified as 1073, which is the forward error correction (FEC) limit. It is
assumed that at a BER inferior to the FEC limit, the transmission is error-free when
channel coding is used. Table 3.1 summarizes the relationship between the achieved data

rates and the total occupied bandwidth, depending on the CAP modulation order.

Power (dBm)
Power (dBm)

-140 : : - -140 : : :
0 20 40 60 80 0 20 40 60 80

Frequency (MHz) Frequency (MHz)

(a) (b)
Figure 3.8 Spectrum of the (a) transmitted and (b) received 16-CAP signal for
a bandwidth of 51 MHz.

Table 3.1 Total bandwidth occupied by the CAP signal for various data rates

Data rate (Mbps) 140 | 150 | 160 | 170 | 180 | 190
Bandwidth for 4-CAP (MHz) || 84 | 90 | 96 | 102 | 108 | 114
Bandwidth for 16-CAP (MHz) || 42 | 45 | 48 | 51 | 54 | 57

3.4.3 Channel estimation with PN sequence

To verify our experimental VLC transmission, we developed a simulation model in which
the CAP symbols are passed through a filter having coefficients based on the impulse
response of the VLC channel. The CIR was obtained by performing the time domain
correlation of a known and a received pseudo-noise (PN) sequence [83]. Thus, in this

study, we used a binary maximum-length sequence with a length of 255 symbols to perform
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channel estimation for the simulation model. This type of sequence was chosen for its very
good periodic autocorrelation properties [102]. A PN sequence with a chip rate of 100
MHz (or equivalently of chip duration 10 ns) gives an estimation of the channel frequency
response up to a maximum frequency of 50 MHz. The chip rate of the PN sequence
has to be sufficiently large compared to the modulation bandwidth of the CAP-modulated
signal. It should also be kept in mind that for the same data rate, the occupied bandwidth
of 4-CAP is twice that of 16-CAP. Therefore, the clock rate of the AWG selected for 16-
CAP and 4-CAP signals is 240 MHz and 408 MHz, respectively, since the obtained impulse
responses have shown to exhibit a fair approximation of the system behavior in the bitrate
range under study (see the results presented following Section 3.5). Note however that a
more pragmatic approach based on an analytical model of the CIR will be presented in
detail in Chapter 4. Following the filtering operation, the SNR was set in accordance with

our measurements at the receiver side of the setup.

3.5 Numerical and experimental results

Fig. 3.9 illustrates the BER performance according to the transmission rate in simulation
and in practice. We can observe that a maximum experimental bitrate of 142.4 Mbps and
184 Mbps is achieved for our setup with a BER of less than 10~3, which corresponds to a
modulation bandwidth of 85.44 MHz and 55.2 MHz for 4-CAP and 16-CAP, respectively.
This is far beyond the 1.47 MHz 3-dB cut-off frequency of the white LED. Indeed, the use
of CAP modulation enables large bandwidth operation when associated with an equalizer
at the receiver side. Moreover, the BER performance of 4-CAP and 16-CAP for bitrates
below 140 Mbps has been measured at less than 10~*. The gap between the theoretical
and experimental BER performances can be explained by the non-linearities inherent to
the VLC components, which are not taken into account into simulations. Fig. 3.10 (a)
and (b) represent the received 4-CAP and 16-CAP constellations after equalization. We
notice slight distortions which we will investigate in a future study to further improve our
VLC system.
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Figure 3.9 BERS of our experimental setup and simulation results for the (a)
4-CAP signal and (b) 16-CAP signal with various transmission rates.
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Figure 3.10 (a) Received 4-CAP constellation for 142.4 Mbps and (b) received
16-CAP constellation for 184 Mbps after FFE.

3.6 Chapter summary

In this chapter, we demonstrated a low-cost VLC system compliant with the lighting re-
quirements of a typical office room based on the CAP modulation scheme. We achieved
a bitrate of 184 Mbps via a 16-CAP signal with a BER < 1073. The experiment demon-
strates the potential of CAP in conjunction with equalization at the receiver to deliver
high throughput on the order of a few hundred Mbps using a bandlimited white LED.
These results on the optimization of the data rate with CAP under illumination con-
straints are the object of our published paper |73]. Furthermore, a detailed description of
the implementation of CAP using MATLAB has been published as a technical article for
the software company MathWorks [74].

Low-order CAP modulation such as 4-CAP or 16-CAP are classically employed in VLC.
However, it is expected that the indoor lighting requirements lead to a sufficiently high
SNR to enable transmission with higher modulation orders, for instance 32-CAP or 64-
CAP. On the other hand, the use of higher modulation orders leads to more severe degrada-
tion caused by the nonlinear effects of the LED, which will be addressed in the next chapter.
For this purpose, we will develop a simulation model taking into account non-linearity lim-
itations with state-of-the art nonlinearity models and compensation improvements based

on nonlinearity mitigation techniques.




CHAPTER 4

LED nonlinearity modeling and compensation

4.1 Introduction

In the previous chapter, we experimentally observed the impact of the LED nonlinearity
on large bandwidth 16-CAP and 4-CAP signals. In fact, these nonlinear effects cannot be
overlooked at high data rates. Moreover, we have forecasted that the illumination level
of a typical room in normal working conditions (500 1x) could enable the use of higher
modulation orders in order to increase the spectral efficiency, hence the throughput of the
system. Laboratory studies have established that the impact of LED nonlinearity becomes
more critical when high modulation orders are used [110]. To this extent, it becomes clear
that a postdistortion or predistortion algorithm must be implemented to help mitigate
the adverse effects that stem from nonlinearities in the LED. Therefore, this chapter is
dedicated to the study of the impact of LED nonlinearity and its compensation. More
specifically, we adopt here a systemic approach to characterize the experimental test bench

presented in Chapter 3.2.

The remainder of this chapter is organized as follows: In Section 4.2, we present the sim-
ulation model structure and we propose an analytical model of the white LED frequency
response to model the VLC channel. In addition, we evaluate the accuracy of the simu-
lated transmission chain by putting an emphasis on the estimation of the received SNR. In
Section 4.3, we introduce and compare the Hammerstein and Volterra series models, two
nonlinearity models with memory. Then, in Section 4.4, we investigate a nonlinearity com-
pensation technique based on the Volterra series model and we investigate its performance

in simulation. Finally, Section 4.5 concludes this chapter.

4.2 VLC simulation model and assumptions
4.2.1 Link model

The simulated transmission chain employing CAP is presented in Fig. 4.1. The difference
with the signaling previously described in Chapter 3 resides in the absence of downsampling
operation at the output of the matched filters, and the use of a fractionally-spaced decision

feedback equalizer (FSE-DFE) block, which will be detailed in Section 4.2.6. In the first

instance, we focus on the modeling of the propagation channel.

o1
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Figure 4.1 CAP modulation and demodulation scheme for a VLC system.

In a VLC link, several transfer functions are cascaded including the amplifiers character-
istics, the LED response and the PD response. However, the LED is considered as the
most limiting element with respect to the modulation bandwidth of the overall system.
Therefore, an acceptable approximation to model the VLC channel consists in finding a
simple FIR filter whose frequency response closely matches the frequency response of the
white LED. Furthermore, the choice of a simulation model is a compromise between ac-
curacy and complexity and we propose in the next Section a simple analytical expression
to model the VLC channel.

The maximum system bandwidth under study is limited to 50 MHz in this work since the
electronic components selected for the LED driver and the receiver, namely the amplifiers,
have a limited bandwidth. In addition, the low-pass filter model of the VLC link would be
inaccurate beyond this upper bound. Therefore, the received signal y(¢) in the simulation

model can be expressed as

y(t) = Bscap(t) * hppp(t) + n(t), (4.1)

where scap(t) is the CAP modulated signal, 5 is a transfer DC gain between the input
and output of the VLC experimental test bench and n(t) is the additive noise, which is
Gaussian-distributed with zero mean and is considered white over the bandwidth of inter-
est (i.e. 50 MHz). In order to obtain an estimation of the SNR, which is a useful metric
to assess the maximum system throughput, we need to determine the abovementioned el-
ements, namely the time-domain or frequency-domain LED response, the channel transfer

DC gain, and the noise power spectral density (PSD).

4.2.2 LED response analytic model

Let us recall that the white LEDs are built by depositing a phosphor layer on top of a
blue LED chip. The phosphor, when excited by the blue LED light, generates the longer
optical wavelengths which mix with the blue emission to form white light. In Chapter 2,

we have established that the blue LED light impulse response can be approximated by a
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first-order order low-pass filter. Likewise, the phosphor layer is characterized by a lengthy
relaxation time and thus behaves as a low-pass filter, thus severely limiting the LED’s

bandwidth for modulation purposes.

Therefore, the overall LED response can be modeled as the cascade of two channels: the
first channel hy(t) corresponds to the blue light response, while the second channel h,(t)
corresponds to the phosphor layer response. The overall LED impulse response can be
written as |7, 113]

hrep(t) = Gehy(t) + Gy (hp(t) * ha(1)) (4.2)

where * denotes the convolution operator and G, and G, are the power gains associated
with the blue light response and the phosophor layer response, respectively. Under the
assumption that most of the received optical power stems from the yellow photons [72],
we have G, > G, and a simplified model of the LED response can be derived from (4.2),
such that

hrep(t) = Gy (hy(t) * h(t)) - (4.3)

The responses hy(t) and h,(t) can be modeled as simple first order low-pass filters [82], i.e.

u(t)e_zrfbt,

u(t)e 2t

>
=
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where f, and f, are the 3-dB cut-off frequencies of the blue light response and the phosphor

layer response, respectively, and u(t) is the unit step function.

The LED device considered here is the same as in Chapter 3, namely a low-cost white
LED (Lumiled LUXEON 3020) with a color temperature of 3000 K typically used for
lighting applications with a 3-dB modulation bandwidth measured at 1.47 MHz. The
cut-off frequencies f;, and f, are estimated at 12 MHz and 1.47 MHz, respectively.

The LED frequency response is obtained by taking the Fourier transform of (4.3), yielding

1 1

N . (Y
ti(f) 1a(7)

HLED(f) = Gp . (45)
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It is noteworthy that G, is set to 1 in order to normalize the frequency response (Hygp(0) =
1). The frequency response of the LED was measured with a network analyzer (HP-4195A)
and compared with that of the proposed model in (4.5) in Fig. 4.2. It can be observed that
the magnitude response of the proposed model fits closely with the measured one. There-
fore, the former is assumed to be a reasonable approximation of the low-pass behavior of
the chosen LED device in this study.

Measured frequency response
Low-pass filter model

201

-30 |

40t

-50 |

-60 :
10° 10 102
Frequency (MHz)

Normalized electrical frequency response (dB)

Figure 4.2 Measured LED magnitude response and proposed analytical model.

4.2.3 Channel transfer DC gain
In practice, the overall transfer function between the output of the AWG and the output

of the receiver circuit has a DC gain [ which can be empirically determined. The channel
transfer DC gain depends on the link distance, and is therefore determined for a given
illumination level. It can be measured at low frequencies within the 3-dB bandwidth of
the LED (same gain as DC). To that end, a sinusoidal signal of frequency 90 KHz and of
amplitude 1 Vpp is sent through the VLC system. At this frequency, the measured gain 3
is maximal and is equal to 2.9. With knowledge of the LED response and the determined
channel transfer DC gain, the power of the information signal after transmission through

the VLC channel can easily be estimated at the receiver side.

4.2.4 Noise PSD measurement

In this part, we determine an estimate of the noise PSD at the receiver output of the

experimental setup. The noise one-sided PSD N, can be calculated as:

Pnoise
Ny = 10log,, ( B ) : (4.6)

€q
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where P,ise is the noise power in Watts relative to a load of 50 €2 and B,, is the noise-
equivalent bandwidth over the positive frequency range. The following method is applied:
first, the noise signal is sampled at a rate of 1 GHz using a real-time oscilloscope (LeCroy
64 MXs-A) and 5 x 10° samples are saved in the oscilloscope memory. During the noise
signal acquisition, the LED is biased with a DC current set to 120 mA to take into account
the shot noise induced by the mean emitted optical power. Next, using MATLAB, the
digital signal is resampled and filtered by a low-pass SRRC filter with a noise-equivalent
bandwidth of 50 MHz. The noise power P, at the output of the SRRC filter is calculated
to be 1.25 x 10~7 W. Therefore, using (4.6), the noise PSD is equal to -146 dBW /Hz.

4.2.5 SNR estimation

Here, we evaluate the SNR in simulation and we compare it to the measured SNR on the

experimental test bench. The SNR can be generally expressed as

Psi na
SNR = 10log,, ( 5 l) (4.7)
where Pj;gq is the received signal power in Watts after matched filtering and relative to
P2
a load of 50 ohms, which can be computed as Psigna = —==, Prms being the root mean

square value of the received signal. In addition, from (4.6), we can express P, s as:

Proise = NOBeq- (48)

Let us calculate the SNR with two methods: 1) with the proposed simulation model and

2) in the experiment.

1) In simulation: The signal power Py;gnq is estimated after matched filtering while the
noise power P, is computed using (4.8) and the noise PSD Ny determined as described
in 4.2.4. Moreover, in contrast to the well-known SRRC filter that has a noise-equivalent
bandwidth equal by definition to 1/27, the noise-equivalent bandwidth of the receive
matched filters in CAP is two times larger and equals 1/7 due to the shifting of the

Table 4.1 Estimated SNR in simulation and in the experiment.
Pyignat (W) Proise (W) SNR (dB)
Simulation 5.5 x 10™* 5.6 x 107® 40
Experiment 3.3 x 107% 4.4 x 1078 38.75
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spectrum around the frequency f.. For instance, for a 135 Mbps 64-CAP signal, the baud
rate is 1/T = 22.5 Mbaud, and therefore the noise-equivalent bandwidth B,, has the same
value, i.e. 22.5 MHz.

2) In the experiment: A 135 Mbps 64-CAP probe signal is first transmitted through the
VLC test bench and processed offline to determine the signal power Py;g,q;. The measured
signal comprises the useful signal plus the noise, the latter being however negligible with

respect to the former. This measurement process is then repeated for the noise signal only
(i.e. the AWG output is turned off).

The results are shown in Table 4.1. It can be seen that the estimated SNR in simulation
is 1.25 dB higher compared to the SNR in the experiment. This difference in terms of
SNR can be explained by several reasons. In fact, despite its simplicity, the proposed
analytical channel model may not exhibit good accuracy at every frequency over the band
of interest (50 MHz). In addition, the noise PSD estimation approach cannot take into
account other additional sources of noise which are difficult to measure, such as the shot
noise coming from the information signal itself (also referred to as signal-dependent shot
noise), and the quantization noise from the ADC and DAC converters. As a result, the
slight overestimation of the SNR will lead to better performance in the simulation model.
Nevertheless, the proposed model has the virtue of being simple, and provides a fair

approximation of the experimental VLC setup.

4.2.6 FSE-DFE equalization

FSE-DFE structure

It is well-known that adding a feedback filter to a linear equalizer yields superior per-
formance when the error propagation is neglected [100], as it can effectively mitigate the
post-cursor ISI. When the linear part of such an equalizer (or the feedforward filter) is
fractionally-spaced, this type of equalizer is referred to as fractionally-spaced decision feed-
back equalizer (FSE-DFE) and is well described theoretically by the authors of [43], but its
use is not straightforward. Thus, the following provides some details to help understand
the equalization structure, which will be used in this chapter as well as in Chapter 5. As
shown in Fig. 4.3, the feedforward filter of a FSE-DFE operates at rate K'/T, where T is
the symbol period and K’ determines how many samples there are in each symbol period
T. Thereafter, we set K’ to 4, which is also the chosen upsampling factor value of the
signal denoted K and used throughout the system simulation (as well as in the AWG as
part of the experimental testbench) to represent analog signals. It is noteworthy that the
upsampling factor K is set to 4 to provide an appropriate tradeoff between performance

and complexity. Therefore, the received signal is not downsampled at the input of the
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equalizer since the feedforward filter operates at the same rate as the input signal. The
downsampling operation takes place at the output of the feedforward filter in the equal-
izer. Furthermore, the downsampling is integrated into the equalization block in Fig. 4.1.
The equalizer output, however, delivers equalized symbols ¢(n) at symbol rate 1/7". The

symbols u(n) before decision can be expressed as follows:

T
]\/[f*l Mg—1 W q

u(n) = Z wiq(n+ My —1i) — Z vic(n+ My —1i) = . ) (4.9)
=0 i=0 v C

(n)

where [.]7 is the transpose operator, M; is the number of taps in the feedforward filter,

My, is the number of taps in the feedback filter, w = [wg, w1, . .. ,wa_l]T is the vector of
feedforward filter coefficients, v = [vg, v1,...,vu d,l]T is the vector containing the feedback
filter coefficients, q(n) = [q(n),q(n —1),...,q(n — M; + 1)]" is the vector of input signal
samples and ¢(n) = [¢(n),é(n —1),...,é(n — My + 1)]7 is the vector of reference signal
samples.
T e T T
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Figure 4.3 Block diagram of the FSE-DFE combining a FSE and a DFE.

Adaptation of LMS
The coefficients of the FSE-DFE can be optimized using the LMS algorithm. Based on
the current set of weights at the n-th iteration, this adaptive algorithm creates the new

set of weights according to

= + pe(n) : (4.10)
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where the error e(n) is computed as

e(n) = é(n) —u(n), (4.11)

and where pu is the step size parameter, which must be set to a value inferior to the
maximum step size [l to ensure stability of the algorithm. The maximum step size is
defined as [124]:

2
maxr — 5 4.12
H O'ng + U%Md ( )

where 03 is the power of the input signal and ¢? is the power of the reference signal

,umax

vector. In this study, the step size is chosen as u = to provide an appropriate

tradeoff between performance and convergence speed.

4.3 Modeling the impact of LED nonlinearity

The LED electro-optical transfer characteristic relating the forward current and the output
optical power is a nonlinear function as shown in Fig. 4.4 with data extracted from the
datasheet of the white LED considered in this study. The nonlinear characteristics of the
LED stem from the fact that the number of emitted photons is not directly proportional to
the amplitude of the injected electric current in its active region. Moreover, the nonlinear
transfer function P, (1) of the white LED with values in mW can be fitted with a second-

order polynomial function such that

Py (I) = —0.001412 4 1.58641 + 1.0799. (4.13)

where [ is the input current in mA. Besides, the output optical power - forward voltage
characteristic of the LED exhibits significantly more nonlinearity than the output lumi-
nous flux/forward current characteristic. In our study, the nonlinear distortions at the
transmitter were significantly limited by employing a current source to drive the LED,

instead of a voltage source.

The current-light intensity relationship of the LED also depends on the frequency of the
applied signal, giving rise to a memory effect. Therefore, the nonlinearity models can
be divided into two groups: memoryless and memory models. The memoryless models

simply use power series such as the one in (4.13) to model the impact of LED nonlinearity.
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However, this type of model is only adequate for narrowband signals. Memory models
take the frequency-dependent nature of the LED into account and can be employed for
large bandwidth signals. Given that the objective of this study is to investigate high-speed
transmission systems, we will examine two well-known nonlinearity models with different

complexity and accuracy, namely the Hammerstein model and the Volterra series model.
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Figure 4.4 Lumiled LUXEON 3020 electro-optical static transfer function.

4.3.1 Hammerstein model

The Hammerstein model simply consists of a memoryless polynomial function followed by
a linear time invariant (LTT) system that describes the LED memory effect as shown in Fig.
4.5. It can be mentioned that a variant of the Hammerstein model is the Wiener model,
which differs in that the memoryless polynomial is preceded by the LTI system. Herein,
the LTI system is assumed to be a first-order low-pass filter which describes the blue light
response hy,(t) with a cut-off frequency of 12 MHz, and the memoryless polynomial is the
function presented in (4.13). Since the white LED consists of a blue light source coated
with a phosphor layer, the distorted signal at the output of the Hammerstein model must

be filtered by the impulse response of the phosphor layer h,(t).

4.3.2 \Volterra series model

The second memory model we investigated is the Volterra model based on the Volterra

series expansion. The output of the Volterra nonlinear model p(n) can be expressed as
[143]
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Figure 4.5 Block diagram of Hammerstein Model.

Q M;—1 My—1

p(n) = Z Z Z hk(ml,...,mk)Hs(n—ml), (4.14)

q=1 m1=0 myj=0 =1

where s(n) is the discrete-time input modulated signal, @ is the nonlinear order of the
Volterra series expansion, M}, is the memory length at order k and hy(my, ..., my) is the
Volterra kernel of k-th order at time delay my. Third-order and second-order Volterra
series have been investigated by the authors of [111], and it was concluded that second-
order kernels of the Volterra-series expansion lead to a fairly precise approximation of
white LED nonlinear distortions. Therefore, in this study, only the terms up to the 2nd

kernel order are considered and (4.14) can be further simplified such that

Mi—1

p(n) =Y ha(mi)s(n —m)

m1=0
Ms—1 Ma—1

30 ho(my, ma)s(n — ma)s(n —ma).

m1=0 mo=0

(4.15)

The Volterra series expansion includes a linear term which is nothing less than the impulse
response of the channel (or that of the LED), and nonlinear terms which contain the kernel
coefficients of 2nd order. The coefficients of the Volterra series are not determined in a
straightforward manner. An adaptive algorithm must be employed to obtain the optimum
coefficients, namely the recursive least squares (RLS) algorithm, which minimizes the least

squares cost function defined as follows [144]:

argmin Z | y(n) —p(n) |?, (4.16)

hr(ma,...me) ",

where y(n) is the discrete-time received signal, p(n) is the desired output of the series

model and M4, is the total number of samples. The principle of the RLS algorithm
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is exhaustively detailed in [124] and in [100] and the block diagram of adaptive Volterra
kernels estimation is depicted in Fig. 4.6. In RLS, the weights are updated as follows:

a(n+1) =a(n) +e(n)g(n), (4.17)

where a(n) = [ag(n),a1(n),...,ay,—1(n),ap(n),ap(n),...,aon-1(n), ..., arn—13,—2(n),

ans,—1:,—1(n)]7 is the vector of kernel coefficients. The error e(n) is calculated as

e(n) = y(n) — p(n) = y(n) — a" (n)s(n). (4.18)

The vector s(n) includes the samples of the signal at the input of the Volterra model and
is written as s(n) = [s(n),s(n —1),...,s(n — M; + 1),5*(n),s(n)s(n — 1),...,s(n)s(n —
My +1),...,5(n — My)s(n — My + 1), s*(n — My + 1)]T. Moreover, g(n) is the Kalman

gain vector expressed as

_ P(n)s(n)
A +sT(n)P(n)s(n)’

g(n) (4.19)

where P(n) is the current inverse correlation matrix and Ay is the forgetting factor. The

updated inverse correlation matrix for the next iteration is given by

Pn+1)= )\Jil(P(n) —g(n)s" (n)P(n)). (4.20)
At the first iteration (n = 0), the inverse correlation matrix is initialized such that
P(n) = Toag 4z snn+m2)s L 4ai2 1002y being the identity matrix, and the vector of

kernel coefficients is set as a(n) = [1,0,...,0]".

optical transmission channel with Volterra kernels estimation

¥\‘ Kfj y@) | Volterrakernels [PV E
s(n5 X estimation i

Figure 4.6 Block diagram of the Volterra kernels adaptive estimation.
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4.3.3 Numerical results

The two different models we introduced are evaluated for a 64-CAP signal at a bit rate
of 135 Mbps with a roll-factor of 0.15, hence a total bandwidth of 25.875 MHz. A probe
signal is transmitted beforehand for the estimation of the Volterra series kernels on the
test bench. The memory lengths M; and Ms of the Volterra series model are set to 35
and 17, respectively, as a trade-off between performance and computational complexity.

Moreover, the forgetting factor A; is chosen with a sufficiently small value such as 0.001.

The constellation diagrams are generated in simulation and are compared with that of the
experiment (Fig. 4.7). Similar slight distortions on the top right and bottom left of the
constellations can be observed. Let us introduce the concept of normalized mean-square
error (NMSE) which quantifies the error between the symbols received in the experiment

S and the symbols received in simulation s, which is written as

Nsym,b .
> sk — 8l?
NMSE = 10log,, ’“jb— . (4.21)
sym
> |5k
k=1

In the above, Ny, is the size of the sliding window and it is set to 100. The NMSE
for the Hammerstein and Volterra model is respectively -25.2 dB and -29.6 dB. While
it has the virtue of being simple, the Hammerstein model lacks accuracy for the case of
large signal bandwidth. On the other hand, the Volterra model exhibits a more accurate
representation of the nonlinearity impact of the LED. Moreover, the received constella-
tion in the experiment is slightly noisier. This is explained by the difference in SNR in
the simulation transmission chain as detailed in 4.2.5. Finally, this study highlights the
necessity to implement a nonlinearity compensation algorithm for high modulation orders

in high-speed VLC systems, which is the subject of the following subsection.

4.4 LED nonlinearity compensation

4.4.1 Adaptive Volterra-based postdistorter

Several linearization approaches have been proposed in previous works to mitigate the
nonlinear distortions, including the Volterra series model [114, 122|, the memory polyno-
mial model [101], or more recently, machine learning algorithms |71, 79, 90]. In this study,
the second-order Volterra series model is implemented, as it provides good performance at
high data rate [144|. Herein, the Volterra series model is implemented as a postdistorter

as opposed to 4.3.2 where the Volterra series was employed to model the nonlinearity of
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Figure 4.7 Received constellation in simulation (a) without the nonlinearity,
(b) with the Hammerstein model, (c) with the Volterra model, and (d) in the
experiment for a 64-CAP (with 6 bits encoded per symbol) at 135 Mbps.

the LED. Therefore, the only difference is that the algorithm searches for the optimum
set of coefficients of the Volterra series to rectify the received discrete-time signal y(n)
with knowledge of the transmit sequence of undistorted symbols s(n). A diagram of the
adaptive postdistortion method is presented in Fig. 4.8. The output of the Volterra-based

postdistorter §(n) can therefore be expressed as

Mi—1

= > h(mi)y(n —my)

m1=0
Mo—1 Ma—1

+ ) ) ha(ma, ma)y(n — ma)y(n — ma),

m1=0 mo=0

(4.22)
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optical transmission channel with postdistortion

s(m) ¥\ tﬁé y(n)‘ Adaptive $(n) J
] X postdistorter E

Figure 4.8 Principle of adaptive postdistortion for LED nonlinearity mitigation
in VLC.

The optimum coefficients hy(my,...,my) are adaptively determined by using the RLS
algorithm, in a similar fashion as in Section 4.3.2, except that least squares cost function

is defined now as

Msamp*]-

argmin Z | s(n) — 3(n) |2, (4.23)

n=0

4.4.2 Numerical Results

The performance of the Volterra-based postdistorter is evaluated in simulation with a 135
Mbps 64-CAP signal. The modulated signal is first distorted by the Volterra series model
and is then passed through the postdistortion function. Furthermore, the channel is as-
sumed to be noiseless in order to focus solely on the ability of the proposed postdistortion
technique to effectively mitigate the nonlinear distortions. It should be mentioned that a
FSE-DFE is always applied to remove the residual ISI stemming from the LED response.
When postdistortion is mentioned in the present document, we refer solely to the miti-
gation of nonlinearity. The LMS algorithm is employed to adapt the coefficients of the
FSE-DFE, while the RLS algorithm is used to adapt the coefficients of the postdistortion
function based on the Volterra series. For both LMS and RLS algorithms, the coefficients
are adapted during a training phase. The number of feedforward taps and feedback taps
of the equalizer is chosen to be sufficiently large, i.e. respectively 140 and 48, so that the
coefficients of the equalizer converge to a set of optimum coefficients. Now the NSME
metric is used to quantify the error between the symbols at the output of the FSE-DFE

¢ and the undistorted symbols ¢ at the transmitter (see Fig. 4.1).

Two cases are considered for this simulation: 1) the postdistortion compensation is applied
(Fig. 4.9 (b)) and 2) the nonlinearity is left unmitigated (Fig. 4.9 (a)). The reported
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NMSE is -27.7 dB for the former and -35.8 dB for the latter case, thus confirming the

effectiveness of the proposed nonlinearity compensation technique.
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Figure 4.9 Received constellation when (a) the nonlinearity is unmitigated
(NMSE = -27.7 dB) and (b) when the nonlinearity is compensated by the
Volterra postdistortion algorithm (NMSE = -35.8 dB) .

4.5 Chapter summary

In this chapter, we have presented a simulation model for our experimental VLC system
that can model the distortions stemming from the LED nonlinearity. The distance be-
tween simulation and experiment in terms of SNR was quantified, and we have established
that the numerical results might exhibit slightly superior performance due to a ~ 2 dB

overestimation in SNR.

Furthermore, we have evaluated two nonlinearity models with memory, namely the Ham-
merstein model and the Volterra series model. While the former benefits from a simpler
implementation, it lacks accuracy for large signal bandwidths. More generally, we have
shown that compensating the LED nonlinearity is critical to increase the throughput of
VLC systems employing low-cost LEDs. These results have been published in the form
of a technical article for the company MathWorks [74]. Finally, we have demonstrated
that postdistortion based on the Volterra series is an appropriate choice to mitigate the

nonlinear effects in high speed VLC systems.

In the next chapter, we will compare three modulation schemes, namely PAM, CAP and
DMT. Moreover, the postdistortion method we presented will be applied in practice to
PAM and CAP signals.
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CHAPTER 5

Comparison of PAM and CAP modulation

5.1 Introduction

White LEDs are nowadays widely used for lighting applications [56]. They consist of
a blue LED chip coated with a phosphor layer, producing white light. Unfortunately,
their modulation bandwidth does not exceed a few MHz due to the relaxation time of
the phosphor layer, thus severly limiting throughput [115]. To overcome this, spectrally-
efficient signaling schemes are commonly considered in VLC, such as PAM, CAP, and
DMT. However, it is still not clear which modulation scheme is best suited for VLC.
Many experimental studies show that systems employing DMT can achieve data rates on
the order of several Gbps |29, 13|. Some results have also shown that when PAM and CAP

modulations are implemented, data rates of similar order can be achieved [127, 112].

Furthermore, comparisons of PAM, CAP and DMT have been carried out in the literature
for VLC in terms of available bitrates and robustness against LED nonlinear distortions.
In [110], the authors compared PAM, CAP and DMT on an experimental setup employ-
ing a white LED. Under different signal attenuations, they highlighted the robustness
of two-level PAM (2-PAM) against LED nonlinearities, which performed advantageously
with respect to CAP and DMT. The authors of [67] compared high-order PAM (8-PAM)
and CAP (64-CAP) with DMT employing frequency-domain equalization. They reported
better performance for DMT compared to high-order PAM and CAP. Moreover, CAP
outperformed PAM for high data rates. In [113], the authors performed an optimization
of the roll-off factor and demonstrated that 4-PAM can outperform 4-CAP and DMT.

It is noteworthy, however, that none of these studies took into account the constraints
associated with the illumination function. VLC systems typically employ IM/DD, where
the transmitted waveform is encoded in the instantaneous radiated optical power. In this
context, the desired illumination brightness level limits the total optical power at the
receiver, thus impacting communication link quality. Moreover, the authors of [67] and
[113] did not consider a nonlinear LED dynamic range and did not provide experimental
results, yet it is known that LED nonlinear distortions can severely degrade overall system
performance [30|. It is reasonable to assume that modulations with higher PAPR will

suffer more degradation due to nonlinearity. In previous work by our team [59], DMT was

67
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optimized under lighting constraints with the same experimental VLC setup and a 100
Mbps transmission was achieved at a targeted BER of 1072, Therefore, this study focuses

on optimization and comparison of PAM and CAP.

In this chapter, we study the impact of different parameters of single-band CAP and PAM
when extending as much as possible the signal bandwidth while employing equalization
and /or postdistortion techniques to jointly mitigate the frequency selectivity and the non-
linear effects of the LED. In addition, a constant brightness level that is compliant with
illumination standards is maintained at the receiver. Moreover, given that a low signal
PAPR is usually preferred to optimize the occupation of the LED dynamic range and
thus maximize the transmit power, PAM and CAP were chosen over multi-band CAP
and DMT-based techniques, which are known to exhibit higher PAPR and can induce a
power penalty. For both CAP and PAM schemes, the impact of the roll-off factor and
the maximum achievable bit rate is investigated in simulation while assuming a perfectly
linear LED dynamic range. In addition, an experimental transmission is performed to
study the performance of high-order 8-PAM and 64-CAP, with and without compensation
of the LED nonlinearity. In our study, the average optical power is kept constant for all
modulated signals to set the desired level of illumination. However, the electrical signal
powers are different, since the modulated signals occupy the entire dynamic range of the
LED as opposed to [110]. In addition and as opposed to [113|, higher modulation orders
will be studied, namely 8-PAM and 64-CAP and the LED nonlinearity will be integrated

into the study through experiments.

The simulation model presented in Section 4.2 is employed for the numerical analysis
in this chapter, and a linear transfer characteristic is assumed in the transmission chain
model. However, in the experiment, adaptive postdistortion compensation must be ap-
plied to compensate the nonlinear impairments and thus linearize the VLC system. The
experimental test bench and illumination constraints are identical to that of Chapter 3
and Chapter 4.

The remainder of the paper is organized as follows: Section 5.2 presents an analytical
description of PAM and CAP modulation. In Section 5.3, the impact of the roll-off factor
parameter is investigated, along with the maximum bit rate for different modulation orders
under illumination constraints. In Section 5.4, an experimental transmission is performed
to highlight the effects of LED nonlinearity and the modulation index is investigated.
Finally, Section 5.5 concludes the chapter.
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5.2 Modulation schemes

The two modulation schemes compared in this chapter are PAM and CAP. An analytical
description of PAM is given in 5.2.1, while CAP is presented in 5.2.2.

pulse shaping  pc Bias  optical transmission channel
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Figure 5.1 Schematic block diagrams of (a) PAM and (b) CAP transceivers for
VLC.

5.2.1 PAM modulation

PAM is a modulation scheme where the information is encoded in the amplitude of the
transmitted pulse. Here, a SRRC pulse shaping filter is employed to optimize spectral oc-
cupancy. Fig. 5.1 (a) shows a schematic of a PAM transceiver. The incoming bits are firstly
modulated by a PAM modulator where the signal levels are defined as +1,+3, ..., +M —1,
and where M is the modulation order. Then, the modulated symbol stream dj, is upsam-
pled by a factor K and convolved with a SRRC filter ¢(t), yielding the transmitted PAM
signal prior to DC bias addition

span(t) = > dpg(t — kT), (5.1)

k=—o00

where T is the symbol period. The PAM modulation bandwidth Bp 4y, is therefore limited
by the maximum frequency of the pulse shaping filter ¢(¢), such that

(I1+a) (14+a)Dy
B = = 5.2
PAM T QmPA ) ( )

where « is the roll-off factor parameter denoting the excess bandwidth, D, is the bit rate
and mpay is the number of bits encoded in one PAM symbol. The PAM modulated

spectrum for various values of o and the LED frequency response are shown in Fig. 5.2
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(a). Then, a DC bias is added for illumination purposes and to ensure full swing of the
modulated signal in the dynamic range of the LED. Note, after the DC bias addition,
the modulated signal is unipolar and positive. At the receiver, the received signal is
passed through the matched filter g(—t) prior to equalization. The equalizer employed in
this study is a FSE-DFE operating at the rate 4/7. The principle of the FSE-DFE was
detailed in 4.2.6. Finally, the equalized PAM symbols are de-mapped in order to recover

the transmitted bits stream.
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Figure 5.2 PAM (a) and CAP (b) modulated spectra for various roll-off factors
and LED normalized frequency response.

5.2.2 CAP modulation

The principle of CAP modulation was well described in Section 3.2. Recall that the CAP
modulated signal sc4p(t) prior to DC bias addition is defined as
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SCAP(t) = f akhi(t - ]{JT) — bkhq(t — k‘T), (53)

k=—o00

where h;(t) and h,(t) are the in-phase and quadrature filters, respectively, and a; and by
are the real and imaginary parts of the QAM modulated symbols, respectively. The total

occupied bandwidth Beap is equal to

(1+a) (A4+a)D,
B = = 5.4
cap T Meap (5-4)

mcap being the number of bits per symbol in CAP. The shape of the CAP modulated

spectrum for various values of o and the LED frequency response is shown in Fig. 5.2 (b).

5.2.3 Spectral efficiency of PAM and CAP

The spectral efficiency is generally defined as the ratio between the bit rate D, and the
total occupied bandwidth B such that

D,

= —. 5.5
n= 3 (5.5)
Thus, the spectral efficiencies of PAM and CAP, namely npays and noap respectively, can

be derived using (5.5), (5.2) and (5.4) as follows:

2mpam
= , 5.6
NpPAM 1+ a) ( )
mgcap
— ) 5.7
Ncap 1ta) (5.7)

When comparing PAM and CAP modulations at the same spectral efficiency, we can note
that a higher modulation order will be required for CAP compared to PAM modulation.
In fact, the number of bits per symbol in CAP needs to be twice that of PAM, such that

mcap = 2Mpan-

5.3  Numerical analysis

5.3.1 Impact of roll-off factor

The roll-off factor @ of the SRRC pulse shaping filter (for PAM) and the in-phase and
quadrature filters (for CAP) can be jointly optimized with the modulation bandwidth
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in order to maximize the system throughput. The roll-off factor impacts the modulated
signal on two important fronts, namely 1) the spectral energy distribution and 2) the
PAPR.

1) Spectral energy distribution: In PAM, most of the energy of the modulated spectrum is
concentrated in the low frequencies. Therefore, when increasing the modulation bandwidth
(hence, the data rate) beyond the 3-dB bandwidth of the LED, about the same power loss
is experienced regardless of roll-off factor. On the other hand, the power in the CAP
spectrum is concentrated around f, and there is no energy at f = 0. Therefore, the
CAP signal is more subject to power losses due to the LED low-pass behavior than PAM

modulation. Moreover, in CAP, larger values of a lead to higher attenuation.

2) PAPR: A low PAPR is preferred in order to enable full swing of the modulated signal
in the fixed dynamic range of the LED, and thus to maximize the transmitted electrical

power.

5.3.2 Maximum throughput investigation

In order to evaluate the maximum bit rate of PAM and CAP in simulation, we define the
power margin as the difference between the estimated SNR at the receiver after transmis-
sion through the VLC system and the SNR required to achieve a BER of 1073 at a given
bit rate. To this extent, a power margin superior to 0 dB implies a transmission at a BER

< 1073 for an illumination of 500 lx.

In order to illustrate the notion of power margin, the BER performance of 4-PAM and
16-CAP as a function of SNR and at a throughput of 172.5 Mbps is presented in Fig. 5.3.

The received SNR after transmission for 4-PAM and 16-CAP is represented by vertical
dashed lines and is equal to 34.7 dB and 40.6 dB, respectively. As explained in 5.3.1, the
received SNR for 4-PAM and for 16-CAP at the same bit rate are not both equal because
the PAM and CAP signals do not experience the same attenuation after transmission
through the VLC channel. Furthermore, the transmit powers differ due to different PAPRs.
In fact, the power of the 4-PAM signal at the transmitter before transmission through the
VLC channel is determined to be 1.1 dB higher than that of 16-CAP. Moreover, the power
loss due to the LED response at the considered bit rate of 172.5 Mbps is about -3.6 dB
and -8.4 dB for 4-PAM and 16-CAP, respectively.

For both PAM and CAP, the noise-equivalent bandwidth is 43.125 MHz and the noise
power spectral density is about -146 dBW /Hz. Therefore the received SNR of 4-PAM is
about 5.9 dB higher than that of 16-CAP. In addition, it can be seen from Fig. 5.3 that




5.3. NUMERICAL ANALYSIS 73

10° ; : ‘
—&—4-PAM
—e&— 16-CAP
= = Received SNR 4-PAM
= = Received SNR 16-CAP
-1 L 4
10
|
|
1
o
W 10 ol 34.7 dB) 40/.6 dB
m |‘/
|
|
10° ¢ : :
|
|
|
10'4 Il Il Il I\ L Il I Il
10 15 20 25 30 35 40 45 50

SNR (dB)

Figure 5.3 BER performance of 4-PAM and 16-CAP at 172.5 Mbps with o =
0.15 and estimated received SNR for each modulation scheme.

the required SNR to achieve a BER of 1073 is ~ 32.2 dB for 4-PAM and ~ 28.6 dB for
16-CAP. Consequently the power margin is equal to 8.4 dB and 6.1 dB for 4-PAM and
16-CAP, respectively.

The results for different power margins according to different values of o are shown in Fig.
5.4. Tt should be noted that the dashed red line on the graphs corresponds to the 50 MHz
bandwidth bound of the VLC system. For example, as illustrated in Fig. 5.4 (a), for a 2-
PAM signal and assuming a 50 MHz total occupied bandwidth, a 86.25 Mbps transmission
at a BER lower than 10~ can be achieved with a 0.15 roll-off factor and a very comfortable
18.4 dB margin. On the other hand, a transmission rate of only 72.5 Mbps is achievable
given a roll-off factor of 0.4, albeit with a higher margin equal to 24.3 dB. It is of interest
that for higher modulation bandwidths (obtainable with better electronic components),

the red line would move upwards, indicating higher possible throughputs.
The following observations can be drawn from Fig. 5.4:

e For PAM: it can be noticed in Fig. 5.4 (a), (c) and (e) that, for a given power
margin, the maximum bit rate is achieved for ~ a = 0.4, i.e., when the PAPR is the
lowest, as can be seen in Fig. 5.5. Under this condition, the input LED driving signal
can span the full LED dynamic range and thus the transmitted electrical power can

be maximized. Consequently, the power margin is increased, and a higher achievable
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Figure 5.4 Achievable bit rate for (a) 2-PAM, (b) 4-CAP, (c) 4-PAM, (d) 16-
CAP, (e) 8-PAM and (f) 64-CAP for a given power margin according to various
values of roll-off factor. The dashed red curve on the plots corresponds to the
bandwidth boundary of 50 MHz.
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bit rate can be achieved. It can also be seen that the PAPR slightly increases when
a approaches 1 (on the order of 0.5 dB), which accounts for the slightly decreasing
bit rate in Fig. 5.4 (a), (¢) and (e).

e For CAP: unlike PAM; the power loss experienced by the signal after filtering by the
LED impulse response increases with the value of a. This can be directly seen in Fig.
5.2 (b) which shows the shape of the CAP modulated spectrum for various values of
« and the LED frequency response. As the roll-off increases, the signal spectrum is
shifted around a frequency f. = (1 + «)/27T and is subject to a stronger attenuation
after filtering by the LED response. On the other hand, the decreasing PAPR leads
to more power at the receiver. In fact, the PAPR of CAP signals decreases when the
roll-off factor increases to reach its minimum value for a = 0.6 for 4-CAP, 16-CAP
and 64-CAP and around 0.55 for 32-CAP as observed in Fig. 5.5. The power gain
inherent to the decreasing PAPR does not compensate the power loss due to the

attenuation by the LED which accounts for the monotonically decreasing curves in
Fig. 5.4 (b), (d) and (f).

In addition, the maximum bit rate for PAM and CAP in a maximum bandwidth of 50
MHz can be achieved with a small value of «, typically 0.15, which yields both a positive

power margin and a minimal bandwidth requirement. Moreover, PAM provides a power




76 CHAPTER 5. COMPARISON OF PAM AND CAP MODULATION

margin gain on the order of 2-3 dB and 1-2 dB for 2-PAM and 4-PAM, with respect to
4-CAP and 16-CAP, respectively.

Finally, 8-PAM and 64-CAP are compared and revealed to approximately provide similar
total throughput with a slight advantage of ~ 1 dB in power margin for 8&PAM. In
addition, simulation results (not shown in figure) show that 64-CAP exhibits slightly
higher performance than 32-CAP. In fact, for a bit rate of 210 Mbps, 64-CAP exhibits a
power margin of 3.85 dB compared to 3.45 dB for 32-CAP.

5.4 Experimental results

In this section, an experimental transmission is performed to verify the simulation results
for high modulation orders (8-PAM and 64-CAP). Adaptive postdistortion compensation
based on the Volterra series expansion is employed to mitigate the LED nonlinearity.
Performance without postdistortion compensation is also assessed to evaluate the degree
of sensitivity to nonlinear impairments. In addition, the modulation index parameter is
investigated. Finally, a transmission with bit-loading DMT is performed for comparison
with PAM and CAP. As DMT is not a main focus of this study, this is done to provide a

comparative benchmark representing this popular modulation scheme.

5.4.1 Experimental setup

Fig. 5.6 shows a diagram of the experimental setup, which is the same as in Chapter 3 and
in 3.4.1. The VLC transmission process is thus quickly recalled. Firstly, the modulated
signals are generated offline with MATLAB and stored into an AWG memory (Tektronix,
AWG 7052, 10 bits resolution). The latter performs a digital-to-analog conversion, and the
output modulated signal is combined with a DC bias current by means of a custom board
to provide the right level of illumination and to ensure that the driving signal occupies the
entire LED dynamic range. The transmission is performed in dark conditions to mitigate

the impact of ambient light.

At the receiver side, a 16-mm diameter lens concentrates the light onto a low-cost silicon
PIN photodiode (OSRAM SFH-2400) with a 1 mm? active surface. The photodiode pro-
duces a photocurrent proportional to the received optical power, which is then converted
into a voltage signal using a TIA, and high-pass filtered. The received signal is finally
sampled by a real-time oscilloscope (LeCroy 64 MXs-A), digitized, and saved for subse-
quent offline processing. The latter includes resampling, synchronization, postdistortion,

matched filtering, FSE-DFE equalization, symbol de-mapping and BER calculation.
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The transmitted frame comprises 80 000 known symbols. At the receiver, the FSE-DFE
equalizer coefficients are optimized based on the LMS algorithm. The number of feed-
forward taps and feedback taps is respectively 140 and 48. Moreover, the coefficients of
the postdistorter are obtained after a training phase using the RLS algorithm, and the

memory length is set to 17 as a trade-off between performance and complexity.

The key system parameters used in the experiment are summarized in Table 5.1.
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Figure 5.6 Diagram of the experimental VL.C setup.

5.4.2 Investigating the modulation index

The assumption that the modulated signals occupy the entire dynamic range of the LED
fully reflects the impact of LED nonlinearity, but it is not always necessary to use the
full dynamic range in practical VLC systems. To this extent, we introduce the concept of
modulation index M; which is defined as the ratio between the current swing range +A[7
with respect to the DC bias current Ipe such that [91]

Al

M; = )
" I

(5.8)
A modulation index of 1 corresponds to full occupation of the LED dynamic range. To
achieve optimal transmission performance, an optimal modulation index can be adopted
which can be smaller than 1 under LED nonlinearity. Hence, the following presents an

investigation of the modulation index in our experiment.

The impact of the modulation index on the BER performance is experimentally investi-
gated for 210 Mbps and 120 Mbps 8-PAM signals (Fig. 5.7). It can be observed that at
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Table 5.1 System parameters

Parameter Value
LED 3-dB modulation bandwidth ~ 1.47 MHz
Semi-angle at half luminance 6 1 55°

DC bias current 120 mA
LED output luminous flux 53 Im
Photodiode responsivity at 870 nm 0.65 A/W
Photodiode active surface 1 mm?
Lens diamater 16 mm
Link distance 20 cm
[llumination level 500 Ix
Upsampling factor K 4

SRRC filter length
LED dynamic range
Noise PSD N,

40 symbol periods
0 - 240 mA
-116 dBm/Hz

210 Mbps, choosing a modulation index inferior to 1 slightly increases the BER, whereas
at 120 Mbps, an optimum value of modulation index can be found between 0.65 and 0.85,
even though the improvement in terms of BER performance is not so significant. This
suggests that optimization of the modulation index is not straightforward and depends on
the system transmission bit rate (or more specifically, the ratio between the bit rate and
the effective system bandwidth).

When postdistorion is applied to the 120 Mbps 8-PAM signal, the transmission is error-
free and is therefore not shown in the figure. However, the mean-squared error can be
computed at the output of the equalizer and a degradation of around 1 dB was observed
when the modulation index is decreased from 1 to 0.65. In fact, when the nonlinear
distortions are mitigated by the postdistorter, the performance depends essentially on the
received power. This suggests that a modulation index of 1 is the best choice when the

nonlinearity is mitigated to ensure a fair comparison between CAP and PAM.

5.4.3

In order to highlight the effect of the nonlinear characteristic of the LED on high-order
PAM and CAP, transmissions with 64-CAP and 8-PAM were performed and the constel-

Impact of LED nonlinearity
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Figure 5.7 BER performance according to various values of modulation index
for a 120 Mbps and 210 Mbps 8-PAM signal, without (w/o) and with (w/)
postdistortion.

lation and eye diagrams with and without postdistortion compensation are shown in Fig.
5.8. Note, bit rates of 135 Mbps and 99 Mbps were chosen in this case for 64-CAP and
8-PAM respectively, so that the nonlinearity can be differentiated from the noise in the
constellation and eye diagram. The impact of LED nonlinearity in 64-CAP is character-
ized by asymmetrical distortions on the bottom left and top right edge of the received
constellation as shown in Fig. 5.8 (a), whereas in 8-PAM, the nonlinear distortions are
characterized by a narrower spacing of amplitude levels in the upper and lower parts of
the eye diagram as can be seen in Fig. 13 (¢). Moreover, as shown in Fig. 5.8 (b) and

(d), the postdistortion algorithm effectively mitigates the nonlinearity.

Secondly, we perform an experimental transmission of 8PAM and 64-CAP at the same
bit rate, namely 210 Mbps, for various values of roll-off factor a.. It should be noted that
at this bit rate, the power margin is around 4.8 dB for each modulation scheme, according

to simulation results.

The received spectra of the 210 Mbps transmission with 8-PAM and 64-CAP are shown
in Fig. 5.9 (a) and (b), respeectively, and the BER performance is plotted in Fig. 5.10.
First, it can be seen that without nonlinearity compensation, 8-PAM provides the poorest
BER performance regardless of the value of the roll-off factor, and the calculated BER is
around ~ 2.1 x 1072, whereas it is ~ 3 x 1072 for 64-CAP. Therefore, in practice, CAP

modulation with high modulation orders provides lower BER than PAM when nonlinearity
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Figure 5.8 Received constellation diagrams for 135 Mbps 64-CAP signal with-
out (a) and with (b) nonlinearity mitigation, and eye diagrams for 99 Mbps
8-PAM signal without (c) and with (d) nonlinearity mitigation.
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compensation is absent. On the other hand, when the LED nonlinear distortions are mit-
igated, the 64-CAP signal suffers more degradation compared to 8-PAM, which supports
the simulation results in Section 5.3.2. For instance, for a = 0.2, the BER performance
drops from 4.2 x 1072 to 3.4 x 10~* for 8-PAM and from 3 x 1073 to 8.7 x 10~* for 64-CAP.
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Figure 5.9 Received spectra for 210 Mbps 8-PAM (a) and 64-CAP (b) signals.
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Figure 5.10 BER performance of 64-CAP and 8-PAM for various roll-off factors
with compensation of the nonlinearity (w/ postdistortion) and without compen-
sation (w/o postdistortion).

Furthermore, when postdistortion is applied, the BER performance of 8-PAM improves
when the roll-off factor increases from 0.15 to 0.4 while that of 64-CAP becomes poorer,

which is in line with the results provided by the simulation and presented in Fig.5.4 (c)

and (f).
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These results can be contrasted with [110] where low-level PAM is recommended over
CAP because of the inherent robustness of the former scheme against nonlinear distor-
tions. However, when high modulation orders are employed in the context of high speed
communication, CAP exhibits more robustness compared to PAM against nonlinear dis-
tortions. Moreover, these results highlight the necessity of postdistortion for high-order
PAM and CAP.

5.4.4 Comparison with previous DMT experiments

Other than in the case of PAM and CAP, DMT is a multicarrier modulation technique
where the signal bandwidth is divided into subcarriers onto which are mapped QAM
complex symbols. The principle of DMT is presented more exhaustively in Appendix B.
With knowledge of the channel state, power allocation and bit loading algorithms can
be employed to benefit as much as possible from the available modulation bandwidth
and therefore maximize the system throughput for a target BER [80]. DMT offers the
advantage of simple equalization since a single-tap equalizer is needed to compensate the
effects of the flat fading channel experienced by each subcarrier, whereas a more complex
equalizer is required for PAM and CAP to cope with ISI, such as FSE-DFE.

In a previous study from 2020 [59], an experiment was carried out with DMT under
identical conditions and using the same experimental setup. Without compensating LED
nonlinearity, a ~ 100 Mbps transmission rate was successfully achieved at a BER of 1073,
which is significantly less than the achievable transmission rates demonstrated in this study
with PAM and CAP. A major reason for the difference of performance is the high PAPR
in DMT. In fact, bilateral amplitude clipping must be applied to fit the signal within
the dynamic range of the LED, at the expense of clipping noise. In addition, the LED
nonlinear distortions on the time-domain DMT signal generate inter-carrier interference,

which degrades the overall system performance.

For comparison purposes against PAM and CAP, let us assess the achievable bit rate of
DMT when LED nonlinearity distortion is mitigated. To this end, DMT pilots with 512
subcarriers loaded with QAM symbols are sent through the VLC system. The sampling
frequency of the AWG generator is set to 120 MS/s. At the receiver, the SNR per subcarrier
for a target BER of 1072 is calculated and the number of allocated bits per subcarrier is
computed using Chow’s algorithm. The results are presented in Fig. 5.11 (a) and (b). It
can be observed that the SNR per subcarrier is significantly improved when the impact of
LED nonlinearity is mitigated with the postdistorter, and the total number of allocated
bits in one DMT symbol increases from 1646 to 2526. As a result, considering the cost

of the cycling prefix set to 33 samples, the achievable practical transmission bit rate is ~
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95 Mbps and ~ 145 Mbps without and with nonlinearity compensation, respectively. By
comparing these results with that of 5.4.3, it can be concluded that DMT provides lower
throughput than PAM and CAP.
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Figure 5.11 SNR (a) and number of allocated bits (b) per subcarrier.

5.5 Chapter summary

In this chapter, two modulation schemes were compared through simulation and experi-
ment, namely PAM and CAP, employing a low-cost white LED and meeting the require-
ments of illumination standards for indoor lighting. It was observed that typical indoor
lighting requirements lead to a sufficiently high SNR to enable transmission with high-
order PAM and high-order CAP such as 8-PAM or 64-CAP. The impact of the roll-off
factor on the system performance was also studied. It is shown that a small value of
roll-off factor (i.e., 0.15) is preferred to achieve maximum throughput and reduce band-

width requirements. However, when no bandwidth limitation is imposed by the electronic




84 CHAPTER 5. COMPARISON OF PAM AND CAP MODULATION

circuitry, the optimum value is around 0.4 for PAM and 0.15 for CAP. The simulation
results indicate a slight advantage for PAM over CAP in terms of achievable throughput.
The achievable data rates for both modulation formats are nonetheless similar, and are

on the order of a few hundred Mbps.

It was also found that the LED nonlinearity has a significant impact on the system per-
formance when employing PAM and CAP with a large constellation size, and that the
two modulation schemes are affected differently by the nonlinear distortions. Adaptive
postdistortion based on the Volterra series expansion was implemented to cope with the
nonlinear behavior of the LED in practice. The performance of highly spectral-efficient
modulation schemes such as 8-PAM and 64-CAP were analyzed with and without post-
distortion. In conclusion, the nonlinear distortions can severely degrade the performance
of 8-PAM, whereas 64-CAP shows more robustness. However, when the VLC system is
linearized by the postdistorer, 8-PAM is the most suitable modulation scheme. Finally,
different values of modulation index were evaluated and it was concluded that setting the
modulation index to 1 at high data rate is an appropriate choice to optimize the transmit
power for PAM and CAP and obtain better overall performance, despite the presence of
nonlinearity in the system. Obviously, when the nonlinear distortions are mitigated, it is

also preferable to occupy the full dynamic range of the LED.

The performance study focused on single-band CAP and PAM modulation, which offer
very good performance in terms of low PAPR in relation with our initial requirements. Fur-
thermore, the results indicate that high-order CAP and PAM with postdistortion perform
substantially better than DMT in terms of achievable transmission rate and are suitable
for high-speed VLC systems under illumination constraints. The results presented in this
chapter have been published in the IEEE Photonics Journal [99].




CHAPTER 6

MIMO techniques with imager

6.1 Introduction
In order to achieve high VLC throughputs in spite of the bandwidth limitation of the white

LED, many research efforts have explored the use of spectrally-efficient modulations such
as PAM, CAP modulation, and DMT in conjunction with equalization at the receiver.
Another avenue to increase throughput consists in separately modulating the multiple
LEDs which, in conjunction with multiple photodetectors at the receiver, leads to a MIMO
link.

Among the MIMO techniques, spatial multiplexing (SMP) and spatial modulation (SM)
are two widely used schemes, whose principles were described in 2.7.2 and in 2.7.3, respec-
tively. In SMP, all the transmit LEDs are active during a symbol period and transmit
independent optical symbols. In SM, a single LED is active and transmits an optical

symbol during a symbol period, while the other LEDs are idle.

In the context of MIMO transmission, an imaging receiver can be employed to separate
the beams at the receiver and improve the overall system performance. The application of
imaging receivers to optical wireless communications has been extensively studied in the
literature. Early studies in wireless infrared communications have demonstrated the ben-
efits of employing an imaging receiver over a non-imaging receiver for reducing the power
requirements due to a decrease in ambient light noise, receiver thermal noise, and multi-
path distortion [62]. In [61], a receiver chip with a photodetector array was designed for
imaging setups. In addition, the performance of SM and SMP techniques were evaluated

for both imaging and non-imaging systems in [19] and in [46].

The most recent laboratory experiments on imaging MIMO systems have considered a
perfectly aligned setup [123, 53|, and thus the impact of imager misalignment on the
performance of MIMO techniques remains poorly understood to date. In a practical
indoor scenario, the receiver location and orientation may vary due to the movements of
the user below the transmit luminaire. In fact, user mobility is still a major challenge

which must be addressed in order to unlock the full potential of VLC networks.

85
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The goal of this chapter is to investigate the impact of imager misalignment on the per-
formance of SMP and SM in the context of receiver mobility. In order to determine which
MIMO technique is the best suited, SMP and SM are first compared. At this juncture,
it was determined that SMP offered superior performance. Then a form of adaptive bit-
loading is studied in conjunction with SMP to compensate the loss induced by the imager
misalignmeent. In this chapter, channel gains measurements are performed on a 2x2 VLC

experimental test bench we developed based on low-cost components.

The remainder of this chapter is organized as follows: in Section 6.2, the analytical error
bound of SM and SMP techniques is derived. In addition, the concept of imaging receiver
is presented and its performance is contrasted in simulation with that of the non-imaging
receiver for both SMP and SM schemes. Then, in Section 6.4, the 2x2 experimental
test bench is described. The compatibility of the MIMO setup with the lighting function
is discussed in Section 6.5. In Section 6.6, the channel gains are measured for various
locations of the imaging receiver. In Section 6.7, SM and SMP approaches are compared
in simulation by leveraging channel responses measured on the test bench. As a second
step, an adaptive modulation scheme is developed in conjunction with SMP in order to
adapt the constellation order to imaging lens misalignment and maintain the best possible

link quality. Lastly, Section 6.8 concludes the chapter.

6.2 SM and SMP techniques

6.2.1 MIMO system model

Consider a MIMO optical transmission system using N; transmit LEDs and N, PDs. The

received signal y = [y, ..., yn, |7 can be expressed as
y = Hx +n, (6.1)
where x = [z1,...,7y,]7 is the transmitted signal vector, n is the noise vector (circularly

symmetric AWGN with one-sided power spectral density Ny), and H is the N, x N,
channel matrix. Under the assumption that the channel is frequency non-selective, the
channel matrix consists in the real-valued transfer function of the optical wireless links,

also referred to as the channel DC gains. It can be written
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where h,, ,, represents the channel DC gain from a transmitter n; to a receiver n,..

6.2.2 Maximum likelihood detection
The BER performance of MIMO techniques in VLLC can be analyzed based on the optimum

maximum likelihood receiver. For the case of SM, the maximum likelihood receiver can
jointly detect the index of the active LED and the transmitted symbol. Specifically, the
maximum likelihood detector determines the constellation vector X which minimizes the
Fuclidean distance metric between the actual received signal vector y and all possible

received signals, i.e.

% = argmin ||y — Hx||%, (6.3)

where ||.||r denotes the Frobenius norm.

6.2.3 Analytical BER expression of SM
When M-PAM modulation is employed with SM, the optical intensities are defined as

follows:

2P, :
Osplfp:MJ:lp withp=1,..., M, (6.4)

with P, being the average emitted optical power. It is noteworthy that signal level "0" must
be excluded since the active LED cannot be determined if it transmits nothing. Under the
assumption that a maximum likelihood detector is employed at the receiver, the pairwise
error probability (PEP) conditioned on the channel matrix H is the probability that the
detector mistakes a transmitted signal vector X,0) (0 with another signal vector X, )5

and is given by [30]
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where QQ(m) is the Q-function defined as Q(m) = \/%7 f;roo exp (‘Tﬁ)dt. Using the PEP
defined in (6.5) and considering all possible M N; transmitted signal combinations, the

BER of SM can be approximated by union bound methods, leading to

1 M Nt M N
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where dy(.,.) denotes the Hamming distance (defined as the number of nonidentical bits

when comparing two bit sequence of equal length), bp<1> @) is the conveyed bit sequence
Ty

when the optical power level prl\fpm is emitted by transmitter ngl) and bp<2>n§2) is the
conveyed bit sequence when the optical power level Pospl\t/fp@) is emitted by transmitter n§2).
In SM, the first log,(N;) incoming bits are mapped to a spatial symbol which corresponds
to the index of the LED that will be active and the next log, (M) are mapped to a symbol in
the M-ary signal constellation. For instance, assuming the most significant bit convention
is adopted here and that P, =1, N; = 4 and M = 2, the bit sequence "0 0 1" is assigned
to the transmitted signal vector x1 = [0 0 0 5]” and the bit sequence "1 1 1" is assigned

t0 Xo4 = [% 0 0 0]7, resulting in a Hamming distance dy(by 2, ba4) equal to 2.

6.2.4 Analytical BER expression of SMP
In SMP, the PAM signal levels are expressed as

SMP __ 2Pt

iy = 7P withp=0,...,(M ~1). (6.7)
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The PEP in SMP is the probability that the detector mistakes a transmitted signal vector

x,1) with another signal vector x,2), and is expressed as [30]

PEPgy = PEP(Xp(l) — Xp(2) |H)

6.8)
=Q <\/&||H (Xpu) — Xp(z)) ||%> . (

Using the PEP defined in (6.8) and considering all possible Mt transmitted signal com-

binations, the BER of SMP can be approximated by union bound methods, thus yielding

1 MMt Mt
BER = du (b b
p=1p02)= (6.9)

T
X Q (\/4—%HH (Xp(l) —Xp<2>) H%) )

where b, is the conveyed bit sequence when the message x,,1) is emitted and b, is the
conveyed bit sequence when the signal vector x,e) is emitted. For instance, assuming
P, =1, N, = 4 and M = 2, the bit sequence "0 0 0 1" is assigned to the transmitted
signal vector x; = [0 0 0 2|7 and the bit sequence "1 1 1 0" is assigned to x5 = [2 2 2 0]7,
resulting in a Hamming distance dy(by, big) equal to 4. Since in SMP more than one LED
can be active during a symbol period, the optical power must be equally distributed across
all Ny emitters to ensure that SMP and SM are compared at the same mean output optical
power. Thus, in fair comparison context, the transmitted signal vectors x5 and x4 would

respectively become [0 0 0 3|7 and [1 1 1 0]7.

6.3 Imaging vs non-imaging receiver

Receivers in MIMO can be of the imaging or of the non-imaging type. The difference
between the two is illustrated in Fig. 6.1. In the former, an optical system is placed in front
of the PDs array. Typically it consists of a single imaging lens whose role is to separate
the light beams originating from different l