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RESUMO

Tese Programa de P6s-Graduacdo em Engenharia Elétrica
Universidade Federal de Santa Maria

ANALISE DA EFICACIA LUMINOSA DE SISTEMAS DE ILUMINA(;AO COM
COMUNICACAO AGREGADA
AUTOR: LUCAS TEIXEIRA
ORIENTADOR: MARCO ANTONIO DALLA COSTA
CO-ORIENTADOR: VITALIO ALFONSO REGUERA
Local e data: Santa Maria, Outubro, 2020.

A comunicagdo por luz visivel (VLC) atualmente recebe atencdo na midia de eletroni-
cos de consumo principalmente por causa do potencial de melhorar a taxa de dados de acesso a
Internet em comunicacdes moveis de curto alcance, mas varias outras novas aplicagdes podem
ser viabilizadas usando esta tecnologia emergente. O VLC usa modulac@o de luz nao percep-
tivel a visdo humana, mais frequentemente implementada com diodos emissores de luz (LED),
para transmitir informacdes e, simultaneamente, fornecer iluminacdo util. No entanto, apesar da
intensa atividade de pesquisa sobre o assunto, do lado técnico hd algumas questdes em aberto
e uma clara desconexdo entre as solugdes publicadas e a fundamentacdo para o reaproveita-
mento da luz visivel para comunicacdo. O consumo de energia € um aspecto fundamental e
preocupante considerando a finalidade da iluminagao e também se reflete nas caracteristicas de
comunicacao, uma vez que agregar tal funcionalidade a qualquer lumindria pode exigir altera-
coes de design e afetar as condi¢gdes operacionais dos LEDs. Portanto, nesta tese € apresentado
um estudo abrangente abordando as preocupagdes sobre o design de um transmissor VLC, que
leva em conta os aspectos de ilumina¢do e comunicagdo, focando principalmente no consumo
de energia extra causado pela agregacdo do propdsito de comunicagdo. A sistematizacdo da
literatura publicada permitiu apontar as tendéncias no desenvolvimento dessa tecnologia. Além
disso, a visdo geral de um dispositivo transmissor permitiu apontar as melhores opg¢des de de-
sign na selecdo de esquemas de modulagdo e circuito de driver de LED para VLC. A discussao
sobre a largura de banda e poténcia do sinal também é considerada ao longo do desenvolvi-
mento da andlise com o objetivo de reduzir o consumo de energia e aumentar a taxa de dados
de transmissdo. Este trabalho apresenta resultados que apontam moduladores comutados como
adequados para aplica¢cdes de largura de banda mais estreita, embora recentemente tenham rece-
bido atenc¢do significativa em pesquisas visando aumentar a largura de banda de modula¢do. O
balanco de poténcia de sinal no enlace de comunicagdo leva a conclusdo de que amplificadores
de poténcia lineares usados como moduladores para VLC requerem energia extra menor para
implementar aplicagdes que requerem maior largura de banda de sinal, embora estes circuitos
operem com base em um principio dissipativo.

Palavras-chave: Conversao de energia. Comunicacao por luz visivel. Diodo emissor de luz.
Eficicia luminosa. Iluminagdo artificial.
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Visible light communication (VLC) currently receives attention in the consumer elec-
tronics media mainly because of the potential to improve the data rate of Internet access in short
range mobile communications, yet several other new applications can be made feasible using
this emerging technology. VLC uses modulation of light unperceptive to the human sight, most
frequently implemented with light emitting diodes (LED), for transmitting information and si-
multaneously useful illumination is provided. However, despite the intense research activity
on this subject, on the technical side there are open questions and a clear disconnection among
the published solutions and the actual ground for reusing the visible light for communication.
The energy consumption is a key aspect that is a concern considering the illumination purpose
and also is reflected in the communication features, since aggregating such functionality to any
light fixture may require design changes and affects LED’s operational conditions. Therefore,
in this thesis a comprehensive study is presented approaching the concerns on the design of a
VLC transmitter, which accounts for illumination and communication aspects, focusing mainly
on the extra energy consumption caused by aggregating the communication purpose. The sys-
tematization of the published literature allowed for understanding the trends in the development
of this technology. Also, the overview of a transmitter device allowed for pointing out the
best design choices in selecting modulation schemes and LED driver circuits for VLC. The
discussion about the signal power and bandwidth is also considered throughout the develop-
ment of the analysis aiming at reducing the energy consumption and increasing transmission
data rates. This work presents results that indicate switching mode modulators as adequate for
narrower bandwidth applications, although these recently received significant research atten-
tion for improving modulation bandwidth capability. The link power budget analysis leads to
the conclusion that linear power amplifiers used as modulators for VLC require much lower
extra energy for implementing wider bandwidth signaling, even though they work based on a
dissipative principle.

Keywords: Energy conversion. Visible Light Communication. Light-emitting diode. Lumi-
nous efficacy. Artificial lighting.
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1 PRESENTATION

This thesis was written aiming at evaluating and pointing out the best practices for the
conception of a energy-aware Visible Light Communication (VLC) lighting fixture. First of all,
the artificial lighting consumes a substantial amount of energy in several applications in all sort
of human-built environments. As an example, street lighting in Brazil already corresponded to
7% of the national energy demand (MARCHESAN, 2007) and in 2013 lighting technologies
were responsible for 17% of total U.S. electricity consumption (INC, 2014). When considering
the technology behind the light sources, Solid State Lighting (SSL) has potential for great sav-
ings of energy (U.S. Department of Energy, 2020a; International Energy Agency, 2020), having
the cost-effective Light Emitting Diode (LED) technology as the state-of-the-art for energy ef-
ficiency. In United States of America the projected energy savings with adoption of LED-based
lighting is estimated to correspond to 5% in the total primary energy budget by 2035 (U.S. De-
partment of Energy, 2020b). In this sense, LED efficacy has improved considerably since 2010,
the average efficacy of LEDs has improved by 6 to 8 Im/W each year in this period (Interna-
tional Energy Agency, 2020). These facts corroborate the perceived pressure on the illumination

efficiency and on rising even further its performance by lowering the energy consumption.

Together with the current semiconductor’s inexpensive technology, the fall on the LED’s
cost (SCHOLAND, 2016) stimulates the wider adoption and the proposal of new applica-
tions using this light source. VLC is supported by SSL, most frequently by LED (ELGALA;
MESLEH; HAAS, 2011) or by Light Amplification by the Stimulated Emission of Radiation
(LASER) devices (ZAFAR; BAKAUL; PARTHIBAN, 2017; YEH; CHOW; WEI, 2019), be-
cause these light emitters allow for fast light intensity modulation. The intentional modulation
of light is imperceptible to human sight and the average irradiated light is still useful for room
illumination. The Joint Illumination and Communication (JIC) systems can be considered a
green technology (TSIATMAS et al., 2014, 2015; SAADI et al., 2013) referring to its low en-
ergy consumption. However, the excursion of light intensity is achieved with changes in the
devices’s instantaneous forward current that reduces its energy conversion efficacy and requires
additional concern in the design of the electronic driver circuit. Given these reasons, the energy
consumption is at the focus of this thesis when evaluating the possible solutions for designing a

VLC capable light fixture.
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1.1 CHARACTERISTICS OF THE CHANNEL AND OPPORTUNITIES OF VLC

The VLC is a Free Space Optical (FSO) communication technology that uses the visible
light wavelength range, from approximately 380 nm to 750 nm of the electromagnetic spectrum,
as is depicted in Fig. 1.1. The exact limits of such range are dependent on the light intensity,
which results in different vision regimes, and have been historically revisited and standardized
(International Commission on Illumination, 2019). This application differs from optical fiber
systems, because of the open medium. It is also known as Optical Wireless Communication
(OWC), which allows for user mobility. VLC can be directly compared to the well-known FSO
communications based on infrared light (IR) that has no visual perception in humans and it ex-
hibits similar propagation behavior. However, the emission of IR light is constrained because of
human eye hazardous effect on absorbing energy in this wavelength range (KOURKOUMELIS;
TZAPHLIDOU, 2011). The spectrum range with wavelengths shorter than visible, starting in
the ultraviolet (UV), has natural potential for biological tissue damage, therefore, it is not ex-

plored in open medium for communication purpose.

Figure 1.1: Electromagnetic spectrum with highlight in visible light range.
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The Radio Frequency (RF) uses longer wavelengths than the visible light, in the milim-
iters to kilometers wavelength range, therefore exhibiting different propagation behavior. The
RF electromagnetic waves suffer specially of lower attenuation when crossing non-electro con-
ductive barriers and stronger diffraction, which allows for circumventing obstacles. Moreover,
the widespread adoption and long range of RF communications lead to the regulation of the use
of the electromagnetic spectrum worldwide. The importance of such regulations is expressed

by International Telecommunication Union (ITU):
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A key component of international frequency management is the radio regulations,
the binding international treaty that determines how the radio frequency spectrum
is shared between different services, including space services. Covering fixed and
mobile radio services, satellite systems, radio and TV broadcasting, radionavigation,
meteorological monitoring, space research and Earth exploration, as well as amateur
radio, the RR encompass over 2300 pages of texts and charts that prescribe how equip-
ment and systems must operate to ensure peaceful cohabitation in today’s increasingly
crowded airwaves. (International Telecommunication Union, 2019).

Few free-to-use RF wavelength ranges accommodate most of the unlicensed applica-
tions of RF such as Wi-fi, Bluetooth, cordless telephones and wide variety of non-Line-of-Sight
(LOS) remote controlled equipment. Hence, the applications are error tolerant because all such
devices are subject to mutual interference when using these bands. Given the compact style of
recent buildings and densely habited cities, these RF bands became crowded. In this context,
the VLC is an alternative to this crowded electromagnetic spectrum (KARUNATILAKA et al.,
2015), which can be used to substitute or complement the RF-based short range data transport
services.

The visible light range of the spectrum is not regulated by ITU. Additionally, the easy
confinement of light, which is already implemented given the concern on privacy, allows for
higher security of VLC wireless networks and simultaneous reuse of the spectrum in adjacent
rooms (SEVINCER et al., 2013). This channel suffers from very small diffraction, given the
wavelengths and communication distance, which determines the directionality of the commu-
nication and the existence of shadows in the signal coverage (PATHAK et al., 2015). In a well
designed illumination setup, the shadows can be avoided with the aid of reflections, minimizing
dark spots. These allow for receiving the VLC signal even when the LOS is obstructed. How-
ever, reflections limit the channel frequency response that ultimately can cause the inter symbol

interference due to multipath propagation (PATHAK et al., 2015).

1.2 APPLICATION OF VLC

VLC takes advantage of a spectrum range that is easy to confine and is unregulated.

Some examples of potential applications of VLC are

e Internet access, known as Light Fidelity (Li-Fi) (HAAS et al., 2016; NAVIN; NUNO,
2010), illustrated in Fig. 1.2,

e support for Internet of Things (IoT) (DEMIRKOL et al., 2019),

e indoor localization (ZHUANG et al., 2018; PANDEY; SHARAN; HEGDE, 2017),
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e gesture recognition (PATHAK et al., 2015),

e screen-camera communication (PATHAK et al., 2015),

e vehicular networking (PATHAK et al., 2015),

e wireless communication in RF-sensible environments (ELGALA; MESLEH; HAAS, 2011),
e toys and entertainment (SCHMID et al., 2015),

e virtual and augmented reality (CHUN et al., 2019).

Figure 1.2: Imperceptible light modulations allows for fast and mobile Internet access

Source: (Pure Lifi, 2020)

Among the most attractive applications of VLC is Li-Fi, however, not only high data
rate applications of VLC are include in this list of potential applications. Also low data rate
applications, as real world interactive systems, [oT and indoor localization, are made feasible

by using VLC.

1.3 IMPLEMENTATION OF VLC

To begin the study of the implementation of VLC, a model of the system is presented.
This model, shown in the Fig. 1.3, includes the transmitter device, the optical channel and
the receiver device. The optical channel model encompasses how the output light flux of the

transmitter reaches the receiver light sensor and had its geometry and complexity omitted in
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this figure. The receiver device is illuminated and it processes the light intensity variations for
recovering the transmitted data. It is usually the mobile part in a VLC application. In this thesis
an optimal receiver is assumed. Moreover, the implementation and in-depth analysis of the
receiver is out of the scope of this work, except for the aspects relevant for the computation of
the link budget. A detailed analysis of the optical receivers can be found here (WANG et al.,
2015; CHEN; ZHONG, 2017; BAI et al., 2017; BISPO, 2015; MARTINEZ-CIRO et al., 2019;
LIU et al., 2016).

The VLC transmitter device is the main target of this study. This component handles the
requirement to comply with the communication aspects and simultaneously ensuring the speci-
fied average light level for illumination, both keeping the highest possible energy efficiency. The
contributions of this thesis are focused on the transmitting side of the VLC system. Therefore,

each of the blocks of the transmitter are described in the following.

Figure 1.3: Model of VLC system including transmitter, channel and receiver blocks.
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1.3.1 LED device

The LEDs are the most popular light emitters used nowadays, given their high efficacy
of energy conversion, lifespan and cost. The operation of this device is based on spontaneous
emission of photons, therefore, it presents a much wider power spread in comparison with
LASERs. Moreover, for VLC the light average power is modulated (intensity modulation and
direct detection) because these devices do not allow for the control of the phase of irradiated
light components. The state-of-the-art modeling of the LED uses the photo-electro-thermal
theory (PET) (HUI; QIN, 2009) that allows for analyzing the four most important aspects (pho-
tometric, electrical, thermal, and colorimetric characteristics) and foreseeing the device’s per-

formance.
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Phosphor-coated white LEDs (PC-LED) are the most economic for general purpose
lighting because these devices are able to generate white light and require a single regulated cur-
rent source. Moreover, the dimming is achieved by simply proportionally reducing the LED’s
forward current, without worrying about startup, as it would be required for discharge lamps.
Fig. 1.4 presents the distribution of power irradiated light of a PC-LED. In this figure, the peak
in the blue wavelength range is the light produced by the semiconductor, whereas the rest of
the spectrum results from the phosphor emission of longer wavelengths when stimulated by the
blue light. For this type of LED, the lesser is the fraction of blue light converted, the higher is
the irradiated light color temperature, as shown for 4000K and 5000K in Fig. 1.4.

Figure 1.4: PC-LED typical irradiating spectral density for 4000K and 5000K color
temperatures and human eye photopic sensitivity.

Human eye
— A—4000 K =----5000K - sensitivity
X (photopic)
> 100 T
2 80T
3
g 60T
%)
2 40T
Bl
©
E) 20 T

500 600 700
Wavelength (nm)

Source: Author

When driving an LED, it is important to keep in mind the restrictions of any modulation
(intentional or unintentional) in the light irradiated and its possible effects to the viewer’s eyes.
Safe limits for the light modulation in the visible spectrum range are suggested in (IEEE Power
Electronics Society, 2015). In this sense, in the frequency range exceeding 2 kHz it is tolerable
100% of modulation in light intensity with low probability of effects for human exposition. It
is worth noting that the LED’s impedance falls when biased over the threshold voltage, given
the non-linear V-I curve behavior. This leads to wide range of current modulation with small

voltage changes.

1.3.2 Driver circuit

The LED driver circuit is one key block of the transmitter concerning its energy ef-

ficiency. The VLC dual purpose driver circuit is designed to process the average LED light
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required for illumination and simultaneously generate the necessary modulation for commu-
nication purpose (SEVINCER et al., 2013). Driver circuits shall be capable of regulating the
current because of LED variable threshold voltage. Moreover, the input requirement may in-
clude specification of power factor and harmonic distortion of the current drained from the

mains.

The requirements of dual-purpose LED drivers differ from illumination-only drivers in
the modulation capability. Frequency response bandwidth and modulation depth are the main
metrics of this modulator circuit. In the literature, typical VLC’s signal bandwidth is in the
range from few kilohertz up to the hundreds of megahertz. The modulation depth required is
explored in a smaller number of publications and have no typical values because it depends on
channel attenuation caused by several geometrical factors and the required signal variance at

the receiver.

A wide sort of different circuit solutions were already proposed in the VLC’s literature.
Owing to the LED’s low impedance when forward biased, a combination of low amplitude ac
voltage signal and a high dc voltage bias is a very common solution to avoid processing high
voltages with very fast devices, process which would face a technological barrier. Most of these
were derived from circuits typically used in RF and share common structures like bias-T for

injecting ac modulated signal into a dc-biased LED (MINH et al., 2008a; DENG et al., 2019).

1.3.3 Data modulator

The modulation schemes selected for any communication simultaneously affects the Bit
Error Ratio (BER) at the receiver side, the complexity of signal processing involved and the
shape and Probability Density Function (PDF) of the signal values. The resulting bandwidth

occupied by the signal is defined according to the adopted symbol rate.

A general approach can be implemented with most of the modulation schemes by using
dc-offset (DCO), i.e. adding a dc component to a communication signal built using any known
modulation scheme. This can either be implemented to adjust the target illumination level,
aiming at dimming support, or to avoid negative signal values, since light intensity modulation

does not allow for negative signal.

The PDF plays an important role on the analysis of the behavior either of the LED device

and of the driver circuit. For this work, the main aspect to be considered is regarding the PDF
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and the extreme values it achieves. Both LED and circuit have limiting operating range for the
current levels processed. However, especially the design of a modulator circuit usually results in
lower efficiency for higher Peak-to-Average Power Ratio (PAPR) of the communication signal.

In spite of this simple introduction, the LED device, the driver circuit and the data modu-
lator have an intrinsic interdependence when considering the multidisciplinary aspect of a VLC
application. Any attempt of to oversimplify or isolate the blocks will certainly affect the energy
efficiency of the lighting fixture and will not lead to a globally acceptable solution. Hence, these
three blocks of the VLC system are explored in depth and holistically in this thesis to point out

the best choices for implementing a VLC transmitter.

1.4 RELATED WORK

Extensive literature on VLC has been published, specially from 2006 to the present.
Much of the VLC channel analysis and characterization in the literature recasts previous studies
on the use of IR in OWC which are prior to 2000 (AL-KINANI et al., 2018). However, many of
the publications on driver circuitry are recent. Moreover, the works that match with the proposal
of this thesis were published in the period starting in 2008. This fact is also related to the current
electronic device’s technology and the recent development of LED technology.

During the period of development of this thesis at least four other theses were under de-
velopment following an energy-aware VLC system design approach. Those are (DENG, 2018;
BIAN, 2019; MENDEZ, 2018; SALMENTO, 2019) from which several ideas were inspiring
and to which the current thesis aims to contribute to further developing the understanding on
the design of VLC transmitters.

Among these theses, the notorious collection that built the work of DENG (2018) ap-
proached either the effects of VLC in the LED and in the driver circuit. The author analyzed the
effect of VLC on the LED (DENG et al., 2017), explored how to overcome linear and non-linear
LED distortion (DENG et al., 2018), the use of average current control with a switching mode
power converter as modulator (DENG et al., 2015, 2014, 2018) and also class A and AB linear
modulators (DENG et al., 2019), from which the energy penalties were analyzed. The author

described the thesis as:

[...] addressing the challenges in VLC physical layer with reusing the illumi-

nation systems. It shows that the data throughput can be extended by novel DSP
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techniques; the power penalty for communication can be minimized by dedicated
circuits and system designs; and the interference could be quantified or reduced

once its effect was predicted. (DENG, 2018)

The thesis of BIAN (2019) presented several practical implementations of the multiple-
input multiple-output (MIMO) VLC systems. The author used generalized space shift keying
and micro-LEDs and presented wavelength division multiplexing implementation using up to
4 different LED colors, which achieved 15 Gbit/s in a MIMO configuration. Additionally, in
(BIAN, 2019) the author applied solar cells for simultaneous energy harvesting and data com-
munication, achieving up to 146 Mbit/s. Even though the focus of this complete work had the
energy efficiency of the systems as one of the advantageous aspects cited by the author, it was
barely treated, meanwhile the main target was demonstrating the effectiveness of modulation

schemes using MIMO.

The thesis of MENDEZ (2018) presented numerous contributions on the use of high
efficiency switching mode power converters for VLC. The work collection resulting from his
thesis explored the average current control (RODRfGUEZ et al., 2018), the ripple modulation
(RODRIGUEZ et al., 2018) and buck-derived circuit topologies (RODRIGUEZ et al., 2019)

considering practical implementation aspects for VLC LED drivers.

The thesis of SALMENTO (2019) has not been fully published because of industrial
and commercial secrecy, however, the derived work (SALMENTO et al., 2019) was the closest
match to the focus of the current thesis. In (SALMENTO et al., 2019), the authors present
an offline VLC LED driver with an additional series switch for modulation. This performed
OOK-M-FSK and was shown in experimental tests that achieved 0.99 power factor and 92%

efficiency.

The most frequent focus of the theses of DENG (2018) and BIAN (2019) is on the anal-
ysis of the resulting signal, including its distortions and statistical behavior aiming at commu-
nication performance and achievable data throughput. The work of DENG (2018) also presents
mathematical analysis of the energy performance of VLC modulator circuits according to the
modulation index, it is, however, limited due to the LED’s simplistic model and the lack of a tar-
get application to contextualize the presented performance metrics. The current thesis includes
an in-depth analysis of the energy expense and resulting efficacy of intentional modulation of

current either in the LED device, using the photo-electro-thermal model of a high-power PC-
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LED, and in several modulator circuit types. Moreover, the current thesis includes the context

of VLC application, which directly impacts the transmitter performance.

The work collection of MENDEZ (2018) only presented results of switching mode mod-
ulators, which limits its analysis and gives no fair base for comparison among other circuit types.
The current thesis included linear mode circuits together with the switching mode modulators in
the comparison among different modulator solutions. Moreover, the current thesis also explores
the maximum communication bandwidth that can be achieved using switching mode modulator
circuits, this aspect was not explored by MENDEZ (2018).

The analysis of (SALMENTO et al., 2019) presents a single modulator circuit and did
not account for LED behavior in the experimental measurements. The authors present a full
communication setup, including transmitter and receiver; however the energy expense of the
VLC is only evaluated for a single modulation scheme. In this sense, the current thesis analyzed
the models of different modulator circuits and the effects in the LED simultaneously for several
modulation schemes. This showed that the effects of current modulation in the LED device is
as important and may also predominate in the global efficacy analysis of the VLC transmitter.

Considering the works described above, the most relevant and similar found in the state-

of-the-art on VLC, the current thesis have its proposal presented following.

1.5 PROPOSAL

This thesis aims at developing knowledge and solutions on the best design practices

considering the energy efficiency in an LED-based VLC light fixture.

1.5.1 General objective

The general objective of this thesis is to evaluate and to present the most energy efficient
choices for the implementation of VLC transmitters considering the use of high-power PC-

LEDs and current technology electronic devices.

1.5.2 Specific objectives

Considering the VLC application, the expected contributions are:
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e Compile and systematize the state-of-the-art literature for building a more comprehensive

understanding about VLC.

e Describe how the modulation scheme, signal variance and dc dimming range are related

when defining the stimuli for a high-power PC-LED.

e Describe contributions on the use of switching mode power converters as VLC LED
drivers simultaneously performing average current control and intentional current modu-

lation.

e Describe guidelines on the selection of modulation scheme and driver circuit type for an

energy-efficient VLC light fixture considering its application.

e Present a comparison among several LED driver and modulator circuits solutions consid-

ering their expected energy efficiency and the applications in which they best fit.

e Analyze the actually required modulation intensity for better energy consumption-driven

VLC design choices.

1.6 ORGANIZATION OF THIS THESIS

The rest of the thesis is presented with five self-contained Chapters from 2 to 6. Those
are organized in a chronological sequence and follow a bottom-up approach, the first ones
support the following, each of which is an independent manuscript.

The VLC technology joins aspects from lighting, power electronics and communica-
tion fields, which are usually fragmented in the published literature. Regardless of the nu-
merous VLC literature using the survey and review approaches (NAVIN; NUNO, 2010; EL-
GALA; MESLEH; HAAS, 2011; SEVINCER et al., 2013; KHALIGHI et al., 2014; PATHAK
et al., 2015; KOMINE; NAKAGAWA, 2004), during initial development phase of this thesis
it was detected that two main approaches were followed by most of the authors. Those lead
to, in one hand, neglecting most communication aspects (JENQ; LIU; LEU, 2011; TANAKA;
UMEDA; TAKYU, 2011; MIRVAKILI; KOOMSON, 2012; ZONG; WU; HE, 2012; ZHAO;
XU; TRESCASES, 2013, 2014; SEBASTIAN et al., 2014; HUSSAIN et al., 2015; MODE-
PALLI; PARSA, 2015; GONG et al., 2016; MODEPALLI; PARSA, 2017), or, in the other
hand, no concern on power efficiency (SCHMID et al., 2015; KOSMAN et al., 2016; LI et al.,
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2015; KISHI et al., 2014; DONG et al., 2014; CHE et al., 2014; MCKENDRY et al., 2013; FU-
JIMOTO; MOCHIZUKI, 2013; MINH et al., 2008a,b; VUCIC et al., 2009, 2010; FUJIIMOTO;
MOCHIZUKI, 2013; BAY; CITY, 2019; LI et al., 2015; MINH et al., 2008a; JALAJAKUMARI
etal.,2015; KISHI et al., 2014; AGARWAL; SAINI, 2014), with very few exceptions approach-
ing both aspects simultaneously (HUSSAIN et al., 2015; TSIATMAS et al., 2015, 2014; DENG
et al., 2014; JALAJAKUMARI et al., 2015; SEVINCER et al., 2013).

Hence, in order to link these aspects that are required in a dual-purpose VLC LED driver,
i. e. communication capability and efficient lighting performance, two studies resulting from
literature survey and systematization were developed. The two separated manuscripts, written

during the development of this thesis, are described in Section 1.6.1 and Section 1.6.2.

After the review of literature described above, follow other three contributions of this
thesis concerning the LED behavior, the use of switching mode circuits as modulators and a
complete analysis of the extra energy required for VLC. Those are described in Section 1.6.3,

Section 1.6.4 and Section 1.6.5, respectively.

1.6.1 Comprehensive view of LED driving in Visible Light Communication

The manuscript presented in Chapter 2 contains and initial review of VLC technology
and related electronic circuits and LED technology over which the rest of the thesis was planed.
It approaches all the engineering aspects of a dual purpose LED driver performance and, at a

high abstraction level, also the aspects of the LED device that impact its performance for VLC.

1.6.2 A Review of Visible Light Communication LED Drivers

The study presented in Chapter 3 is a survey of literature about LED drivers specifically
aimed at VLC application. It was firstly presented with the title Review of LED drivers for
Visible Light Communication in IECON 2019 - 45th Annual Conference of the IEEE Industrial
Electronics Society (TEIXEIRA et al., 2019). After discussion and improvements, the complete
manuscript presented in this thesis was written including more aspects, such as modulation

schemes, circuit topologies and amplitude of modulation.
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1.6.3 On the LED Illumination and Communication Design Space for Visible Light Com-
munication

After the initial review of LED device behavior under intentional light modulation, al-
ready presented, it was shown that there was no literature that included photo-electro-thermal
effects of VLC in a high-power PC-LED. The electrical and optical parameters of this class
of LED differs significantly from the classical theoretical LED models. In fact, at that time
the published literature on VLC was limited to experimental results (HUSSAIN et al., 2015;
JALAJAKUMARI et al., 2015), based on simplistic LED models (TSIATMAS et al., 2014),
or did not include thermal effects (TSIATMAS et al., 2015). Moreover, at that time, the most
complete work available (DENG et al., 2017) did not account for the maximum instantaneous
forward current. The maximum instantaneous LED forward current is an important parame-
ter that affects the devices reliability besides harming the irradiating efficacy. Concurrently to
the development of this part of the thesis, other authors considered the LEDs PET model in a
publication focused on VLC observing the resulting signal-to-noise ratio (CHEN et al., 2019).
Therefore, the proposed experimentally-based study accounted for all these factors in a com-
mercial high-power device, excluding the frequency-dependent dynamic behavior of the LED,
which was already well described in the literature (MINH et al., 2008a; LEE et al., 2015) and

addressed in Chapter 2.

The study contained in Chapter 4 was firstly presented with the title On the LED Efficacy
and Modulation Design Space for Visible Light Communication in the conference 2018 IEEE
Industry Applications Society Annual Meeting (IAS) (TEIXEIRA; LOOSE, 2018). Later, after
improvements, the final version of this manuscript, as shown in this thesis, was published in
the journal IEEE Transactions on Industry Applications (Volume: 55 , Issue: 3 , May-June
2019) with the title On the LED Illumination and Communication Design Space for Visible
Light Communication (TEIXEIRA et al., 2019).

1.6.4 Pre-Emphasis Control in Switched Mode Power Converter for Energy Efficient
Wide Bandwidth Visible Light Communication

In a first active effort of this thesis to propose energy efficient solutions for VLC LED
drivers, the application of typical LED drivers designed for illumination was investigated. A

preliminary analysis of these driver circuits lead to the summarized relevant facts:
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e Most of the general purpose LED drivers commercially available are based on switching

mode power converters and the majority use pulse-width-modulation (LI et al., 2016).
This sort of power converters have the advantage of high efficiency that is achieved with

the use of modern fast-switching semiconductor devices and reactive passive filters.

When forward-biased, the high-power LED’s small-signal impedance is fairly low. The
non-linear diode curve characteristic may be different according to the device model and
power level; however, for most high power LEDs the voltage required to reach device’s
threshold is most of the voltage applied to forward bias it at nominal current. Therefore,
the intentional modulation of the current requires only small changes to the converter’s

output voltage.

Because of the LED’s variable threshold voltage, which is strongly dependent on the
device’s temperature and also on the manufacturing variability, the majority of the driver
circuit solutions implement some sort of current control. This current control requires
margins for operation, the intentional modulation of current can be performed using such
margins. Therefore, there is room for implementation of VLC on well-know switching

mode LED drivers for illumination when low modulation index is required.

Switching mode power converters have the dynamic of its output voltage characterized
by the passive components whose main target is attenuating the switching frequency and
its higher harmonics. The residual harmonic content results in a constant ripple in driver’s
output voltage. Minimizing this effect helps on keeping the LED’s operating current as

close to dc as possible and maximizing its efficacy.

Two strategies to implement intentional modulation for VLC using switching mode power

converters are reported in literature:

Ripple modulation This strategy is based on controlling the generation of the residual
ripple components of the drivers output current or voltage to convey information in
the LED’s irradiated light (MENDEZ, 2018; ZONG; WU; HE, 2012; LOOSE et al.,
2017; RODRIGUEZ et al., 2017; LOOSE et al., 2018; Rodriguez Mendez et al.,
2020). This is achieved by either controlling the amplitude, phase or frequency of

residual components acting on the Pulse Width Modulation (PWM) pulse character-
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istics. Therefore, the signal resides in the sidebands of the switching frequency and

the maximum symbol change rate is equal to the Switching Frequency (Fy).

Average current modulation In this strategy the average output current is controlled by
the average pulse width (DENG et al., 2014; SEBASTIAN et al., 2014; SEBAS-
TIAN et al., 2018; DENG et al., 2018). In this case, the modulated signal is limited
to a maximum modulation bandwidth, given of the converter’s commuted nature, to
Fg/2, however in the literature it is very commonly sub-utilized limiting the modu-

lation bandwidth to F5/10 or less.

The ripple modulation was investigated in other studies developed in the GEDRE re-
search group (LOOSE et al., 2017, 2018), which received contributions from this author. How-
ever, those works are not directly the main focus of this thesis. Thus, the modulation bandwidth
was identified as a bottleneck for improving the data rate for VLC when exploring the switching
mode modulators using average current control. In this sense, the preemphasis control strategy

was used to cope with the slow passive filter to improve the converter’s modulation bandwidth.

The use of preemphasis in the control of a switching mode power converter was ex-
plored in order to demonstrate its advantages and limitations with average current control in
LED-based VLC. A circuit was prototyped demonstrating the experimental performance of
such strategy without any need of hardware redesign. The manuscript presented in Chapter 5
was published with the title Pre-Emphasis Control in Switched Mode Power Converter for En-
ergy Efficient Wide Bandwidth Visible Light Communication in IEEE Journal of Emerging and
Selected Topics in Power Electronics in December 2019 (TEIXEIRA et al., 2020).

1.6.5 On Energy Efficiency of Visible Light Communication Systems

The previously described analysis investigated the role of LED’s behavior and the driver
circuit in VLC. However, these studies do not completely clarify the real energetic performance
since the required modulation depth have not been accounted. Hence, the complete commu-
nication link is considered to give a full answer to the required modulation depth given the
channel attenuation, which rely on the geometrical parameters, and the noise that is implicit at
the receiver. These are key factors to define the transmitted signal power for reliable communi-

cation. Whereas the transmitter shall provide enough light modulation intensity for a given set
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of channel geometric parameters, data rate and receiver configuration, which differ depending
on the target application.

The study of a complete VLC link, considering the Li-fi application scenario and its
signal power budget, was performed and resulted in a manuscript presented with the title An
Analysis of Visible Light Communication Energy Cost in the conference 2020 IEEE Industry
Applications Society Annual Meeting (IAS) (TEIXEIRA et al., 2020). Based on this initial
manuscript, after improvements, expanding the number of applications and modulations, the
manuscript presented in Chapter 6 contains an in deep comparison among solutions for an

energy-aware VLC design.

1.6.6 An overview of the structure of this thesis

This thesis is organized following a bottom-up method that explores the basic blocks
of the VLC system leading to the full system analysis used in Chapter 6. This structure is

summarized in Table 1.1.

Parts of a VLC communication system
Modulation LED device Driver circuit OWC channel Receiver
Chapter 2 X X
Chapter 3 X X
Chapter 4 X X
Chapter 5 X X
Chapter 6 X X X X X

Table 1.1: Summary of the parts of a VLC link included in the study in each chapter.
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2 MANUSCRIPT 1 - COMPREHENSIVE VIEW OF LED DRIVING IN
VISIBLE LIGHT COMMUNICATION
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Abstract—A trend in short range wireless network access
is the Visible Light Communication (VLC), which comes
as a promise breakthrough for the industry and system
designers, but the adoption of this technology still faces
challenges on the technical side. Light Emitting Diode
(LED) semiconductor efficacy, price and lighting aspects
experienced a huge improvement within the last few years
making it the reason to become a major technology for
lighting applications. However, a possible barrier to the
wider adoption of VLC is efficacy: lighting rise efficacy
of LED devices and industrial standards may be harmed
by intentional power modulation. It has been shown that
the modulation of light intensity brings unavoidable extra
power spent. But little information has been presented on
how to deal with the LED limited efficacy and power
conversion efficiency in a practicable VLC illumination
device. In this sense, this paper brings a summary of LED
power driving circuits and efforts reported in the literature
to deal with power conversion efficiency limitations in VLC
systems. We present LED efficacy and dynamic aspects,
all of them pertinent to designing an illumination with
joint communication feasible device. Moreover, it presents
a discussion regarding modulation of light intensity using
common classes of power converters in the view of LED
driving. Furthermore, this paper is thought as a guide that
fills the gap between data communication and LED driving
areas concomitantly existing in VLC technology.

Keywords—Visible Light Communication, VLC, LED,
Free-Space Optical Communication, Illumination.

I. INTRODUCTION

LED technology is taking a great part in the
illumination market [1] as it has already surpassed
Compact Fluorescent Lamps (CFL) power efficiency
and it will match its cost in the future [2], even
not considering other aspects like implications of
CFL expected lifetime, discard and its environment
impact. The lowering prices of LED lamps is clear,
[3] identified average reduction of 50% in 60W
equivalent LED lamps from 2012 to 2016 (global
average selling price), in some European countries
they became 80% cheaper in same period. It is
time to explore other opportunities that arise from

solid state lighting, and therefore allow a new class
of applications for lighting systems. The media,
enthusiasts and specialized people praise VLC as
promising application that is foreseen to be used
in short-range communication channels and can be
the relief for the crowded Radio Frequency (RF)
electromagnetic spectrum[4].

Even though prior references exist about the use
of visible light in communication history, it is from
[5] the first attempts to bringing Light Emitting
Diodes (LEDs) into Free-Space Optical Commu-
nication (FSOC). In VLC, the fast modulation of
LED instantaneous irradiated light, imperceptible to
human eyes, is detected by the receiver electronic
device without harm to illumination [6]. More than
using the optical channel to signal propagation, VLC
is worth because all the transmitted signaling is use-
ful for room illumination. Use of visible spectrum
of light to communication at imperceptible power
level (dark room "visible light" communication) is
also possible [7], but it is not focus of this paper.

The LED device is considered as part of the com-
munications channel in a VLC system (like a con-
ventional antenna), but also environment geometri-
cal and propagation constraints impose bandwidth
limitations, which are targets of ongoing research
[8][9]. Due to power summing in optical domain of
several frequencies, VLC FSOC experiences no de-
structive interference, except addictive interference
that takes place in this scenario. Multipath imposes
a performance limitation of channel bandwidth due
to infinite (reflected) delayed replicas of signal that
are summed at the receiver and cannot be separated
in detection of instantaneous power.

In order to follow expected efficiency and lamp
cost [10] to achieve commercial feasibility, VLC
LED drivers shall reach a balance among efficiency
and functionality [11]. In consonance with highly ef-
ficiency lighting systems standards, such as Energy
Star[12], electronic drivers are expected to keep the



good wall plug lumen per watt (Im/W) ratio. En-
ergy Star imposes minimum omnidirectional lamp
efficacy as 80 Im/W if Color Rendering Index (CRI)
is less than 90[12].

Thus, the main focus of this paper is to deal
with important aspects involving energy conversion,
LED limitations and driving in VLC application.
We synthesize some important considerations fo-
cused on the semiconductor device, efficacy and
commonly VLC-oriented technologies approaching
LED drives.

In order to bring a better view of LED as part of
the VLC channel, Section II introduces it as a trans-
mitter device. Section III focuses on lighting outlook
in this technology as well as efficient power conver-
sion in LED driving. Section IV approaches aspects
concerning LED dynamic behavior. Finally, Section
V presents common circuits for power driving of
LEDs, performance requirements and the authors’
suggestion on suitable combinations of converters
for best performance and efficiency.

II. LED AS TRANSMITTER DEVICE

The LED is a passive device that performs con-
version of electrical energy into light according
to its physical semiconductor properties, resulting
in a characteristic electromagnetic spectrum. While
in other optical communications, such as fiber op-
tics (FO), infrared or laser applications, the Power
Spectral Density (PSD) is well-defined and used
to convey information inside the most efficient
bandwidth in that physical medium, this is not
the case for VLC, nor the same devices can be
used in general illumination. In FSOC, using laser
or infrared, there is no concern about user visual
perception of that signal (those signals are usually
situated outside of visible spectrum), although user’s
health security aspects shall be taken into account
[13][14]. IIlumination LEDs have, on the other hand,
a much wider spectrum spreading. Therefore, they
are optimized for good visual perception and power
efficacy regarding human eye sensitivity profile.

In RF applications the transmitted signals present
a well-defined wavelength, ranging from centimeters
to meters. Nevertheless, in VLC the electromagnetic
bandwidth is dependent on the LED optical features,
and it varies from wavelengths within the range of
380 nm to 750 nm. Therefore, its PSD results in
lumino-technical constraints (Chromaticity Coordi-
nate - CC, Correlated Color Temperature - CCT).
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(b) Typical PSD for a commercial PC LED[17]. Two possible
CCT weighting phosphor coating are shown.

Fig. 1: Comparison of PC and RGA typical PSDs.

Due to spectral characteristic of LEDs, coher-
ent detection of light is not a suitable approach,
unlike RF and other optical communication tech-
nologies. Most proposed applications use Intensity
Modulation (IM) with Direct Detection (DD) of
instantaneous power intensity [15]. DD may be
performed in a single color sensor (responsible for
the detection of part or the entire LED’s power
spectrum) or in separated colors (spectral ranges)
irradiating simultaneously, giving the possibility of
independent parallel communications channels in
the optical domain.

In practical general purpose illumination applica-
tions, for good color rendering, Phosphor Coated
(PC) or Color-Mixed (CM) LEDs are used. CM
LEDs are widely available as Red-Green-Blue
(RGB), Amber-Green-Blue (AGB) and other combi-
nations (also bi-chromatic or quad-chromatic [9]) of
light emitting dice are joined to build LED devices
that fulfill a range of synthesizable colors. This pro-
cedure uses light additive principle and independent
control of power provided for each die.

For VLC purposes, CM LEDs, whose PSD is
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shown in Figure la, allow a differentiated com-
munication approach that is Color Shift Keying
(CSK). Literature [18] [19] describes extensively
this method and it was implemented through control
of instantaneous power of different colors irradiated,
while keeping average color accordingly in order to
achieve desired CC or CCT. Driver circuit controls
individual current of each die in order to allow the
definition of the power emitted in each range of
light spectrum. Sensors sensitive to narrow ranges
of light spectrum can detect individual transmitted
components.

PC LEDs are semiconductors that emit light in
the blue range (shorter wavelengths) in which a
phosphor cover converts part of the light into longer
wavelength range. This blend leads to a white light
visual perception, with PSD as depicted in Fig-
ure 1b. These devices have almost the same PSD
characteristic over an entire driving range. Although
temperature and current intensity cause some minor
PSD shift in a quasi static condition, modulation in
driving current will mostly affect instantaneous light
intensity.

Even though it was foreseen that CM LEDs can
reach higher power conversion efficacy (Im/W) [20],
PC LEDs are dominating the market in applica-
tions in which change in color characteristics is not
needed. This is due to luminary (includes driving
circuit) building simplicity and higher wall plug
power to light conversion efficacy. This could be
the explanation for the findings that most of VLC
literature explores IM in PC LEDs. Although these
devices have some specific limitation in bandwidth
due to phosphor coating, the wide set of commer-
cially available devices and good acceptance of this
growing technology in lighting pushes us to agree
that VLC should be analyzed in this technology
background.

The LED PSD is not absolutely constant at all op-
eration conditions, but in comparison to wavelength
control performed in FO Wavelength Division Mul-
tiplexing (WDM), it can be assumed constant (with
insignificant changes in profile) for communication
purposes. This find comes from the following anal-
ysis: the LED PSD can be modified by temperature
effect and by instantaneous current value [21]. At
first, the LED PSD shift due to temperature effect
occurs in a slower fashion comparing to communi-
cation dynamics, due to thermal inertia, it happens
in a time base in order of seconds to minutes. So that

PSD shift due to temperature effect can be negligible
during a communication round that mostly happens
in a miliseconds window. And the second, the color
shift in chromaticity coordinates, observed by [21]
in a Phosphor Coated (PC) white LED for different
dimming techniques, was shown to be less than
3,3% if instantaneous current was changed from
100mA to 1000mA (10:1 current ratio) at same
temperature. This indicates that a small change in
spectral emission profile, like shown in Figure 1, is
expected due to driving current. Because Intensity
Modulation with Direct Detection is used this will
cause weak effect to the sensed signal in the receiver.
Although visible light spectrum is a free terahetz-
range of frequencies available as communication
media, it is clear that some limitations in LED
devices play a significant role in weakening this
technology, at least with current available devices.

III. LIGHTING ASPECTS AND EFFICIENT POWER
CONVERSION

Prior to the analysis of a VLC system as a com-
munication device, it is of adamant importance the
concern on efficient energy consumption. Proposing
VLC as a technological step forward as a new
concept of data transmission and as environment
friendly, from the point that is feasible the reuse
of energy resource and infrastructure, it will just
make sense if the power efficiency of such device
is comparable to a conventional general purpose
luminaire.

Currently lighting industry intends to produce
LEDs with Im/W efficacy crossing the 200 Im/W
milestone at competitive prices, as foreseen in [20],
and good CCR in order to achieve consumers’
expectation and regulation [22]. While lamps and
luminaries efficacy are lower, but expected to reach
200 Im/W[23][24] in the short term, the economy
of such effort is still questionable.

Despite the intense race presented in scientific
literature on high speed VLC systems, most of them
ignore strict constraints of illumination functionality
[10] or power conversion. In this sense, this work
aims to provide a broad view of efficient LED
driving in feasible lighting devices.

In most of the foreseen applications for VLC
systems power is drained from fixed power net-
work. This provides energy at higher voltage level,
compared to single LEDs requirement, and AC



sinusoidal voltage (85 to 280Vac, peak from 119 V
to 395 V, worldwide scenario) with power pulsing
at 100 Hz to 120 Hz. Rectification and filtering
may be the driver action at a first glance, but
due to voltage source characteristic of LED device,
power control is a mandatory driver function. Light
intensity average control (dimming feature) is the
next item to be thought of on a practical LED driver
circuit targeting energy saving among its advantages
[11].

Commercial LED drivers may require more than
one stage for processing the conversion when power
factor in input is concerned and LED light intensity
ripple is to be minimized [25]. This trend to re-
duce global efficiency and increase costs, but not
all systems will require several stages. In some
cases, an extra stage will allow reduction in the
capacitance per Watt (uF'/WW), a common metric
for evaluating LED driver circuits cost and lifespan.
Section V approaches power processing aiming at
LED driving.

A large set of commercial solutions are available
[25] in order to LED ripple minimization with the
manufacturing of ready proven circuits. Non inten-
tional IM caused by power pulsing, besides low fre-
quency ripple, is the concern for most applications,
in frequency ranging from DC up to 1 kHz [26]
since hazardous effects may occur affecting human
health[27]. This range of light flicker can cause
headache, excessive eye beat and photosensitive
epilepsy attacks[26]. This is another limit to VLC
IM, for it bounds the lower acceptable frequency
of modulation. This range is further discussed in
Section IV.

In frequencies above 2 kHz up to 100% of mod-
ulation index is acceptable with very low risk of
harmful effects to the user [26]. Higher frequency
ripples are safe regarding human health, since in
this range VLC meets a useful band to IM in data
transmission.

It is important to establish the definition of three
ripple components observed at instantaneous light
power: firstly, the result of intentional IM; sec-
ondly, the fixed power network AC frequency power
pulsing (100-120Hz), and thirdly, the ripple present
from Switched Mode Power Supply (SMPS) output.
These ideas are further developed in Section V-B.
The last can be filtered, but it is a result from
limited switching frequency of circuits, together
with passive filter characteristics.
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A. LED power control

Understanding the load’s unique behavior is
highly relevant to efficient power driving, Figure 2
presents LED basic electric and optic characteristics.
The LED device electric characteristic impedance
is strongly dependent on operating temperature and
semiconductor production variability. Due to LED’s
sharp voltage to current transfer (low impedance
after threshold voltage is achieved, see Figure 2a),
it is normally driven with current mode or with
current controlled voltage sources. Additionally any
small voltage ripple in power supplying may be
amplified in the resulting current level, thus in
LED application may be especially important the
attention to voltage ripple.

Another fundamental LED aspect seen in Figure
2b is the one concerning global light emission
efficiency. The flux is not linear with current (nor
with power) applied to the device. This known non-
linear behavior is called Droop Effect (DE) and,
together with semiconductor operating temperature,
reduces the total irradiated light, decreasing power
to light conversion efficacy in material higher levels
of current density. Some early studies claimed that
DE was possibly caused by increase in internal
semiconductor temperature, but now the consensus
is that reduced efficiency is caused by a phenomenon
called Auger recombination that reduces the emis-
sion of light [28][29] even at constant semiconductor
temperature.

There is a trade-off between the expected power
to light conversion efficacy in a sample LED device:
reducing the current intensity (thus also density)
increases efficacy (Im/W) to the disadvantage of
lower total light flux. When a not constant current
is applied, the higher peak-to-average (PTA) current
level, the lower will be the average conversion
efficacy.

Even though the actual voltage developed across
LED when current flowing is not constant, because
of the small impedance when threshold is exceeded,
we usually perform computation of total irradiated
flux according to applied current to analyze LED ef-
ficacy. This is a simplification in the representation,
commonly found in literature [30]. Actual light flux
produced accordingly to LED power can be seen in
Figure 2c. But it should be clear that the measure-
ment of device efficacy actually uses lumen per watt
metric (Im/W), the decay of this characteristic with
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Fig. 2: Commercial LED [17] characteristic curves.

increased device power (at constant temperature) is
shown in Figure 2d.

Some previous works, as [30], already explored

deeply the consequences of DE and stated the best
method to drive an LED is a constant current,
regarding power to light conversion efficacy. Liter-
ature reported several methods of driving an LED
device in order to keep good efficiency or to reduce
color shift caused by dimming. When control of
power is concerned we can suggest classification in
three groups, which are: Pulse Modulation (PM),
Direct Current (DC) and Bi-level. Their charac-
teristics are summarized in Figure 3 and further
explored below. DC may also be called Amplitude
Modulation (AM) in illumination scope, although
this refers to the constant current level kept in LED
device, and shall not be mistaken for communication
AM of a carrier signal. Any of these methods may be
also used to control lamp light intensity (dimming),
however specific circuit types are used to implement
each one.

These control methods concern general illumi-
nation, for VLC purpose data shall be conveyed
into the power signal using one suitable modulation
strategy. This may be superimposing other signals
to these control methods or manipulating their usual
characteristics (phase, intensity, frequency, etc.).

1) Pulse Modulation method: PM method uses a
single current intensity level ({,,,,, point P1) that is
kept in LED for a defined portion (duty cycle, D)
of stimulation period (see Figure 3a, period Tp), the
rest time the LED is off (point P2). Average current
intensity in period 7, is given by Equation 1.

T
I= %Imax:D.Imax (D

p

This method has the advantage of almost linear
average light intensity with D as control variable, but
the irradiating efficacy is reduced due to operation
at a high PTA (point P1 and zero) reducing efficacy
due to DE. This represents modulations like Pulse
Width Modulation (PWM), Pulse Density Modu-
lation (PDM), Pulse Position Modulation (PPM),
Pulse Frequency Modulation (PFM) and similar
analysis apply to all of them.

2) Direct current method: Another common driv-
ing method is the DC (depicted in Figure 3b). This
provides a well-regulated constant current level to
the LED device. The challenge of implementing
such strategy is keeping good voltage regulation at
driver output for any level of expected current, but
superior efficacy is ensured due to reduced operating
current at the point (P3) and minimal possible PTA
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Fig. 3: LED driving methods

ratio. Even best chromatic characteristics of light
in driving using DC are expected [21], the thermo-
optical relation reduces color shift along a wide DC
current range according to this analysis.

3) Bi-level method: A blend of PM and DC
methods is called Bi-level [30]. It allows simpler
average level control by definition of D of switching
from two non-zero current levels (shown in Figure
3c, points P4 and P5). With average current level
calculated accordingly to equation 2, this method
has the advantage of higher efficacy when compared
to PM and same dimming mechanism.

o TP4Imaa: + TPSImin

T,

I = D.Ippaw + (1 = D). Lpnin

2

One may assert that a very high or low D of Bi-
level driving approximate to DC performance, also
selecting PS5 current level as zero transforms it to PM
method, those can be thought as a single method.
A further generalization in the approach proposes
any number of levels (n-level) for current targeting
maximization of efficacy within any dimming range
[31].

4) Comparison: Concerning VLC and the effi-
ciency drop due to DE, it is desirable to keep always
maximum LED current as close as possible to
average, which leads to operating at higher efficacy
point. DC level ensures maximum equals to average
current, however DC driving generates no change

in LED instantaneous current, leaving no room for
signal transmission on irradiated power intensity.
Bi-level driving incorporates a level of modulated
digital data in power signal, keeping a DC level and
average irradiation for illumination purpose.

Bi-level method has more degrees of freedom
(P4, P5 and D definition) that may be used to
perform data modulation in VLC and concurrent
dimming. DC and PM methods do not offer many
alternatives. As a generalization, Bi-level may be the
best approach to be followed among these illumina-
tion driven methods. Although those are of simple
implementation (because single switch converters
can implement such strategies efficiently), there are
limitations due to frequency and depth of modula-
tion. Section V further explores these aspects.

Performing any sort of intentional modulation in
LED light intensity leads to lower global efficacy
[32]. However, power consumption penalty is ad-
dressed when communication with illumination is
implemented. But additionally to this, there arises
the expectation that signal losses may occur due to
LED modulation frequency limitations, which will
be further presented.

IV. LED AS A DYNAMIC DEVICE

LEDs are mostly referred to as static devices
for illumination purpose, disregarding temperature
effects and long term threshold shift. But when VLC
feature is designed it is important to keep in mind
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that, even though it is normally not a concern on
the part of the LED manufacturer and little technical
information is available, LEDs have their own higher
frequency dynamics.

A general approach to evaluate communication
channel is to define its limitation in the frequency
domain, and it is usually referred to by the cutoff
frequency. This is measured as the limit after which
most of the signal power provided is lost or not
irradiated. This limit is the frequency in which the
output of the channel has half of the observed power
(-3 dB) compared to value in the passband. In the
case of LED device, the cutoff frequency is defined
accordingly to the decrease of light power amplitude
(AC part), when compared to DC instantaneous
power, sweeping stimulation current frequency.

When modulation speed of LED devices is ad-
dressed, there are some high frequency limitations,
which occur due to semiconductor characteristics
(this may be referred as electrical domain) or due
to optical characteristic (optical domain). Reference
[33] indicates the electrical domain to be always
dominant in bandwidth limitation, but literature
disagrees with that when PC LEDs and general
illumination devices are studied rather than commu-
nication specific LEDs.

PC LEDs have an additional limitation, when
compared to CM LEDs, in modulation speed due to
the phosphor cover slow dynamic, limiting fast mod-
ulation in the optical domain, phosphor spontaneous
emission lifetime is longer[34]. Measurements from
[35] show that -3dB frequency decay occurs near 2
to 3MHz range, limiting region A in Figure 4. It is
possible in the range of region B the detection of
blue only spectrum without any frequency related
attenuation by using an optical filter[35], because
this passes through phosphor coating. This blue filter
may not increase communication capability because
of great attenuation and other parasitic effects due to
non-ideality of the filter, which may reduce global
receiver effectiveness [34].

Besides phosphor slowness limitation, the semi-
conductor characteristic for the same LED has cut-
off frequency dependent on radioactive recombi-
nation lifetime or electrical carriers charge/charge
discharge. It may also be referred as junction band-
width. The radioactive recombination lifetime im-
poses a limit in the light power rise and fall time
in low injection LEDs (injected carrier density less
than the doping concentration). There is a direct

dependency on either carriers lifetime or light emit-
ting efficiency of the device: highly doped devices
and density of deep traps ensure shorter carriers’
lifetime (allowing faster modulation rates), but they
also reduce the quantum efficiency of light emission
(reducing device efficacy)[36][37].

Communication dedicated LEDs are devices de-
signed according to a much wider passband in order
to reach modulation rates exceeding 1 GHz (in
cost of lower efficacy). On the other hand, as the
great effort of illumination is the increase of LED
efficacy, it is in the opposite direction and may be
a disadvantage for communication purposes using
high frequencies.

However, in high injection LED devices (in which
the injected carrier density exceeds the doping con-
centration) the injected carrier concentration dom-
inates the recombination lifetime, thus the light
bandwidth can be wider [38].

The LED junction associated charges (somewhere
referred according to the equivalent capacitance)
increase with semiconductor device junction area
or perimeter, and also depend on the material and
doping levels. One cause of this frequency limitation
is the slow charge and discharge of LED junction
(capacitance - C;) and other parasitic electrical
parameters like resistance (R) of wires [39], [40],
[41], [37]. This can be called RC effect or LED
semiconductor bandwidth, in opposition to junction
bandwidth.

The LED high frequency model [42] is built
according to Figure 5c when it is forward biased,
Vs represents diode threshold voltage in a linear
approximation of LED forward voltage droop. This
is a circuit representing LED electrical behavior.
Optional model from [37], shown in Figure 5d
can be used to analyze light instantaneous power:
voltage applied to model terminals is analogous to
LED actual current and the voltage read between C;
terminals is proportional to light power. In Figure
6 the smooth light power dynamic is shown when
a square pulse of current is provided according
to modeling by [37], the rise and fall ramps are
exponential.

In [35] experiments, the LED semiconductor
bandwidth reached 20 MHz. This range is shown
as region B in Figure 4. [43] found a 35MHz
bandwidth in a commercial 250 Im (at 700 mA)
white LED and blue filter in receiver. Using Micro-
LEDs [44] achieved cutoff frequencies exceeding
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400MHz. The observed limitation was related to the
device size, smaller devices are faster.

The limitation imposed by this junction charge
may change according to DC bias point applied
to the LED current [41][44], since higher levels
of bias lead to wider bandwidth, explained as fol-

lows. Reference [44] shows that in micro-LEDs the
modulation bandwidth is approximately linear with
current density in LED active region (mA/um?).

Near the zero bias point the LED is dominated by
depletion capacitance that is proportional to LED
area. On the other hand, as the voltage bias is
increased, the diffusion capacitance is dominating,
as this is only dependent on the region injected with
diode current [37]. A commercial High Bright LED
(HB-LED) has high frequency model capacitance
in the range of 0.5 to 1 nF[42], for a 7400 Im
Organic LED (OLED) this can be in the order of
magnitude in range of 200 to 400 pF/mm? and
area of about 1000 mm? [45]. OLEDs have even
a different capacitance variation according to polar-
ization voltage, several studies present analysis and
simulation regarding the modeling of this complex
behavior [46][45][47][48][49][50].

In addition, references [41] and [44] show that
forward biased inorganic LEDs have larger band-
width that agrees with [39] and [38] when they
refer to frequency response of an LED dependent
on the injected current. Reference [33] states that if
a small bias is provided to the LED, the limitation
in bandwidth would be only the carriers’ life time,
because the delay in charge injection in the junction
would be negligible. Analysis and modeling from
[38] show that high active layer doping concentra-
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tion in a forward biased LED have double bandwidth
in small signal when compared with the same device
large-signal modulation.

These analyzes and literature review show that
there is a great variability of devices size and
characteristics, also the identified cause of perfor-
mance limitation on those is not always the same.
Therefore, the position of limits imposed by junction
bandwidth (caused by carriers lifetime) or semi-
conductor bandwidth (due to RC effect), illustrated
in Figure 4, may be exchanged inside region C.

A. Estimating cutoff frequency

A straightforward way to estimate the LED band-
width based on instantaneous light (10% to 90%
value) rise (7,) and fall (7%) times is provided by
[37]:

1.2

——H
ot 3)

deB =

Even though bandwidth limitation exists, exceed-
ing that cutoff frequency it is still possible to achieve
higher light modulation rates in these devices, as
region C shows in Figure 4. This can be done in
cost of extra stimuli strength to LED, tolerating great
attenuation or distortion of the produced signal. The
amount of extra energy spent will be dependent on
the driving electronic circuit, that will be further
elaborated in the next section. Figure 4 is illustra-
tive, not formally calculated nor measured, because
amplitude decay may be different according to LED
characteristic and for each phenomenon that outline
the regions shown.

B. Overcoming limitations

Some authors that identified this remaining charge
between LED terminals as a problem to high fre-
quency modulation of LEDs propose a solution
capable of dissipating remaining energy stored in
the junction to extinguish light quickly [51][37].
This aids overcoming carriers life time problem,
by removing residual carriers faster (carriers sweep-
out), and also reducing RC limit effect by speed-
ing up residual charge removal, in an effort to
reduce fall time. But a non dissipative approach like
[52] evaluated, a bidirectional buck-boost converter,
would best fit to an efficiency driven design. Some
solutions and consequences related to this will be
discussed in Section V.

Current shaping is another method that aims the
reduction of rise time of light emitted in LEDs [40],
it increases LED diving frequency bandwidth. For
faster start-up additional current pulse is provided
to the LED in order to reach steady-state carrier
concentration in the active region in less time.
This is suitable to application in communication
LEDs, with little concern about efficacy, because
the trivial implementation of such strategy lacks of
good efficiency in power conversion [37]. Reference
[53] uses it together with OOK (On-Off-Keying) to
show effective data transmission at data rates up
to 125Mbits/s and [54] using OOK-NRZ (On-Off-
Keying Non-Return to Zero) reached 456 Mbit/s
with similar configuration.

Another possible approach to increase the driver
and LED system bandwidth is the method of pre-
emphasis of control signal (equalization), which
explores the selective gain in frequency components
that are in the LED or in the converter’s attenuated
band[55]. That leads to experiencing an almost
flat gain characteristic of the system up to higher
frequencies. This relies on additional dynamic range
in converter control.

V. LED POWER DRIVING

Not only LED efficacy is determinant on a VLC
illumination system, but the way the energy is
processed and transformed to drive LEDs is a main
concern to global efficiency. It is of superior im-
portance the modulation or codification process and
how it is applied to the LED, since this is the
conversion step that integrates information into the
power stimuli. At this point, VLC technology differs



from conventional illumination process, literature
already presents a couple of solutions, while other
studies ignore the efficiency of this stage.

We show that this energy processing step may
have different efficiency according to DC compo-
nent parameters as well as LED dynamic behav-
ior. First of all, it is important to differ among
modulation or direct codification (encoding) of light
intensity. Modulation is usually referred to as the
process of changing a signal property (digital or
analog data to an analog signal), whereas encoding
is about representing a signal digitally (digital or
analog data to digital signal or symbol).

The simple switching of a power device may
generate either codification of modulation of power
and current, that is referred as a codification if
that is to integrate digital information directly into
instantaneous power. But from the point of view
that any power level may be measured as an analog
quantity, then it is possible to define it as a modu-
lation process as well. From this point on, any data
processing that aims to incorporate information into
the LED device directly, in order to use it as part of
communication system, may be called modulation
process.

A. Defining time domain power signal

We can use a sort of different temporal intensity
patterns (symbols) to convey information into light
signals. Figure 7 shows three examples of different
temporal patterns, which have intentional DC level
and superimposed information built-in. Pattern Pa
is a digitally switched current pulse sequence, that
alternates between current level (/,,,.) and zero.
That generates an average light intensity defined by
D and peak current, just like PM driving method.
A very simple digital current switching modulator
generates this pattern, when choosing the simpler
topology, as analyzed in section V-C. The generated
squared waveform signal contains a fundamental
frequency and all its odd multiple frequencies due
to the high slew steps, that is usually not efficient
in a spectral analysis (of instantaneous light power),
other patterns may fit better to communication spec-
tral efficiency.

Pattern Pb follows another scheme, it does not
completely extinguishes the current, but a DC level
is superimposed to define the average value, which
is similar to Bi-level driving method. In a direct
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Fig. 7: Different power patterns illustrating instan-

taneous stimuli provided to LED device.

comparison with Pa, this scheme generates a smaller
signal (AC part) proportionally to average power
delivered to LED device. This implies reduced com-
munication effectiveness, but allows a higher light
emission efficacy according to the Bi-level driving
method. There is a trade-off to be considered when
defining signal to average levels. A digital modulator
is also suitable to drive an LED device with such
formatted current levels, but an advanced set of
power sources or switches should be built.

Performing the actual efficacy calculation (Im/W),
for example we use power LED [17] with data
provided by manufacturer at 25°C), in a comparison:
DC stimuli provided with nominal current irradiates
nominal light flux. In case Pa is used with D set
to 0.5 and hence double instantaneous current level
is applied (keeping average current provided to the
device), total light flux is 82.8% of nominal while
power provided is 6.3% increased. Therefore, effi-
cacy (Im/W) is decreased by 22.1%. That is an static
analysis, neglecting any dynamic effect explained in
Section IV, and no increase in temperature of LED
junction is considered.

Either Pa or Pb schemes can be used to modulate
digital data to light intensity in a quite straight-
forward way, that is expected to be implemented
with simple hardware resources and high energy
conversion efficiency. However few discrete power
levels are not enough to implement some common
and more efficient data modulation techniques, for
example, Pulse Amplitude Modulation (PAM), Or-
thogonal Frequency Division (OFDM) or Frequency
Division Multiple Access (FDMA), wanted in high
capacity and robust communications.

It is possible the implementation of OFDM with
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discrete power levels in VLC. In a study performed
by [56], the author showed that pronounced signal
penalties occur in signal quality when a low number
of levels is used. According to [57] PAM can also be
implemented using discrete power levels following
the spatial summing principle, but it suffers from
distortion among power steps (resulting from mis-
match in LED array elements) that may be mitigated
by using specialized modulation techniques.

Using a combination of parallel binary switches,
reference [58] shows a methodology to equalize
average current better at all branches despite the
mismatch between LED devices, which can be a
problem with small number of LEDs in each branch.
Though [59] shows that passive self equalization
of parallel branches with higher number of LEDs
allows a good match without the need for extra
current-balancing circuitry.

Pattern Pc in Figure 7 is a more sophisticated
example, that is a typical OFDM signal sample. It
is characterized by an analog power signal produced
by the modulator as a continuous waveform and
well defined bandwidth. This modulator should be
capable of synthesizing a signal with any current
level inside a defined range without high slew steps
(those would cause higher frequency harmonics).

It should be clarified that beyond the AC pattern,
there is a non-negative constraint in LED driving
current, because light has always a positive value in
LED device. Enough DC value should ensured, so
that signal clipping is prevented. If this condition is
not met, strong degradation of signal may occur[60].
The high PTA characteristic of such modulation
schemes like OFDM may be overcome by using
different LED arrangements or modified modulation
schemes [61][62][63][64]. However, neither of them
is able to reduce PTA to an irrelevant level.

Fortunately the Gaussian distribution of instan-
taneous values around average level in an OFDM
encoded signal, valid for number of frequencies
components (carriers) higher than 64 [62], results in
a lesser efficacy droop if compared to pattern Pa. For
example, using the LED presented in Figure 2, with
OFDM and 21 carriers, the signal standard deviation
is 27% related to the nominal LED current. This
results in an LED efficacy decrease of 8.1%. The
definition of these parameters was done accordingly
to reduce signal clipping probability in the example,
but no direct comparison among communication
merits is fair.

Best spectrum efficiency can be achieved using
patterns like Pc (see Figure 7), due to the well
confined spectrum of the generated signal (finite
spectrum of frequencies is synthesized due to ab-
sence of high slew steps). The bandwidth of light
instantaneous power is controlled accordingly to the
shape of this pattern, so in a communication shared
medium this is better viewed and is an advantage
over previous exemplified patterns.

In order to generate such flexible signal, the mod-
ulator should have a power topology like a SMPS or
Linear Power Amplifiers (LPA, for instance A, B or
AB class amplifiers). One may object that a single
A class amplifier is able to deal with non-negative
signaling generation, but as it is stated in section
IV, due to LED dynamic behavior the converter
needs to sink current from output to allow faster
light fall time when frequencies near semiconductor
limitations need to be synthesized.

From the aforementioned modulator classes, some
may be suitable for only a specific application,
depending on the chosen data transmission tech-
nique, or can be applicable to different frequency
ranges. Due to narrow bandwidth or low efficiency
in power conversion, the choice of power converters’
configurations can admit more nonlinearity due to
the cost of global efficacy in illumination [65].
There follows a short review of some common and
possible circuit classes to be used as LED power
modulator, as well as specific considerations about
conversion efficiency are addressed.

B. Switched mode power supplies

Switched mode power supplies are a great con-
tribution that power electronics brought to a wide
set of consumer devices. Higher efficiency and low
volume power converters are feasible using mid-
to high-frequency switches. Usually LED drivers
take advantage of this characteristics to achieve a
compact and cheap design. Very high efficiency in
DC-DC power conversion is possible due to the
operating principle, non dissipative power handling
is done by reactive elements. This conversion rate
follows the switching frequency (Fs), compassing
energy convey.

As good energy conversion efficiency is possible,
this class of converters are suitable to be used
in steping up or down the voltage level from an
AC rectified source. Simultaneously it can perform
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power control, to ensure rejection of low frequency
components, and modulation for VLC propose at
higher frequency band.

The operation principle of SMPS implies that the
energy absorbed from the input and also delivered
to the output is not constant in time, but a pulsing
component is present. This pulsating power effect is
reduced by the use of an output filter that absorbs
and releases energy during each cycle. Depending
on the characteristic of the converter’s output, the
filter may be an inductor, a capacitor, as depicted in
Figure 8, or an arrangement of both.

Current source characteristic output converters
use an inductor as filter, a simple output filter is
shown in Figure 8a, the voltage applied to the
filter plus load set is a rectangular or triangular
pulsed voltage. On the other hand, voltage source
characteristic output converters use a capacitor as
filter, a simple output filter is shown in Figure
8b, pulsating current is applied to the set. Some
amount of this pulsed current is absorbed by the
capacitor reducing voltage ripple. Even though good
filter design is possible, the filter should be capable
of reducing the effect of the switching frequency
and keeping the constant DC component. The more
output filter is capable of reducing unwanted current
or voltage ripple, ensuring a low cutoff frequency,
the slower will be the output node dynamics when
this dynamic is required for intentional modulation.

Each square wave source shown in Figure 8 is
characterized by pulse intensity, frequency and duty
cycle. Pulse intensity is defined by converter’s input
voltage or current, and frequency is a design param-
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eter. The average control of output is possible by
definition of the duty cycle. However, this imposes
a frequency synthesis limitation in output. The dis-
crete time switching is responsible for limiting the
capability of changing output instantaneous value,
even though excess of power may be available
to allow a wide range of control action. Reactive
elements in the converters circuit represent inertia
to be overcome by the device during modulation.

Figure 9 illustrates actual SMPS output voltages
in two common converter circuit topologies, to-
gether with average value operating in open loop
(no control is applied). It presents the moment in
which a simple step is applied to switches driving
D parameter (Ta instant). It is clear to see the high
frequency components in output voltage signal of
these converters, this is already result of first order
filtering based on an inductor, and represents a clear
limitation in signal efficient modulation in this class
of converters.

A straightforward way to deal with this limitation
was validated by [66]. The authors use this con-
structive limitation in a buck converter to modulate
data in current ripple produced in converter’s output.
This is possible changing PWM phase at each
cycle accordingly to the data bit to be transmitted.
Also [67] explored this implementing Quadrature
Amplitude Modulation(QAM) using two-phase syn-
chronous buck converters that worked together to
transmit several bits at each symbol of ripple in its
output.

If the ripple is not used in order to provide useful
signaling, that may harm the communication signal,
for instance increasing bit error rate, like [68] and
[69] analyzed in buck topology SMPSs.

The synthesized frequencies are usually said to be
limited to 1/5 of the converter switching frequency
(Fs) in SMPS. Further research is required in this
direction until drivers are designed to operate at
both high modulation speeds and high efficiency
levels[10].

Power converters with boost operation principle
(which are boost, buck-boost, flyback and derived
topologies) operating in Continuous Conduction
Mode (CCM) have another limitation in output dy-
namics when the frequency domain transfer function
of the whole circuit is analyzed. The transfer func-
tion of these circuits has a positive zero in complex
plane, also called Right Half Plane Zero (RHPZ), the
result of such dynamics is that for abrupt changes
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(a) Buck converter transient response
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Fig. 9: Common SMPS output transient responses
to small step in D at instant Ta

in D will cause the output signal to first change in
opposite direction than final value will stabilize[70].
For example, when a positive step in D may cause
a negative transient in output voltage for a short
time, after that a positive step is accomplished, as
illustrated in Figure 9b just after Ta. In any close
loop control including this plant, an instability may
be triggered if control speed is set high.

The output of a SMPS may be controlled to
follow a defined reference of output voltage or
current (in average). This is interesting to the VLC
that this class or amplifier can draw either of the
time patterns shown in Figure 7 thus limiting the
dynamic range of reference that can be tracked by
the converter.

Considering that the LED plus converter filter
represents a large time constant, the output fall time
will limit severely the bandwidth of the synthesized
signal. A solution to this can be, as proposed by
[52], the use of a bidirectional power supply able
to sink current from output node without additional
energy loss.

Addressing the global efficiency of the SMPS,
it is necessary to assess losses in each component
of the circuit, that may be of major importance

determining other efficacy bottleneck. A model to
losses in a buck converter is presented in [71], which
includes switches (diode and MOSFET), inductor
and capacitor static losses, considering low fre-
quency modulation. A complete implementation of a
single stage buck LED driver plus binary switching
modulator has been demonstrated by [42] with peak
efficiency of 88.6% for a 5.8 W driver.

C. LED binary switching

From constant voltage or current source it is
possible the realization of a VLC modulator by devi-
ating or interrupting the instantaneous LED current.
The power control method described here is not
suitable for adjusting current or voltage levels, but
only the average level is subjected to control.

The term Binary switching of LED power is used
due to the discrete switching of a power supply (or
a group of sources). It is usually implemented in
an arrangement of semiconductor devices so that at
least two levels of current can be applied according
to modulation stimuli. Some options of simple two
level binary switching modulators are shown in
Figure 10.

A couple of advantages arise from the use of these
structures, mainly the simplicity of implementation.
With full control of switch state and current direct
feed to LED (no reactive elements in the path) they
can reach good efficiency in energy processing. Fast
modulation of current stimuli is possible[42][72].
Modulation circuits of this kind realized with largely
available commercial (and cheap) semiconductor
switches can easily reach frequencies exceeding
those LED limitations described in Section IV.

Moreover, with the degrees of freedom in LED
actuation in VLC, it is possible to implement dim-
ming directly selecting D ratio (average control) and
simultaneously applying a modulation like VPPM
using data to be transmited[19][72][42][73]. But
that is limited to the described in power control
methods PM or Bi-level. The definition of voltage
and current levels applied to LED depend on the
source Or on a previous power processing stage, as
well as operation points, affecting LED efficacy due
to DE. If voltage supply is used, according to the
current-to-voltage sensibility of LED, any regulation
will impact strongly on current and instantaneous
power intensity. On the other hand, current-source-
type converters are immune to this effect.



Analysis of LED current switching and light
power considering only effect of bandwidth limi-
tation due to RC effect in the circuit is possible by
using dynamic models presented in Figure 5. This
allows comparison among different binary switch
modulators performance.

Binary switch modulators may perform faster
than the LED due to this device’s characteristics,
a very simple PM using a semiconductor switch
presented in Figure 10a is feed in voltage mode.
During turn on stimuli a sharp light step is expected
(effect identified Pg,), as only Sa and the LED itself
resistances will affect the light power slew rate.
On the other hand, as the switch is turned off, a
longer transition time is expected as the LED will
slowly discharge itself, see shadowed area. Figure
10b shows a 2-switches modulator of same type,
eliminating the longer transition by operating Sb
in complementary phase. Using this circuit the RC
discharge of LED is faster, depending more on Sb
and less on LED RC constant.

A current fed PM is shown in Figure 10c. This
modulator is expected to have a slower transition
(shadowed area) only at Sa turn off, that is when
LED is turned on, due to LED capacitance charge
with I1, due to current mode supply. At light turn
off transition (Sa switches on) a faster transition is
ensured depending on Sa to discharge the LED only.

The circuits presented in Figures 10d and 10e
are Bi-level modulators and require two sources
each (voltage mode or current mode) and switches
to be implemented. Both circuits provide a DC
current level at the LED and modulates an extra
step according to data.

The voltage mode Bi-level modulator (Figure
10d) is expected to have fast transitions in both light
rise and fall, more limited by switches resistance
and less constraint to LED RC. On the other hand,
current mode Bi-level modulator (Figure 10e) shows
slow transitions in light rise and fall transitions
limited by LED capacitance charge time with 12 and
LED RC discharge, respectively. These limitations
may be overcome following circuit techniques to
speed up LED charge and discharge, as in [40]
already proposed to laser devices. But another class
of circuits may also be suitable as modulators, the
LPA, which are analyzed next.
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Fig. 10: Switches arranged as simple PM or Bi-level
modulators

D. Linear power amplifiers

Linear power amplifiers are commonly used in
RF or audio applications, in which the synthesized
signal has high frequency. In power conversion,
LPA are known to have low efficiency[74], when
compared to SMPS, and are mostly used in wide
bandwidth power regulators or low cost circuits.



40

In classical RF applications LPAs operate with a
DC bias current, over which is modulated an AC
signal to be amplified. This DC current presupposes
a low efficiency because it is not useful, only high
frequency is irradiated. In a VLC system, the same
DC current that is provided to the LED with su-
perimposed signal generates useful light[32]. Thus
this class of converter can be seen from another
perspective.

In the circuits presented below, the modulator can
also be understood as a controlled current source,
because load (LED) is directly connected to MOS-
FET drain terminals. On the other hand, in volt-
age mode (traditional) LPAs, the conversion from
current to voltage would be done by an impedance
(typically a resistor), that leads to a large power loss
in this case.

LPA continuous waveform generation, without
the restrictions of discrete power levels, or high
frequency ripple, is an interesting characteristic that
differs from other types of converters. Any sort of
modulation can be implemented with these current
levels that can be generated if enough bandwidth
is provided. All power patterns presented in Figure
7 can be synthesized. The bandwith of LPA is
limited only by semiconductors and the control
loop dynamics, no reactive elements are necessary.
However, it is common to be used in LPA output a
sort of filter (as a capacitor or inductor arrangement)
to reject high frequency load variation, reducing the
room of power needed to react or to ensure control
loop phase margin for any load condition. This is
not mandatory and the stability can be guaranteed
by the controller itself.

LPA does not suffer from frequency synthesis
limitation like SMPS due to the switching frequency.
Therefore, modulation may be implemented in a
separated frequency range from the control of output
DC level. This will not limit modulation frequency
to the control loop bandwidth since it will extend the
modulation frequency until close to semiconductors’
limit.

A simple class A LPA is schematized in Figure
11a. This is composed by a single MOSFET (M1)
that controls the current drained from the constant
voltage source (V1). The bias of M1 gate voltage
(Vas) modulates the channel resistance. According
to the LED and M1 resistance, the voltage of V1
is divided. Any other controlled semiconductor may
be used in place of the MOSFET chosen.

>
>

signal

Light Modulating

power

Tﬁne
(a) Class A amplifier (b) Class A amplified light signal
built with a mosfet

=  Pa/Pb  Pc
% A

m 2 \
22 !

o’ I I
= >
[ |

=

Sz .

- a | [
Time

(c) Class AB amplifier

(d) Class AB amplified light signal

Fig. 11: Linear Power Amplifiers in simple config-
urations

In usual LPA, M1 is biased with a constant current
kept even at no signal in output. When modulation is
applied, the output current at D terminal will change
to a higher value (sinking current from output node)
or lower one (sourcing current to output node),
providing RF or audio signals as AC part, which
leads to low efficiency. In a VLC application, as
stated previously, this current is useful to provide
light enabling efficiency of power converter to be
seen from another perspective.

The efficiency in power conversion in a class A
amplifier is mainly defined by two associated fac-
tors: voltage headroom and load V-I characteristic.
The voltage headroom refers to the minimum Vpg
necessary in M1 (between terminals D and S) to
keep it acting as a current source (approximated as
a transconductance between Vg and Ip for small
signal). The total loss in MOSFET operation is given
by VpsxIp power dissipation (W).

The LED load V-I characteristic (depicted as
AV and AI in Figure 2a) defines the amount of
necessary voltage headroom that allows the expected
excursion of current (A]) in the modulated current
without significant signal distortion due to non-
linear behavior. The possible operating points in a
class A LPA are depicted with circles in Figure 12.
In this figure, LED current is shown in dashed line



A Tj =25°C Ves=10V  Vgs=8V
~ .
< 4 Y
< 1500 \‘ -
2 1200 T
5 Ves=6V
£ 900 T e
o 600T . Ves=5V
s .
S 3001 -~ Ves=4V

T e e
0 2.0 4.0

Drain to Source voltage Vps(V)

- f f f f f
25

LED foward voltage (V)

Fig. 12: Biasing configuration of a LPA driving an
LED, LED forward voltage horizontally mirrored
from Figure 2a in dashed line.

and MOSFET current according to V¢ biasing lev-
els is shown in solid line. It is clear from this curves
that for Vg greater than 10V strong non-linearity
in current occurs, which is not the case when Vg
is in the range from 4V to 6 V. An increase in
voltage headroom would shift LED current curve
to the right, as pointed by the arrow.

High power MOSFET devices can usually operate
at lower Vpg voltages (lower Rpg in on state) thus
allowing lower VpgxIp losses. But this does not
ensure a more linear behavior and these devices even
suffer from larger parasitic capacitances that lead
to narrower converter’s bandwidth. It is important
to notice that the more inclined the slope of LED
IxV curve is (the lesser the LED equivalent Rpy is)
the smaller the voltage headroom (needed for safe
MOSFET operation for same A7) will be, leading
to smaller VpgxIp losses. It is known that power
LEDs, single chip or Parallel Chip on Board (COB)
arrangements, have lower Ry characteristic, which
is an advantage increasing class A converters’ ef-
ficiency. Reference [32] illustrates the extra power
necessary for LED driving using a class A LPA.
They found that power efficiency of the JIC (Joint II-
lumination and visible-light Communication) driver
can be above 90%.

Due to the concern on voltage headroom, which
causes lower efficiency, the implementation of dim-
ming using DC in LPA may not be the most in-
teresting approach. On the other hand, the use of
PM for dimming can be realized and allows the
definition of suitable point P1 and D to achieve good
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efficiency. This limits the time the modulation of
useful data can be generated (during P1 only, on
time) and generates unwanted modulation of light
while no data transmission (that would be avoided
in DC dimming).

A class AB amplifier has additional components
and functionality compared to class A because it is
able to sink current from output node according to
the provided modulation signal, Figure 11c shows a
sample circuit. In RF and audio application, it has
a higher efficiency in power conversion because it
can avoid a great constant current necessary in the
semiconductor device even with no signal at load.
MOSFET M2 sources and M1 sinks current from the
load, which depends directly on correct definition of
gates biasing.

In VLC application, current will be provided to
the load at most times (even during no modulation)
to provide average illumination. This is why the gain
of efficiency is not so relevant. But it is important to
define an advantage possible due to M1, when fast
switching is needed. As a consequence, the excess
of charge in LED junction can be quickly removed.

Commonly class AB amplifiers show a ’zero
cross’ distortion in output when modulation signal
approaches zero and is applied directly to M1 and
M2 gate terminals simultaneously. To avoid this
effect, a special scheme of gate control may be used
biasing M1 and M2 with Vg close to its threshold
or a control loop observing output voltage or current
can overcome the distortion band.

Dynamic behavior of instantaneous light power
for class A and AB LPAs respectively is shown
in Figures 11b and 11d. Both samples of power
pattern are provided as modulation signals. In Figure
11b it is clear that the light power will not follow
well the modulation signal due to long fall time
(defined by LED RC fall time). In case of class AB
amplifier, Figure 11d, the light instantaneous power
may not be so well followed when extremely high
harmonic components exist in modulation signal
(patters Pa/Pb) but for a finite bandwidth signal
(pattern Pc) it is suitable, no long fall time is
experienced.

Less common, but also possible and feasible,
would be a current feed LPA with current mode
output. This approach would require the main switch
to be positioned in parallel with LED (shunting an
amount of current from LED branch), leaving al-
ways a current headroom for correct operation. This
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would be the antagonistic to the voltage feed LPAs
shown in Figure 11, but it was left out intentionally
of discussion due to LED constant voltage behavior.
Thus the shunt current passing through the switch at
LED nominal voltage would cause an even higher
power loss and lower efficiency when compared to
voltage mode.

In Table I, a comparison summary is presented
among circuit classes for LED driving in main
aspects.

E. Multiple stages

A known practice on power conversion, in light-
ing and other applications, is the use of multiple
power processing stage for good adjustment of
resulting energy parameters. That allows relaxing
specification of each stage and further provides
degrees of freedom for the circuit designer to define
components (even components reuse is possible
in integrated stages)[75][76][77]. This enables the
reduction of the global price or volume of the
converter and may allow higher efficiency. This
section describes some configurations of conversion
stages that the authors found relevant and useful in
the scope of VLC for data modulation concerning
power conversion efficiency on LED driving. The
modulator stages already presented can also be
applied targeting normal power processing.

Series or parallel power processing can be per-
formed: the first may cause lower efficiency due to
double power processing and the second can present
advantages in this sense. Figure 13 shows both
structures. In the case of series arrangement, the
whole power passing through the circuit is processed
by the first stage to adjust some parameters and is
also reprocessed by the following stages to fulfill
specifications.

To avoid the reprocessing (targeting to reduce
components stress and losses), it may be useful to
reprocess only a small part of the power from former
stages. That is also known as reduced redundant
power processing (R2P?) principle [78]. The fine
adjustment of parameters can be done with a circuit
parallel to the load, as depicted in Figure 13b.
This circuit may have smaller components (due to
reduced stress), possibly an additional power supply,
and can perform with wider bandwidth to correct
parameters in generated current to completely fulfill
modulation purpose in VLC. That approach was
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Fig. 13: Converter stage arrangements

proven to be effective by [79] using two SMPS, the
efficiency of 90% was achieved in a 10 W LED
load.

Parallel arrangement may either have converters
DC coupled (both contribute to load DC current) or
AC coupled, as depicted in Figure 13c. In this case,
one of the stages (1) has full control of load average
current or power while the other (2) has only AC
contribution, being able to superimpose modulation
or a fast varying signal to reject unwanted ripple
residual of the first stage. This strategy is widely
adopted in RF circuits when one pursues better
efficiency in power conversion.

Recent research of [80] with same objectives,
pointing solutions for better efficiency in VLC
power conversion, brings a set of circuits that join
parallel and series stages. Similar findings about
requirements of bandwith and components stress
for each stage are also pointed out in our work,
presenting more general solutions.

The following sections bring considerations about
arrangements of power converters with two process-
ing stages, and analysis are focused on better fit to
VLC application.
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Power processing efficiency High

Voltage/current level adjust range No

LED driving method
steps

Spectrum efficiency Low

Modulation frequency High

Implementation Simple

PM or Binary, discrete

SMPS LPA
Depends on the LED Ry
High and voltage headroom
Small, compromises
High efficiency
Any method
Any method
Best
Good
High
Limited by converter Fg
Requires reactive May require heat sink
elements

TABLE I: Comparison among circuit classes used as LED power modulator

1) Binary switching and LPA: The circuit simi-
larity between a class A LPA and a simple binary
switch modulator from voltage source (one switch)
leads to the following analysis. As the same circuit
can have the switch controlled in alternating periods
as LPA or a binary switch better advantages of both
classes can be achieved. Dimming requires mini-
mum frequency of power signal in kHz range and
data modulation can be performed in a much higher
frequency, this may be one degree of freedom to
be explored. This approach does not require several
redundant components, but the correct definition of
operation mode according to the power control and
modulation requirements.

Modulation of data during on time of switch (us-
ing driving method PM) can be realized integrating
binary switching and LPA. Section V-D describes
this when dimming approaches. Furthermore, this
allows an extra degree of freedom on the definition
of P1 and D in order to maximize signal intensity
during transmission, while keeping the time off just
enough to ensure average light level. Figure 14
shows an example of alternated PM compared to
DC, both with superimposed modulation (at higher
frequency). Either of the pattern has equal average
light power and AC amplitude, therefore same volt-
age headroom necessary to correct LPA operation.
An LPA spends more energy to drive the LED with
pattern modulated over DC format. On the other
hand, in PM, less time slot to data modulation is
available and is dependent of D (average light level
is defined by DC level only).
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| |
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I

Modulating signal
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Time '
Fig. 14: PM or DC power control and simultaneous
modulation superimposed.

2) SMPS and binary switching modulator: One
major disadvantage of binary switching is exactly
the leak of instantaneous voltage or current level
adjustment. This will always be dependent directly
on the supply, which is susceptible to LED current-
to-voltage sensitivity. It great impacts in DE loss of
efficacy and allows the dimming of average light
level only changing D (even at no data modulation
periods). The present authors suggest that integrat-
ing a SMPS regulating voltage/current level and a
binary switching modulator would allow the simul-
taneous control of D, instantaneous voltage/current
level and a gain in efficiency can be achieved.
Furthermore, the binary switch modulator would
reach higher modulation frequency not possible with
only SMPS, while this would control average light
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level only.

A previous work from [42] proved the inte-
gration concept implementing a step-down SMPS
followed by a binary switch modulator. Reference
[81] showed a similar approach implementing a
step-down voltage converter with explicit control
of dimming and data modulation with separated
switches. A very similar approach that [82] imple-
ments the SMPS with an LLC resonant DC-DC
converter. But we suggest that exploring further the
space of possible combination of light power, D
ratio controlled via SMPS output voltage level and
binary switch modulator, it would be possible the
maximization of AC signaling amplitude and also
the minimization of DC current level at the LED
to reduce DE loss (performing a dynamic choice),
leading to an optimum light efficacy.

A known circuit type used in RF is an Envelope
Tracking slow SMPS [83][80] that supplies the
necessary voltage control according to modulated
signal. It is followed by a switching or linear stage to
perform base band modulation. This was proven to
be more energy efficient than other solutions using
only LPAs.

3) SMPS and LPA: The SMPS has limitations in
frequency of modulation due to its operation princi-
ple and reactive elements. On the other hand, great
modulation flexibility is possible in LPA application,
which is similar to the RF approach extensively pre-
sented in the literature[83][84]. These authors sug-
gest that a modulator built with a hybrid approach
can be suitable to VLC application. This compo-
sition of converters, a SMPS supplying adjusted
energy to an LPA, may handle better the waveform
synthesis task allowing a very fast modulation as
an LPA keeping a good global power efficiency
comparable to SMPS.

This would handle a great range of voltage adjust-
ment, which is not feasible with an LPA only due
to efficiency compromise. Furthermore, minimizing
the voltage headroom for correct operation of LPA
switch, with a dynamic adjustment of provided
voltage/current level to LPA, would reduce the av-
erage loss and benefit the converter efficiency. The
reduction of reactive elements in SMPS and the
rejection of its output inherited ripple would be an-
other possible benefit of LPA application. Reference
[32] presented a similar approach and suggested a
global efficiency of 90% for LPA and 96 to 98% for
SMPS can be reached considering only the losses in

the LPA during communication as originated from
VLC. Otherwise, the power control of LEDs would
be enabled in SMPS anyway. That is similar to the
efficiency demonstrated by [80] in a 20 W LED
drive with integrated VLC feature.

VI. DISCUSSION

From the presented analysis we find relevant to
highlight some aspects, specially to fill the gap
between energy conversion efficiency and LED ef-
ficacy. Both have same weight on the resulting lu-
minary Im/W efficacy, but few works found joining
these approaches.

This section also brings some considerations join-
ing knowledge from different parts of this work that
the authors found relevant. Those can be contribu-
tions to define the drivers circuit more appropriated
in a VLC application.

A. Droop Effect in modulation process

Although binary switching modulation is known
to be energy efficient in LED driver implementation
(very simple). In case the when low duty cycle with
pulse modulation (or Pa pattern) is used the Droop
Effect compromises severely global efficacy for il-
lumination purpose. The decrease of efficacy can be
higher than the loss in the driver circuit. We realize
that by comparing example in Section V-A(decrease
of about 22.1% in efficacy) to measured loss of LED
drivers reported by several references (losses around
10% or less).

On the other hand, sophisticated time domain
patterns resulting from modulation, like Pc, may
harm driver circuit efficiency, due to requirements
applied in design. However, the resulting droop of
LED efficacy is expected to be much smaller, as
discussed in OFDM pattern example in Section V-A.

B. Low data rate VLC

Current SMPS have already mature design
methodologies and reach good price-to-efficiency.
Indeed, they dominate LED commercial illumina-
tion devices. This type of converters may be the
gateway to bring VLC to commercial applications.
Only minor design changes in the circuit are needed,
and good efficiency is kept. However, the limitations
in driver dynamics may be the bottleneck in system
bandwidth.



The LED efficacy can be a concern to this class of
illumination devices. Ensuring average illumination
at high efficacy levels can be accomplished by either
reducing modulation index (Pb patter for example)
or transmitting in short rounds (using only a small
fraction of time to send data, keeping DC in rest
of time). These circuits are suitable to low data
rate applications, for example: indoor localization
or vehicle-to-vehicle signaling.

C. High data rate VLC

According to the presented analysis, LPA circuits
are strong candidates to compose cheap and high
efficient VLC modulators. Voltage headroom is a
flexible parameter and its wider bandwidth is suit-
able for high speed communications. This class of
converters is already explored in literature, but the
space of solutions may allow the maximization of
global energy to light efficacy on LED driving.

This work focused on circuits and LED driving
from the power electronics point of view. Further
exploring HF specific power circuits may provide
a wider spectrum of possible solutions to VLC
driving, even though the proposed classification of
modulators include most of other circuits according
to specific characteristics of each one.

D. High frequency components generated by SMPS

In signal modulation using SMPS, the switching
frequency components are unavoidable and cannot
be completely filtered out. Those lead to higher PTA
current level. However, LED transfer function can
be used to impose additional attenuation to those
components, due to optical or electrical domain
effects, like those shown in Figure 4 inside regions
B and C.

The unavoidable high frequency components can
be made orthogonal to interest components. Then,
they can be efficiently removed by signal processing.
Orthogonality is already explored in OFDM to avoid
carriers interference. However, as SMPS Fs shall be
at least 5 times the frequency of the higher signal
component (due to limited frequency synthesis ca-
pability of these converters), the right choice of that
relationship can lead to minimum impact to signal
integrity.
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VII. CONCLUSION

According to the proposed explanation to LED
driving methods and review of VLC related litera-
ture, it is clear that light conversion efficacy is not
a concern in most works currently available in the
literature. But it is a consensus that extra energy is
spent when VLC is implemented in a lighting device
(driver losses and LED efficacy impact directly).
Furthermore, the design of LED drivers targeting il-
lumination is already challenging due to technology
limitations and even more complex when integrating
VLC feature.

The main concern, and constant focus of the
present work, was the LED driving. This was
thought as an easy summary of a wide literature
about application of VLC in this context. But it is
important to remember that the literature is much
wider and solutions dealing with other aspects like
minimization of capacitances, thermal management,
longer life time or high power factor for LED drivers
are available, and may be significant aspects to be
considered in a full VLC solution.

The presented classes of converters have partic-
ular characteristics that may or not be suitable in
specific VLC applications, but the integration of
more conversion stages brings numerous degrees of
freedom in circuit and system design. When effi-
ciency was taken into account dealing with circuit
design, we presented a couple of considerations and
analyses that may provide a safe way to define
system topology and initial parameters.
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A Review of Visible Light Communication

LLED Drivers

L. Teixeira, F. Loose, J. M. Alonso,

C. H. Barriquello, V. Alfonso Reguera, and M. A. Dalla Costa

Abstract

Visible light communication (VLC) has been a research trend topic for nearly the last ten years.
Some recent studies have highlighted the energy-communication trade-off that a VLC LED driver must
face in order to assure good energy efficiency and suitable information transmission to keep the status
of a green technology. Besides the limitations of the current LED technology, the selection and design
of the energy processing and modulation stage pose a major challenge to the implementation of these
systems. This paper presents a survey of VLC LED drivers by making a classification of the most
relevant published research existing in the literature from 2006 to 2019, including a detailed analysis of
most relevant implementation aspects. Among the different modulation schemes reviewed in this paper,
it was found that binary modulation schemes are the most common ones employed in these systems.
Additionally, switching converters stand out among the different converter topologies because they can
provide a good overall efficiency at high power levels, even though they cannot achieve as high data

rate as VLC drivers based on linear mode modulator.

Index Terms

Visible light communication (VLC), LED Drivers, Efficiency, [llumination, Data Rate, Digital

Communication.
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I. INTRODUCTION

Visible light communication (VLC) can be considered as a green technology [1] because it
can save energy by using the light for both lighting and communication purposes. To achieve
this goal, it must be assured that the communication functionality does not significantly degrade
the system efficacy compared to conventional LED luminaries. Energy focused solutions that
simultaneously address illumination aspects and communication concerns are called VLC LED
drivers [2]. The LED efficacy under VLC modulation and the selected electronic driver circuitry

are critical aspects for the system global efficiency [3], [4] .

A great number of different approaches of VLC LED drivers have been presented in the litera-
ture, which will be reviewed and classified in this paper. Previous works have only presented short
reviews or summaries of solutions for VLC drivers. For example, smart solutions were reviewed
in [1], [S]-[10]. However, neither of these papers presented a comprehensive classification of the
existing literature. There are several investigation approaches that concern the implementation of
a VLC LED driver, Fig. 1a systematises research in four distinct wide areas, namely: i) channel
and applications [48], [49], ii) codes and methods [50], iii) communication stack and integration
[51]-[53], and iv) hardware and methods. Among these, the hardware and methods concern
circuits, physical devices and its technologies. In this context, this paper aims at reviewing the

current solutions for energy conversion and data transmission in VLC applications.

The features concerning energy conversion and data transmission in a VLC LED driver are in
the physical layer in a communication stack using visible light as the media, these relations are
systematised in Fig. 1b. The implementation of light modulation depends on the LED current
control capability. Hence, in the figure, this function can be seen in the data transmission path in
which the studied circuits perform current modulation. This study includes also a general view
of the most relevant types of LED drivers used as power converters and as modulators. The main

focus is on organizing the available information to guide future works, identifying opportunities

DRAFT December 4, 2019



52

and exposing advantages and limitations of the presented solutions.

The references included in this survey were selected according to the following criteria:

1) Inclusion Criteria: Published works aiming at VLC applications that present circuits or test
electronic drivers in which the modulator type was clearly specified [2], [3], [S], [6], [8]-[47] .

2) Exclusion Criteria: i) References focused only on LED characterization [54]-[59], VLC
channel analysis [48], [60]-[66], receiver design [67]-[72] or modulation schemes [50], [71],
[73]-[77], without driver specification, and ii) proposed topologies without mathematical support

or without simulation or experimental results.

Ve ~N OS network stack
Research on visible light communication i
Channel Hardware § VLC network driver
©
and applications and methods ~
= % Error control coding
©
Codes [ LED technologies ] g MAC layer 2 ¥
and methods ¢ § Lighting control
[ Receiver circuits ] 5 peveer s £ ¥ ‘
- - B i &  Current modulation
Communication Energy conversion and = = * J
stack and integration transmitter circuits - %
z Visible light o LED
g J o
(a) Current work context on VLC research. (b) VLC communication stack based on [53].

Fig. 1. Research context and application in a communication stack.

There are some previous papers in the literature that have presented short reviews and sum-
maries about VLC LED drivers. In [1] two approaches for high efficient VLC drivers are
highlighted: 1) narrowband modulation, in the range of tens of kHz, applied to switching power
converters, which is costless in terms of component count, but only suitable for data rates of
hundreds of kbps, ii) wide band modulation, in the range of several MHz, which is costly due
to the necessity of additional circuitry, but which can achieve data rates of tens of Mbps. In [5],
11 implementation methods for modulation bandwidth (BW) improvement for LED drivers are
compared. Even though not all of them aim at VLC applications, the strategies which can be

highlighted are carrier sweep out, pre-equalization, and post-equalization. Contemporaneously,
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[6] compares two different strategies applied to a buck converter used as an LED driver: average
current control and binary current shunting. The paper concludes that the former strategy is
preferable from the efficiency point-of-view. Additionally, [7] presents a short introduction

concerning the ac-dc stage and current regulation roles in VLC LED drivers.

A more recently published paper [8] presents an extensive review of possible solutions for
VLC drivers, most of them based on the split of the power, or on hybrid topologies using both
linear and switching converters. In [10], [37] several solutions based on the split of the power
are presented, which use two circuits in order to achieve a wide modulation BW while keeping
good energy efficiency. For this purpose, the two converters are connected so that each of them
provides a part of the output voltage. Another reference introduces 4 solutions to implement a
full ac-dc VLC LED driver [9]: i) average current control, ii) LED series switch, iii) constant dc
bias plus ac-coupled power amplifier, and iv) a novel inductorless topology, which is the solution
proposed in the paper. Finally, another review on VLC drivers is presented in [39]. However,
the main focus of this paper is on losses evaluation of series and linear modulators operating

under different modulation strategies.

This is an improved version of a previous work [78] in which new information related to
modulation schemes, circuit topologies, full converter drivers, application specific integrated
circuits, modulation factor and modulation amplitude have been included. Furthermore, this

survey was updated with the most recently published works.

This work is organized as follows. First, an overview of modulation strategies commonly used
for VLC is presented in Section II. Second, the structure of a VLC LED driver is presented in
Section III. Third, the proposed topology classification is described in Section IV. Fourth, the
state of the art of VLC LED drivers including the most relevant performance figures is presented

in Section V. Finally, Section VI summarizes the conclusions of this review.
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II. MODULATION STRATEGIES FOR VLC APPLICATIONS

In a VLC application, the communication signal is carried by the LED irradiated light. It is
unipolar because the light is modulated in intensity, therefore the common passband modulation
schemes can only be used with a superimposed dc level. Most literature assumes that the light
intensity of an LED is proportional to its current, both of them keeping the same waveform
because of the quasi-linear relationship between them [79]. For VLC, the average light level
is used to provide the visual perception, in which the communication signal must not take
part. For this purpose, the communication signal must be allocated in a band free of harmful
flicker effects, known as flicker-safe band [80], [81]. In this review, from a communication
perspective, bandwidth, bit load (number of bits transmitted per symbol) and spectral efficiency
will be addressed. The selection of the modulation strategy represents a very important aspect
of the VLC system since it defines the features and possible topologies of the modulator. Fig. 2
illustrates the waveforms of the most common VLC modulation schemes, which can be classified

as follows:

1) Baseband Modulation: it is based on using predefined sets of pulse shapes, usually rect-
angular pulses, which are also known as line codes. Examples include binary pulse modulation
schemes as on-off keying (OOK), variable pulse-position modulation (VPPM), 2-level pulse
amplitude modulation (PAM), and multiple level PAM, as for example 4-level PAM and 8-
level PAM. Manchester is a line code that in VLC has no components at low frequencies other
than the dc; it ensures no flicker if a high enough carrier frequency is thus selected. However,
the other line codes, since the corresponding spectrum of the signal is dependent on the pulse
harmonic components and symbol change rate, cannot ensure a flicker-safe communication in
VLC. Hence, to avoid harmful flicker, an encoding method before the line code generation must
be implemented, e. g., 4B6B, 8B10B or other run-length limited codes [50]. Other strategies to

compensate the average light level and avoid flicker can be implemented in the time interval
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between frames (inter-frame) [82]. However, these line codes and inter-frame strategies also

affect the bandwidth to data rate trade-off, harming the overall communication performance.

2) Passband Modulation: this modulation scheme is generated by shifting the frequency of a
baseband signal into a higher band. In VLC, common passband schemes shall be modified for
unipolar signaling or shall be biased with enough dc level to avoid negative signal value. One or
more carriers can be used in the modulated signal, known as single carrier modulation scheme
(SCM) or multiple carrier modulation scheme (MCM), respectively. Examples of SCM are phase-
shift keying (PSK), frequency-shift keying (FSK) and quadrature amplitude modulation (QAM).
Examples of MCM are discrete multitone (DMT) and orthogonal frequency-division multiplexing
(OFDM). Several different OFDM schemes are used in VLC because of the non-negative sig-
nal restriction, for example, Direct Current-Offset OFDM (DCO-OFDM) [83], Asymmetrically
Clipped Optical OFDM (ACO-OFDM) [84], Flip-OFDM [85] and Unipolar OFDM (U-OFDM)

[86].

Binary pulse modulation schemes can be implemented by simply interrupting or shunting
the LED current. They produce baseband signals, which can be generated by very simple
circuits. Therefore, their frequency spectrum includes less signal power inside the essential
bandwidth when compared to other more complex modulation schemes. Particularly, phosphor-
covered white LEDs exhibit a characteristic cutoff frequency around 3 MHz, which limits signal
bandwidth and data rate in VLC applications [11] if no equalization or pre-emphasis is applied. In
this sense, modulation schemes with a narrower spectral power distribution take more advantage

of this technology.

In Fig. 2, the prefix of the modulation names (M) represents the number of the different
symbols provided by the scheme. Therefore, the bit load of this modulation can be calculated as
logo(M) bit/symbol. Another important parameter is the modulation spectral efficiency, measured

in bps/Hz, which is defined as the quotient between the modulation data rate and its bandwidth.
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Further VLC modulation schemes, including dimming strategies and other multi-carrier modu-

lation schemes can be found in [49], [50], [87].
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Fig. 2. VLC modulation waveforms.

The modulation factor () is used in order to compare the solutions of the literature considering
the LED current modulation capability. In this case, the LED ac rms current (ing_,,ms), that is
equal to the current standard deviation for a great number of samples, is used to represent the
amplitude of the communication signal in a more general fashion than only peak or peak-to-
peak measurement. Therefore, using the average LED current (/;zp), the modulation factor is
calculated according to v = z'ng_rms /Ipgp for all the modulation schemes. Because the light
is considered reasonably proportional to LED current, the modulation factor is the ratio between
useful communication signal intensity and average light irradiated by an LED used for VLC.

The analysis using the modulation factor allows for a fair comparison among the communica-
tion capability of the published works focusing on the signal amplitude owing to its simplicity,
although aspects like LED impedance and average output power are not considered. Also, this

performance can be extrapolated to estimate the possible operating distance through channel

models [48] and the achievable data rate through specific modulation models [88], [89].
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III. VLC DRIVER STRUCTURE

The block diagram of a VLC LED driver is illustrated in Fig. 3. As can be seen, it is made

up by the three following stages:

by b
{>PFC®PC¢

Vin

_m_
W)

Fig. 3. VLC LED driver structure.

1) Power Factor Correction (PFC) Stage: This first block rectifies the ac grid voltage while
assuring a low distortion of the current drained from the grid in order to satisfy energy quality
standards. This requirement is very restrictive in illumination devices with power above 5 W
[90], [91].

2) Power Control (PC): This block is used to generate a regulated dc voltage or current to
supply the LED at its nominal operating point. Moreover, dimming may be accomplished by
this block. This converter must be able to regulate the output voltage of the PFC stage, filtering
any residual low frequency ripple.

3) Modulator for Communication (MC): This is the extra block that adds the VLC function-
ality to a conventional LED driver. It is dedicated to generate the VLC LED stimuli, which can
be obtained by a voltage or current shaping process. The circuit topology of this block is defined
according to the type of modulation and bandwidth requirements, among other aspects like cost,
circuit complexity, efficiency, etc.

However, not all these blocks are required in every VLC system. For example, a battery-

operated LED driver will omit the PFC stage. Likewise, the separation among circuit blocks
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is not mandatory, e.g. integrated power stages may perform two functions simultaneously in a
single stage [92].

The following solutions can be found in the literature: i) full converter (FC), which is the
solution including all features corresponding to the three power processing blocks, as illustrated
in Fig. 3, ii) dc-supplied converter (DCS), which includes only the PC and MC stages, iii) simple
modulator (SM) driver, which implements only the MC stage.

FCs are very relevant in VLC applications because they include all stages to supply the LED
from the ac grid, which usually ranges from 85 to 240 V,,,s. They can be applied as stand-alone
solutions powered from the mains. Moreover, due to the requirements of the drivers, additional
complexity and lower efficacy compared to DCS or SM are to be expected. Therefore, because
of their relevance, FCs will be more specifically addressed in Section V-G.

Finally, each of the VLC driver building blocks shown in this section can be implemented
using a wide sort of different circuit topologies. Next section presents the proposed classification

of these circuit topologies.

IV. MODULATOR TYPES

In this section, a classification of the different modulators is presented. This classification will
be used in Section V to sort the works published in the literature and to explore their most

relevant features. Four types of circuits are defined according to their operating principles:

A. Linear Mode Modulator (LMM)

These topologies are based on transistors operating within their linear region. Common types
are class A, B, AB and C amplifiers [93]. Particularly, class C amplifiers can also be used as
narrowband amplifiers. Thus, they operate based on a dissipative principle because there is a
considerable voltage across the transistors power terminals simultaneously to the main current

flow in order to keep the expected operating point. Therefore, the energy efficiency of this class
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of modulator is usually lower than the efficiency achieved by other modulator types. This type

of circuit is also used as radio frequency (RF) amplifiers in wide bandwidth applications.

B. Switching Mode Modulator (SMM)

These converters are based on transistors operating in saturation or cut-off regions to generate
a square waveform that is afterward applied to an LC band-pass filter [93] or low-pass filter
[94]. The band-pass-filter based modulators, class C circuits for example, are mostly employed
as modulator in radio frequency communications owing to their high energy efficiency. However,
those are not common in VLC applications because the LED requires a constant bias current. In
this sense, the low-pass filter-based modulator fits better for this application because it provides
the constant bias current together with the current modulation capability. The low-pass-filter
based modulator is designed so that it allows the communication signal to be applied to the
LED while attenuating the higher switching frequency harmonics. Its operating principle provides
higher efficiency because both conduction and switching losses are low.

The switching frequency (FYs), together with the amount of ripple allowed in the output current,
defines the filter characteristics. Usually, most common filter choices are first [30] or second-
order [2], but higher orders are also possible by increasing the number of passive elements
[10]. Thus, the choice of Fls directly affects the filter passband bandwidth while the dc level is
employed to provide the average illumination. SMMs can be operated in two different ways:

1) Average Current Control: It consists of shaping the LED average current by modulating
the duty cycle (D) [6], [8], [24], [38] to track a low-frequency reference whose harmonic content
remains within the filter passband.

2) Ripple Modulation (RM): It takes advantage of the converter inherent residual frequency
content that remains after filtering [2], [18], [36], [41], [47]. This can be implemented either
by controlling the frequency [18] or the phase (¢) [2], [36], [41], [47] of the switching signal

according to the information to be transmitted. Hence, this scheme allows the signal band to
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exceed the filter bandwidth. However, in this case, the resulting signal shape is directly dependent

on the filter parameters.

C. Series Switch Modulator (SSM)

This modulator is based on turning on and off the LED by using a series switch. This
circuit cannot control the instantaneous current level, which is generated by the previous dc-
dc conversion stage. As an actuator, a single transistor, e.g. a BJT or MOSFET, is usually
employed. This type of modulator differs from LMM in that there is no transistor bias current
to operate the transistor in linear region. On the contrary, the transistor is operated in cut-off
and saturation regions, as an open and closed switch respectively. Therefore, this circuit is only
able to generate rectangular pulses, which reduces the possible signal modulation space. An
alternative implementation of this circuit consists of using one additional switch to sweep out
the remaining electrical carriers from the LED P-N junction during the turn-off process. This

decreases the turn-off time and helps in enlarging the modulation bandwidth [5], [16].

D. Parallel Switch Modulator (PSM)

This modulator is based on supplying the LED by a constant current source, which can be
shunted by a switch connected in parallel with the LED. When the switch is turned on, the
current through the LED is interrupted. Therefore, it can reproduce binary pulse modulation
schemes that require only on and off levels. Therefore, similar modulation schemes as in the
case of the SSM can be implemented. However, this solution presents lower efficiency due to

the power losses in the switch during shunting [6].

E. Possible modulation schemes

The previously presented modulator types have specific limitations regarding the modulation
schemes that can be generated. Table 1 depicts the modulator types with the corresponding

possible modulation schemes.
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TABLE I

MODULATOR TYPES WITH POSSIBLE MODULATION SCHEMES.

Modulation scheme
Modulator type Baseband Passband
Binary pulse Multiple-level Multiple
Single carrier ©
based ? pulse based ° carrier ¢
LMM X X X X
SMM X X X X
SSM X ¢
PSM X ¢

2 Examples: OOK, VPPM, PWM.

b Example: M-PAM.

¢ Examples: dc-biased ASK, PSK and QAM.

d Examples: DCO-OFDM, ACO-OFDM, Flip-OFDM, U-OFDM, dc-biased
DMT.

¢ One of the light levels is zero, therefore the signal amplitude is associated

with the average signal value.

FE. Typical converter types behavior

A summary containing circuit examples, time domain waveforms and spectrum of generated
signals for each modulator type is presented in Table II. In this table, the same modulation strategy
was illustrated for all modulator types. In this representations, symbol frequency (Fsy 5s), symbol
period (Tsy ), switching frequency (Fs) and switching period (7Tsy ) have the only purpose
of correlating time and frequency domain representations. This is meant as a general view of the
modulators behavior and resulting signal, a deeper analyze concerning other aspects is presented

in next section.
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V. REVIEW OF VLC LED DRIVERS

In order to compare the performance of the different solutions investigated in this review,
commercial performance metrics used for conventional lighting are used as reference levels
[95]. These levels are employed when comparing power and efficiency ratings. Similarly, the
data rate used in common applications for audio and video streaming are also used as reference
[96]. However, some of the publications do not provide information on these specific metrics

and therefore they could not be included in the comparison.
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In this review, the VLC drivers are classified following 4 key aspects that are present in any
analyses, namely: i) power level, ii) energy efficiency, iii) data rate and iv) circuit type, as is
summarized in Fig. 4. Those aspects comprehend the lighting, the application in communications
and the implementation of the modulators for VLC. Also, Fig. 4 lists some highlighted topics
focused on specific sections. The structure of the review can be summarized as follows:

1) Chronology of Publications: Section V-A explores the VLC LED drivers that have been
proposed in the last 13 years classified by modulator types.

2) Modulation Schemes: The modulation plays an important role in the VLC system design

because the choice of the driver topology is directly determined by the modulation to be
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implemented. The types of modulations reported in the surveyed literature are analyzed in Section

V-B.

3) Monolithic Integrated Circuit Solutions: Many authors have proposed to implement VLC
LED drivers into application specific integrated circuits (ASICs). This represents an interesting

trend nowadays and therefore it will be studied in Section V-C.

4) Power Rating: The power rating is a key feature of the VLC LED driver taking into
account that their main objective is to provide lighting. Thus, this aspect is analyzed in Section

V-D.

5) Energy efficiency: Even though luminous efficacy is a key feature of any LED driver, most
of the publications found in the literature do not provide this information. Therefore, electrical

efficiency has been considered in this study, as will be presented in Section V-E.

6) Circuit Topologies: One of the most relevant objectives of this work is to explore the
different circuit topologies proposed in the literature, which will be classified and studied in

Section V-F.

7) Full Converters: FCs are very relevant because they include all the necessary stages to
implement the VLC LED driver from the grid. Also, since they all share similar features and

requirements, they will be specifically analyzed in Section V-G.

8) Modulation factor: In Section V-H the modulation factor is used to compare the solutions of
the reviewed literature. The amplitude of modulated current is represented, which is proportional
to the communication signal amplitude, in order to provide a fair comparison regarding the

modulation capability of each solution.

Finally, in Section V-1, a summary of VLC modulator types and features is provided to help

on the selection of suitable circuits for VLC application.
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A. Publication Chronology

Fig. 5 depicts the accumulated number of publications of each year from 2008 to 2019
classified according to the modulator type. Those publications that presented more than one
modulator type were considered multiple times. This is the reason why the total accumulated
number of publication in 2019 (49) exceeds the number of references included in this review

(44).
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Fig. 5.  Accumulated number of publications on VLC drivers.

The first conclusion based on this data is that LMM-based converters head the number of
published works. However, it can be seen that SMMs have experienced a great increase since
2016, overcoming the number of published works based on SSM in 2018. A second conclusion
is that the research about VLC trends to the same circuit types as used in conventional LED
drivers, most of them based on SMM [97]. This suggests that such design trend is motivated by
the fact that designers are pursuing higher efficiency and lower circuit complexity, both of them

attainable by reducing the number of power processing stages.
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TABLE III
NUMBER OF PUBLICATIONS ACCORDING TO MODULATION BAND AND MODULATOR TYPE.

Circuit type

Modulation band | LMM | SMM | SSM | PSM | Total
Baseband 12 3 12 4 27
Passband 8 11 0 0 19

Both 2 0 0 0 2

B. Modulation Schemes

Table III shows the number of publications according to modulator types and modulation band.
As can be seen, the greater number of publications corresponds to baseband implementations,
even though these schemes are more likely to generate harmful flicker. Table IV gathers the
number of publications according to the modulation schemes and modulator type. As can be
seen, the binary pulse modulation schemes are very often reported [3], [5], [6], [9], [11]-[13],
[15]-[17], [19]-[23], [25], [26], [28], [30], [32], [35], [38], [43], [45]. The popularity of these

modulation schemes can be explained by two main reasons:

o They can be implemented with simple solutions as SSM or PSM, but also with more
complex modulators as LMM or SMM.

o Important standards such as IEEE 802.15.7 [82], JEITA CP-1221, CP-1222 and CP-1223
from Japan Electronics and Information Technology Industries Association (JEITA) [98],
which are based on binary modulation schemes, are very frequently referred in the literature

as a requirement of the proposed solutions.

Although multi-carrier modulations are very commonly used in wireless communications,
they appear in a smaller number of publications, either under OFDM [10], [27], [29], [31],
[37], [39], [39], [42], [44], [47] or under DTM [14], [40] schemes. Usually, research works
less focused on VLC LED drivers address these modulation schemes, especially OFDM, as

promising for VLC applications [7]. Additionally, even though LMMs are able to generate
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TABLE 1V
NUMBER OF PUBLICATIONS ACCORDING TO THE MODULATION SCHEMES AND MODULATOR TYPE.

Circuit type
Modulation scheme | LMM | SMM | SSM | PSM | Total
binary
2 OOK 8 1 9 2 | 20
S VPPM 1 4 11
Q Manchester 1 1 1 1 4
2| Multiple-level
PAM 4 0 0 0 4
Single-carrier
3 QAM 1 3 0 0 4
§ PSK 1 0 0 6
5 FSK 0 1 0 0 1
‘2| Multi-carrier
S OFDM 0 0 10
DMT 1 1 0 0 2

highly complex modulations, such as OFDM and DMT, most of the works in the literature
do not take advantage of this capability; they usually employ these circuits to generate less
spectral-efficient binary pulse modulations. In this sense, the reported LMM-based solutions
could achieve a much higher data rate while keeping the same bandwidth, if more complex
and more bandwidth-efficient modulation schemes were used. It is very likely that the optical
communication standards IEEE 802.11bb [99] (OFDM), IEEE 802.15.13 [100] (OFDM) and
IEEE 802.15.7m [101] (OFDM and DMT) that are expected to be released in the near future
will include these bandwidth-efficient schemes.

Finally, it must be noted that in Table III and Table IV only those publications that clearly

reported the information about modulation schemes were considered [2], [3], [5], [6], [9]-[47].

C. ASIC-based Drivers

ASIC-based VLC LED drivers [5], [9], [17], [17], [20], [22], [23], [26], [27], [30]-[32]

represent a more significant number of the solutions proposed in the surveyed literature compared
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to the number of drivers implemented using discrete general purpose components. In ASIC-
based solutions most of the system components are integrated in silicon, being the only external

components inductors and capacitors.
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Fig. 6. Comparison of data rates and power levels of ASIC-based and discrete drivers.

Fig. 6 presents power and data rate information of the surveyed solutions classified according
to ASIC technology node. Also, discrete circuit solutions are shown for comparison. As can
be seen, ASIC-based VLC LED drivers have data rates from 10 kbps [23] to 120 Mbps [27].
Additionally, the maximum power rating of ASIC-based solutions is 8 W [9], [32], which is
only suitable for indoor applications. The ASIC semiconductor technology nodes range from
0.18 to 0.5 um complementary metal-oxide-semiconductor (CMOS) processes, some of them
using Bipolar-CMOS-DMOS or high-voltage (HV) CMOS technologies.

ASIC-based solutions are often designed for high performance, low power consumption and
scalability for production. However, as can be seen in Fig. 6, taking into account power and
data rate performances, none of the solutions implemented in ASIC differs significantly from the

discrete ones. Among the ASIC-based solutions, [26] and [17] join two separated converters in
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the same ASIC; they use a switching mode converter as the first stage and a dedicated modulator
as the second stage.

Nevertheless, ASIC-based solutions have proven to be a feasible possibility to integrate VLC
LED drivers into single monolithic circuits, including all necessary stages for power conversion
and signal processing. Furthermore, complex circuit topologies that would require a great num-
ber of circuit components, as in [9], can be implemented into elegant ASIC-based solutions.
Additionally, it is well known that the wide adoption and price drop of digital technologies
such as audio players, graphics processing units and wireless communications, only happened
when ASIC-based devices reached the market. Likewise, integration into ASIC, together with

standardization, should be the first steps towards VLC widespread deployment [102] [103].

D. Power Level

Fig. 7a depicts the output power rating (Prgp) and data rate of the reviewed solutions. As
can be seen, the drivers that occupy specific areas of the chart can be grouped in clusters, which
indicates that they have common characteristics, as illustrated by areas I and II in Fig. 7a. Cluster
I is characterized by the modulator type, while cluster II features both power rating and data
rate.

The line indicating 1080p HDTV stream data rate (20 Mbps) represents an important boundary
for cluster 1. On its right side, the higher data rate solutions are located, for which the LMM-
based drivers predominate. Additionally, in cluster I the lower power boundary is represented
by the decorative spot light (=1.0 W), which is the minimum power reference for practical
illumination. In this sense, this first cluster of solutions providing high data rates is formed only
by LMM [12], [14], [27], [28], [44].

On the other hand, as can be seen in Fig. 7a, the cluster II is defined by the area of data rate
lower than the 1080p HDTV stream (20 Mbps) and power rating from 4.2 W [15] up to 80 W

[21], [25]. In this cluster, SMM and SSM predominate, existing solutions suitable for most power

DRAFT December 4, 2019



70

10" Odtdoorluminairel‘ m21.25 | | E

11
(>8-OO-O|LT1)——7|————T—-|———-|———|—| —————
T8 5ft LED retrofltI [2,34,41], 143 | 1
o LEDero ™ ~ T *+ = 3‘61"*"""74]""
4 t retronl | [1 42] | +44
10'F (sooim) _ _ _, _ _ _ 148 Jias) gL _ 1 A
|

[ I
el 1 mis [2q|}|- o ta 932

< Decorative Spot | | | 11
- 17
E ol iom@am ey - b e
[}
z 1'(6.38] I L] i[28]
& I £ I & I
I ol I | e
ol §|‘22]| LID| [5]-<'r| I
= (11} [0}
-1 S S8 g,
10 o o 3 g &#[45] ]
[0] [
s ] & e & E SEeo
® swMm| &G 2 9 2 !5],_”5'7
B ssm| & sl = ol TITIg
102 =+« psm 3 = 8! 3'3'% E
: = [a) I - o< E
10° 10" 10° 10° 10"

Data rate (bps)
(a) Comparison of data rate and power levels according to modulator type.

1t i
| | | |
21,25] 4
= o B mogal ! butsoor(2s0w)
09r o T 1 3 W98 | Outdoor (50W) |
(B8 et 4;[4§]_'[§5]_ _ M7 ! Eompactindoor
~ 0.8} 111 U 130] ' T (swedzv)
2 | | | | - +[44]
= | | | -
= 07l | o | | o7 || |
§ (58] £ | <! [.,,] 0 IV
‘S I @l I Iy =0 1
5 0_6_%.[6] - E_%I 5l i
2 Ol =1 S| AL
I @, 31 Z S
2 o ° > =
05 £ 3 3 5! == TV Y
g =Y Tl 66
2 =R = z %(u'g ® SwMm
0.4 Suig] 2 = 8 3 %% B SSM ||
*  PSM
10 10° 10° 10"

Data rate (bps)

(b) Comparison of data rate and power efficiency according to modulator type.

Fig. 7. Power level and efficiency of VLC LED drivers.

rating applications. However, only a few SSM-based solutions [21], [25] can be highlighted as
having enough power rating for outdoor applications. Additionally, the SMM-based drivers are

the most common solutions for indoor applications in the range 800-2000 Im.
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E. Energy Efficiency

The energy efficiency is a key aspect in any LED driver. In this section, the energy efficiency
is calculated by the ratio between the LED average power and the input power of the complete
driver. Fig. 7b presents the efficiency and data rate classified accordingly to modulator types.

Two clusters can be identified, which are designated as III and IV in the figure.

As can be seen in Fig. 7b, cluster III is located in the area with data rate below 20 Mbps, which
corresponds to the 1080p HDTV streaming reference [3], [9], [10], [17], [21], [25], [26], [30],
[32], [35], [38], [41]-[43]. The solutions that have efficiency levels compatible with commercial
LED drivers, i. e. over 82%, are mostly based on SSM or SMM. All the converters in cluster
III present good efficiency, yet they exhibit low data rates. It is important to highlight that in
this group only [35] and [3] are FC.

Cluster IV groups the highest performance solutions in terms of data rate, which are 120 Mbps
[27] and 2 Gbps [44]. However, these solutions are based on the less-efficient LMM. Therefore,
compared to cluster III they present lower efficiency, which is even below the reference levels
for commercial lighting applications. Nevertheless, the data rates achieved by the solutions in
cluster IV are able to support HDTV and UHDTYV streamings. Among the solutions included in
this cluster, only [44] has all driver stages corresponding to a FC. The higher data rates achieved
by LMM based solutions were verified to be possible because of wider modulation bandwidth
and also owing to the use of high spectral efficient modulation schemes.

As a conclusion of this comparison, efficiency compatible to commercial LED drivers was
reported mostly by solutions based on SSM and SMM. Finally, another relevant conclusion is
that few PSM-based solutions are proposed, which even perform with efficiency similar or lower

than solutions based on SSM and SMM.
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FE. Circuit topologies

This section presents a description and comparison of circuit topologies presented in the
surveyed literature. Table V shows a summary of circuit topologies classified according to
modulator type, including power rating and efficiency. In the following, a complete description

according to the proposed classification is carried out.

1) SSM and PSM: Fig. 8 illustrates the structures of these modulators together with their
operating waveforms. In this type of modulators, the rise and fall times, Tk and T respectively,
are key parameters to define the maximum modulation bandwidth. These times are directly
related to the performance of the switches and the LED device. In the case of the SSM shown in
Fig. 8a the switch performance affects the rise time, while the LED performance defines the fall
time. Additionally, in the modulator shown in Fig. 8b both rise and fall times are only affected
by the performance of the switches, having the LED performance less influence on these times
[5], [16]. Therefore, owing to this improved performance, this type of modulator can operate

faster than the circuit shown in Fig. 8a.

A o
© | | : - 4] ON OFF ON :
3 w| ON | OFF [ ON | _ a1 orr Fon 1 oFf .
> ] | | > ]
+ o2 ~vi + =) ~vi (_
Vi <‘> Ssa ) % [ : Vi <‘> Sb SC T :
Jo f I 4 381 l |
£ I 2 £ | I
41; Time Time
(a) SSM modulator from voltage source, one switch (b) SSM modulator from voltage source, two switches for
[15], [17], [20]-[22], [25], [43]. charges sweep-out [5], [16].
AN ASSY ASSY
k | | | e
& [ _OFF - OFF ! s1 s2 sn
Ef 1 ~I1 | |
gl | [ O b L
£ |
‘ Time ‘ e
(c) PSM modulator from current source [3], [6], [35], (d) SSM modulator for inductorless VLC driver
[38]. [9], [32].

Fig. 8. Switches arranged as MC
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TABLE V
CIRCUIT TOPOLOGIES SUMMARY

Power | Efficiency
Ref. (W) (%) Circuit or topology
LMM
[11] - - Multi-ressonant equalization + buffer amplifier (BUF634T) + dc T-biased
[12] 1.5 - 16-channel multi-ressonant equalization + buffer amplifiers (BUF634T) + dc T-biased
[13] - - Custom-designed two-stage class-AB amplifier + dc T-biased
[14] 11.5 - RF linear driver (ZHL-6A) + dc T-biased
[23] - - Current-mode logic and pre-emphasis with extra parallel buffer
[26] 5.4 85 Boost + series biased MOSFET modulator
[27] 33 67 Current steering DAC, series biased MOSFETs as current sources
[28] 1.0 - Pre-emphasis circuit + emitter flower BJT stage + series biased MOSFET circuit
[29] - 90 Series biased BJT modulator
[31] - - Custom 4-channel current mode CMOS DAC
[39] - - Class A or AB + T-bias
[39] - - Series biased MOSFET
[44] 12.0 77 Low frequency transf. + rectifier + SEPIC + series biased BJT modulator with equalization
[45] 0.1 - Pre-distortion and equalization amplifiers (ZHL-6A-S+) + dc T-biased (ZFBT-4R2G+)
[46] 8.3 85 Ripple modulation with Class E amplifier assisted by linear class AB amplifier
SMM
[2][’45)4] ;;2 9_1 Synchronous buck
[6] 1.0 63
[38] 1.0 84 Buck
[40] - -
[8] 20.0 90
[24] 100.0 88 Two-phase buck
[37] 10.0 90
[10], [42] 10.1 91 Synchronous buck + two-phase synchronous buck
[18] 6.7 - Boost
[30] 4.6 81 Buck (GaN FETs)
E;% }(5)8 9_6 Two-phase synchronous buck
SSM
[5], [16] 0.3 - Series FET and parallel carrier sweep-out FET (GaAs FET)
[51 0.033 - Series MOSFET and parallel carrier sweep-out MOSFET implemented in 0.18-pymCMOS
[91, [32] 8.0 89 Rectifier with valley fill + switches in series with LED branches
[19] - - BIT emitter follower + pre-emphasis
Eg} 4;2 : Series switch unspecified modulator
Eg 0%5 8_5 Series MOSFET modulator
[21], [25] | 80.0 94 PFC rectifier + LLC switching converter + series MOSFET modulator
[43] 20.0 92 Buck-boost + series MOSFET modulator
PSM
[3] 5.8 89 Rectifier with valley fill + buck + parallel MOSFET modulator
[[368]] 18 2(6) Buck + parallel MOSFET modulator
[35] 6.9 85 Rectifier + buck-boost-buck + parallel MOSFET modulator
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In the case of the PSM the fall time is affected by the switch performance and the rise time
is mainly dependent on the LED characteristics.

Among these modulator types, the structures depicted in Fig. 8a and Fig. 8c are more com-
monly found in the literature.

A slightly different approach reported in [9], [32] implements an arrangement of 12 switches
and controlled current sources used as a VLC modulator, as shown in Fig. 8d. This solution
uses a front-end PFC stage based on a valley fill circuit. According to the authors, the converter
achieves a high PF and a smooth control of the LED currents. In addition, this solution provides
low flicker and avoids the use of inductors, thus making it possible to integrate most of the
circuitry in an ASIC.

2) LMM: The reported solutions using LMM employ a wide sort of circuit topologies. It is
clear to see in Table V that most of the solutions employ equalization [11], [12], [44], [45],
pre-emphasis [19], [28] or pre-distortion [45] strategies, which compensate the well-known LED
or other component dynamics to achieve a wider bandwidth. This is usually performed using
passive networks aided by active components [11], [12], [19], [28], [44], as illustrated in Fig.
9a as an example. They can also be realized using a delay chain [23], as presented in Fig. 9b.

Other solutions are based on using MOSFET current sources to control the LED current [27],
[31]. As an example, Fig. 9c depicts the structure that performs the digital-to-analogue conversion
(DAC) in the power circuit instead of in the signal processing stage. For this purpose, transistors
M; act as binary weighted current sources. Transistors M, and M; are cascode structures that
increase the modulator output impedance. This improves signal linearity by reducing current
distortion regardless of LED impedance. This circuit was implemented into an ASIC and reported
as suitable for high data rates (120 Mbps) achieving a reasonable power efficiency [27].

Fig. 10a shows a structure that is frequently reported as signal injector in LMM, which is the
dc T-biased coupler, also known as ac-couple circuit. A modulated signal (ac input) is summed

up to a dc current to build the LED stimuli current, so that the LMM does not process the dc
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(b) LMM pre-emphasis using a delay chain [23].

(c) LMM using current steering DAC topology [27].

Fig. 9. LMM related circuits (part 1).

current. Thus, better overall efficiency can be achieved because the dc part can be processed by
a separate converter.
Other alternative solutions to the dc T-biased coupler employ series biased BJT [29], [44]

or MOSFET [26], [28], [39] to implement the modulator. Fig. 10b shows an example based
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Fig. 10. LMM related circuits (part 2).

on a single series transistor, while in Fig. 10c a cascode structure is employed to increase the
output impedance of the current source, as in the DAC solution. However, in these solutions the
transistors have to operate in linear region processing all the dc current, which decreases the

modulator efficiency.

A hybrid solution presented by [46] employs as class E narrow-band SMM that is assisted by
a class AB LMM. The circuit used in this solution can be seen in Fig. 10d, it uses a T-biased
coupler in which most of the current modulation is performed by a class E amplifier (85%)
with some level of distortion due to the narrow band. Hence, the linear amplifier improves the
modulation reproduction fidelity by means of an additional contribution to light based on a

current feedback. The advantage of higher efficiency of SMM (81%) and the dc bias, which
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delivers 75% of the power, prevails over the lower LMM efficiency. Therefore the final solution

efficiency achieved 85% with SMM switching at 1IMHz and achieved 250kHz of modulation

bandwidth.

3) SMM: Most of the SMM-based solutions employ average current control previously pre-

sented in Section IV-B. As an example, [6] proposes a buck converter switching at 100 kHz

tracking a much slower signal of 10 kHz, as shown in Fig. 11a. In this case, the current through

the LED is composed of a dc component with a superposed square waveform communication

signal. Similarly, [30] presents a buck converter, operating at 10 MHz that can track a 1

MHz VPPM communication signal. Additionally, this converter can achieve a reasonable good

efficiency of 81 %.
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Fig. 11.
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with 4" order filter [10], [36], [47].

Topologies of SMM VLC modulators.
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A two-phase buck converter with 4™ order filter is reported in [24], as illustrated in Fig. 11c.
This converter operates at switching frequency of 10 MHz tracking a communication signal with
a harmonic content from dc up to 3.125 MHz. The proposed converter also achieves a very high
efficiency of up to 92 %. A similar converter is presented in [8].

Another solution [10] uses a structure based on a 10-MHz two-phase synchronous buck
modulator, as shown in Fig. 11d, and a synchronous buck converter switching at 250 kHz (not
shown in the figure). The latter processes most of the power, while the former is used to achieve
a wide modulation bandwidth. In this structure both converters process the same load current,
while splitting the output voltage between them, which is known as split-of-the-power strategy.
Indeed, the presented prototype is able to track a communication signal with components up to
3 MHz while keeping high efficiency (up to 93.6 %).

On the other hand, strategies based on ripple modulation have also been proposed. [18] presents
a boost converter, as shown in Fig. 11e, in which the switching frequency is modulated for data
encoding. Two switching frequencies, 40 kHz and 80 kHz, are used to transmit the binary digits.
Also, in other references the two-phase synchronous buck converter is proposed to implement
ripple modulation. In [36] this converter is used to generate a QAM modulated signal, while in
[47] multi-carrier modulation is implemented. Likewise, [2], [34], [41] explore the synchronous
buck topology to perform ripple PSK modulation. Additionally, [41] showed that the drop of

the system luminous efficacy due to VLC modulation was only 3 %.

G. Full Converter Drivers

Full converters were introduced in Section III as a complete solution to implement off-line
VLC LED drivers. Therefore, in this section the works that present FC solutions will be further
investigated. Table VI summarizes the main characteristics and performance of these works. In
this table, the number of controlled stages considers only the active ones because they greatly

increase the complexity of the system. Passive solutions are used as input stage in some cases;
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TABLE VI
MAIN CHARACTERISTICS AND PERFORMANCE OF FC VLC LED DRIVERS.

Ctrl. | Power | Power | Efficiency [ Data rate
Ref. | MC Type | stages | (W) | Factor (%) (bps) Description
[3] PSM 2 5.8 0.88 88.6 2-10° Rect. + valley fill + Buck + PSM
[9] PSM 1 8 0.904 89.2 8106 Rect. + valley fill + 12 parallel switches
[25] SSM 3 80 - 94 50 - 103 PFC rectifier + LLC converter + SSM
[35] PSM 2 6.9 - 85.2 2108 Rect. + PFC buck-boost-buck converter + PSM
[44] LMM 2 12 - 76.6 2-10° Line frequency transf. + rect. + SEPIC + LMM

however, they have a much lower impact on the complexity of the driver.

Most of the works present two separated controlled stages that accomplish all the required
functions corresponding to rectification/PFC, power control and modulation. The exception is
the solution that uses no inductors [9]. It employs a passive rectifier and valley fill PFC circuit
followed by only one controlled stage that performs both PC and MC functions. Owing to the
extra amount of controlled switches, 12 in this stage, extra degrees of freedom are available for
the generation of different LED current patterns. This allows the driver to simultaneously control
both average lighting level and shape the communication signal into the emitted light.

All the FC-based works present a power efficiency ranging from 85 % to 94 %. The only
work that presents an efficiency below 80% is the one that employs LMM [44]. However, this
work presents a much higher data rate compared to the others. As can be seen in the table,
there is a very strong opposite behavior between efficiency and data rate. As shown in Fig. 12,
when representing data rate (in logarithmic scale) versus efficiency, a clear linear relationship
is found, which highlights the strong trade-off between these two parameters. According to this
characteristic, every increasing point of efficiency (1%) corresponds to a decreasing of 1.75 times

in data rate.

H. Modulation factor

For the sake of simplicity and to allow for a comparison among different test scenarios

from the literature, in this section the analysis extends up to the LED driver output electrical
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Fig. 12. Efficiency and data rate from Table VI data with its linear regression.

terminals. When signal power is addressed, it refers to an extrapolation from the electrical
current provided to the LED. Therefore, it is only meant for a comparison among the reviewed
solutions considering similar LED emitter and open optical channel conditions. Fig. 13a depicts
the modulation factor calculated according to the average current from the literature. In the
analysis presented in this figure the higher is the modulation factor, the more the light dynamic
range is used for communication. Signal amplitude depends on the average light level and the
modulation factor, which in turn is limited according to the implemented modulation scheme.
Therefore, the achievable signal amplitude is not directly connected to the modulator topology,
however it defines the possible modulation schemes.

In Fig. 13a there are lines with same communication signal amplitude, which is represented by
ing_Tms. The diagonal bands, shown in gray in the figure, represent equivalent communication
signal power. For example, [5] and [12] achieved equivalent modulation capability in communi-
cation signal power because both are at the same amplitude level, in which if‘gD_Tms =0.02A.
Additionally, Fig. 13b presents energy efficiency according to the output current amplitude, thus

same communication signal amplitude correspond to vertical lines in this figure. In this sense,

[3], [26], [27], [30], [35], [38], [39], [41], [43], [47] achieved similar communication signal
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81

power, with if‘gD_Tms ~0.3A, regardless of the LED average current and with a wide range of

modulation indexes, which can be seen in Fig. 13a, and different modulation schemes. In the

analysis of the absolute values, [21], [25] reached the highest modulation amplitude (3.5 A)
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using a SSM, therefore y=1, and the second higher modulation amplitude is reported in [24],

which achieved 1.71A with v=0.4 using a SMM.

It is easy to see in Fig. 13a that all works implementing SSM or PSM based modulators
achieve modulation factor equals to 1. This happens because the binary modulation schemes
that can be generated by these modulators produce only zero and the peak current value. Also,
this modulation factor is the maximum possible when calculated considering the positive current
restriction inherit to the LED. However, not only SSM or PSM can perform these level of
modulation factor, also [39] and [26] used LMM to achieve modulation factor equals to 1 by
using binary pulse based modulation schemes. For other modulation schemes, their peak-to-
average value also constrains the maximum modulation factor that can be performed, whose
limits are depicted in Fig. 13a in horizontal dashed lines. Those are defined according to the
signal shape or according to the variance of the signal for OFDM scheme [40]. In this sense, [47]
and [44] used OFDM modulation schemes and reached a modulation factor close to its limit,
while [24] has lower modulation factor for the same scheme. All other works presented test data

using modulation factors below the maximum for the corresponding modulation scheme.

Finally, Fig. 13b clearly shows the effect of higher amplitude of output current in LMM, which
leads to lower energy efficiencies. Hence, most of LMM occupy only the left-most side of this
chart, which indicates lower signal amplitude levels. Owing to the different operation principles,
SMM and SSM have the higher efficiencies, however the higher signal power is poorly used in
low complexity modulations by SSM, see annotated corresponding spectral efficiency values in
the figure. Due to these facts, the right choice of modulator topologies to reach higher signal
power with higher energy efficiency is within SMMs. This result contrasts with data rate results
presented in Section V-E, in which LMM have clear superior performance. In this sense, better
use and exploration of higher complexity modulation schemes with SMM may bring further

advances in data rate with less energy efficiency penalty.
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1. Features summary

Table VII presents a summary of the features and surveyed literature data for each modulator
type. This contains the key aspects to select a VLC modulator type according to target lighting

power level, efficiency or modulation scheme to be implemented.

VI. CONCLUSIONS

The current study has presented an up-to-date review on the VLC LED drivers, highlighting
the most relevant facts and conclusions about the state of the art of this technology. First of all,
switching mode converters are identified as a trend among the VLC LED drivers. Additionally,
series switch and linear mode modulator circuits are also among the most frequent solutions in
the literature.

With regard to modulation, binary modulation schemes are the majority of the reported strate-
gies. Even though they achieve lower spectral efficiency than other strategies, their simplicity of
implementation make them the choice in most of the reported solutions. Another motivation of
the extensive use of binary modulation schemes is that they have already been adopted by some
VLC standards, as the IEEE 802.15.7 and JEITA CP-1221, CP-1222 and CP-1223. However,
the research on VLC LED drivers might soon change its focus to more complex modulation
schemes as new optical communication standards are expected to be released in a near future,
such as IEEE 802.11bb (using OFDM), IEEE 802.15.13 (using OFDM) and IEEE 802.15.7m
(using OFDM and DMT). Among the solutions integrated into ASICs, when considering power
and data rates, none of them exhibit improved performance compared with discrete solutions.

The linear mode modulator solutions presented a great variety of circuit topologies, which
have on average lower power levels and lower efficiencies when compared to other modulator
types. On the other hand, the buck and buck-derived modulators are the most frequent topologies
among switching mode modulators, which perform with high efficiencies but still with limited

data rates. Also, reasonable good efficiency was reported with series switch modulator circuits.
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However, they present limitations on the modulation schemes that can be reproduced. Moreover,
they require an intermediate stage to regulate the LED voltage, which makes the system more
complex. Additionally, most of the off-line solutions have two controlled power processing stages,
for which a strong trade-off between data rate and efficiency has been observed.

Finally, signal amplitude is connected to the modulator circuit type and to the energy efficiency
considering current modulator circuit topologies. Moreover, the low spectral efficiency of the used
modulation schemes points out that switching-mode-modulator based solutions have potential to
achieve higher data rate with little energy efficiency penalty. That can be accomplished by using
modulation schemes with higher spectral efficiency and taking advantage of the available signal
amplitude. Also, linear-mode-modulator based solutions achieved lower signal amplitude, even
so, they achieved higher data rates due to wider modulation bandwidth at the cost of lower

energy efficiency.
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Abstract—Visible Light Communication (VLC) is a promis-
ing application for short-range wireless digital communications,
presenting itself as a breakthrough for future lighting systems.
The use of Light Emitting Diodes (LEDs) as transmitters by
modulating their light intensity requires the correct design from
both illumination and communication perspectives. However, in
face of worldwide efforts for efficient energy consumption, the
modulation of light imposes an energy cost that VLC cannot
avoid. It has been shown that the modulation of light intensity
brings unavoidable extra power expense. Thus, this paper brings
a deeper analysis of the LED concerning its operating limits and
efficacy with joint illumination and VLC intended modulations.
The study uses a static photometrical, electrical and thermal
model of the LEDs, in order to perform an analytical analysis
regarding illumination and communication. Base modulation
strategies supported by the IEEE 802.15.7 standard (PHY I
and PHY II) were compared side-by-side with other classical
modulation schemes, such as PAM, PSK, FSK, QAM and OFDM,
from an energy conversion point of view. The results mark the
design space connecting a set of possible modulation schemes
with the desired average total light flux. This analysis guides the
selection of the modulation technique according to the available
power for a VLC system when efficacy is constrained. Moreover,
the results show that the thermal effects not only reduce LED
efficacy, but also constrict possible operating conditions regarding
VLC in terms of communication signal power.

Keywords—Energy conversion, Light emitting diodes, Visible
Light Communication.

I. INTRODUCTION

In recent years the mobile applications and continuous
growth of data rate has lead to a wide adoption of radio
frequency (RF) as a communication medium. Hence, inside the
available portion of the unlicensed spectrum, short-range tech-
nologies such as WLAN, ZigBee and Bluetooth are simultane-
ously disputing bandwidth among neighbor devices. Therefore,
in dense urban scenarios, such effect is leading to a crowded
RF spectrum, thus reducing the performance experienced by
the users. In this context, Visible Light Communication (VLC)
is presented as an alternative medium for wireless communi-
cations [1]. Moreover, it offers a series of advantages, such as
intrinsic network security, high spatial reuse and also existing
lighting infrastructure seamless adaptation [2].

The forward current of the LED modulates the instantaneous
light flux (¢(t)), while the average perceived level of the

flux (¢) is responsible for illumination intensity. In a scenario
employing VLC, the fast modulation of the light emitted
by the LEDs, imperceptible to human eyes, can be used to
carry digital information without harming the lighting function.
Furthermore, as a constraint, modulation of light shall be in
a frequency range that avoids flicker effects, which may harm
human health [3].

Literature shows that extra power is needed to reach the
same irradiated light flux in LED devices when intentional
modulation of light is performed [4][5][6]. A previous work
[7] already explored, in an energy efficiency perspective,
the behavior of the light-modulated LED. That study shows
the space of possible stimuli shapes and ranges to satisfy
communication metrics (available power for communication)
and the cost to the overall efficacy of the device. The analysis
of signal excursion over a typical LED shows the extra power
spent for driving same LED with binary modulation (2-PAM)
and continuous modulation (OFDM) [8]. Furthermore, extra
power necessary to drive an LED using OFDM or 2-PAM
modulation was estimated from the forward voltage curve [4],
also extra power spent in the energy processing circuit was
analysed. However, most of previous works were based on a
linearized LED electrical model.

Different results arise from calculating extra power spent
by light-modulated LEDs using more or less accurate models
[6]. Nonetheless, extra attention must be given to the operating
temperature of the device: the semiconductor radiating efficacy
drops severely with the increase of temperature, which will
also reduces lifespan and reliability [9][10]. Additionally, the
maximum current stimuli provided to the LED device shall be
limited for safe operating and lifespan. None of the aforemen-
tioned studies could address all those effects simultaneously.
Given these reasons, there is still an open research gap when
considering the space of possible modulation schemes applied
to the LED light, concerning their impact on illumination
aspects. Hence, based on the arguments aforementioned, this
paper is focused on the analysis of the luminous efficacy of the
LED (7, given in lumens per watt - Im/W) considering thermal
conditions and intentional modulation of light for VLC. It is
an extension of the previous work shown in [7].

This paper is organized as follows: Section II presents the
LED electrical to optical energy conversion and related issues.
Section III introduces aspects on modulation schemes for data
transmission. Section IV presents the chosen metrics used in
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Fig. 1: Characterization of the LED .[11]

the analysis, also the experimental procedures and modeling.
Section V presents simulation results and discussion. Finally,
section VI closes the text with the main conclusions.

II. ENERGY CONVERSION IN LEDS

Understanding the unique behavior of the LED load is
highly relevant to its efficient power driving. Fig. 1 presents
the LED basic electrical and optical characteristics. The char-
acteristic impedance of the LED is strongly dependent on
the operating temperature and semiconductor manufacturing
variability. Moreover, due to its sharp voltage to current
relation (low impedance after threshold is surpassed, see Fig.
la), it is normally driven with current mode or from current
controlled voltage supply.

In addition, another fundamental aspect on LEDs is seen in
Fig. 1b, which is related to the global light emission efficacy.
The curve flux vs. forward current is nonlinear, which is the
result of the so-called Droop Effect (DE) [12]. This efficiency
reduction is independent on the semiconductor temperature.

Additionally, the semiconductor operating temperature re-
duces the total irradiated light. As LED semiconductor temper-
ature rises, it decreases the LED forward voltage (defined by
the coefficient ky p, presented in Table I), therefore reducing
slightly its electrical power. However, this effect is weak when
compared to the derate in the total irradiated light flux, defined
by k4, see Table I. Given these reasons, an LED operating at
higher temperatures has lower luminous efficacy. This penalty
adds up with the decrease in global efficacy when the driver
performs any sort of intentional modulation of the LED current
[6].

Furthermore, the two main functions of light modulation are
dimming and data transmission. While the former controls the
average light level, the latter includes information by changing
instantaneous light flux. Dimming is a main feature required
to most electronic LED based luminaries. This function allows
flexible illumination conditions, increasing energy savings and
also enhancing user experience. Hence, previous researches
have already explored the consequences of the nonlinearities of
LEDs, presenting severall dimming methods to drive an LED

with a constant current source, regarding efficacy [13]. The
methods can be classified into three categories: PWM Mode
(PM), Amplitude Mode (AM) and Bilevel. These control meth-
ods are aimed to general illumination, but the same concerns
on efficiency are also addressed later to VLC. Modulation
strategies for dimming purposes were already deeply explored
[13] [14][15], but for communication there are still few efforts
reported. Therefore, next section describes some modulation
schemes used to communication.

III. MODULATION SCHEMES FOR COMMUNICATION

The choice of a particular modulation scheme deeply affects
the performance of communications, such as data rate and
power budget. The performance of the modulation depends
on the Signal-to-Noise power Ratio (SNR). Therefore, it is
possible to increase the data rate using extra signal power,
under the same channel noise conditions. Thus, in VLC, one
wants to design and maximize the level of irradiated power in
the modulating signal in order to increase the SNR, therefore
improving communication capacity [16][17], while keeping the
¢ constant for illumination purposes.

Moreover, modulation schemes capable of carrying several
bits per transmitted symbol increase data rate, taking advantage
of the available bandwidth and SNR. On the other hand,
simple modulations, that carry only few bits per symbol, have
less spectral efficiency, but require smaller values of SNR to
reach the same Bit Error Ratio (BER) [18]. The available
literature guided the selection of the modulation schemes for
VLC presented in this study. First, carrierless modulations are
addressed, followed by the carrier-based ones. The schemes
are given in terms of a current stimulus.

a) Pulse Amplitude Modulation (PAM): the information
is conveyed in discrete levels of the signal; 2, 4 or 8§ levels are
used; the rectangular pulses are generated at 100% duty cycle
(D) [4][19][20]. In this sense, the On-Off Keying (OOK), used
in IEEE 802.15.7 [21], is a particular case of 2-PAM.

b) Variable Pulse Position Modulation (VPPM): this
scheme uses rectangular pulses, and information is conveyed
into its position inside a symbol period [19][22]. VPPM allows
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dimming by regulating the duty cycle of the pulse. IEEE
801.15.7 defines 12 discrete duty cycle steps for this function
and recommends a 2-VPPM bit load.

The following carrier-based modulations are included in the
study:

¢) Phase Shift Keying (PSK) and Frequency Shift Keying
(FSK): in this case both modulation schemes use sinusoidal
carriers [19][23]. While using phase or frequency hops for
modulating data, the amplitude of the signal remains constant
for each symbol.

d) Quadrature Amplitude Modulation (QAM): using sinu-
soidal carrier, the possible combinations of phase and ampli-
tude are used to create a set of symbols for transmission, usu-
ally displayed in the form of constellation diagrams [19][24].

e) Orthogonal Frequency Division Multiplexing (OFDM):
it is a multi-carrier modulation technique that uses a set
of orthogonal sinusoidal signals independently modulated
[2][4][24]. Direct Current biased Optical OFDM (DCO-
OFDM) [25] was used.. The distribution of signal intensity
tends to a Gaussian shape, because of independent modulations
and the simultaneous presence of several carriers. Therefore,
it can be analyzed by the probability of the signal exceeding a
given threshold. Hence, the Complementary Cumulative Dis-
tribution Function (CCDF) is used to calculate this threshold
from the acceptable clipping probability [26]. In this sense,
signal power was limited in such a way that at most 0.2% of
samples are clipped.

In what follows, the analysis of further penalties in overall
efficacy of a lighting system with VLC will be based on the
above described.

A. Considerations on selecting the modulation strategy

First, the selection of the modulation scheme for VLC must
avoid flicker and consider dimming possibility. Second, among
the ones mentioned, PSK, FSK and 2-VPPM encoding ensure
no spectral content at lower frequencies, regardless of data.
Thus, they are naturally flicker free, if one correctly selects
the symbol period. On the other hand, OFDM, QAM and
PAM have variable amplitude excursion, which is dependent
on the data content and are affected by the nonlinear relation
of current to light flux. Hence, due to intermodulation, such
effects may result in lower frequency content in the light
intensity, which may cause flicker.

Moreover, considering dimming feature, VPPM allows the
change of average illumination by means of changing the pulse
width. FSK, PSK and QAM have no DC content and require a
superimposed constant value to control the average light flux.
PAM pulses do not have the same average value over a symbol
period, since they are dependent on the amplitude of the pulse.
In this case, it allows dimming by using channel encoding
methods on the data transmitted. Additionally, carrier-based
modulations are preferable when one wants to avoid both 1/ f
noise and flicker effect.

B. Limit values for the LED current

For safety and lifespan conditions, lighting LEDs shall oper-
ate in limited conditions of instantaneous current, occasionally
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Fig. 2: Time domain ks¢ and kpc levels and clipping.

defined by a maximum value. Moreover, signal clipping may
happen at zero current or at very high current levels. To
avoid this effect on modulated pulses with negative values, DC
biasing must be provided to the LED current. In this sense, the
maximum allowed current level (/p) is indicated by the LED
manufacturer to avoid catastrophic failure of the device.

Therefore, there is a trade-off between DC biasing and signal
alternating components in order to limit the current range. To
clarify this dependence, Fig. 2 depicts an example with five
current patterns that can be applied to the LED. In the first
and the second patterns (I and II), the same average value
(In) has a superimposed modulation, with different AC power,
with pattern II being the double of pattern I. Patterns IIT and
IV have also the same average current with superimposed
AC amplitudes, except they are clipped. Moreover, clipping
occurs in pattern IV because it exceeds /p; this operating limit
is herein named Boundary B. In pattern V, the DC bias is
not enough to avoid negative current levels and clipping also
occurs at zero level. This operating limit is named Boundary
A.

Both clipping effects shown in patterns IV and V generate
pronounced distortion that may cause loss of information.
These effects are further explored in Section IV-E. Therefore,
in this study, clipping conditions are undesirable and a design
space is defined by the operating points within Boundary A
and Boundary B.

IV. METHODOLOGY

The analysis performed in this study is as follows: The
main goal is to depict LED actual performance towards current
stimuli and operating temperature considering the boundaries
and modulations aforementioned. The focus concerns the LED
energy conversion efficacy. For this analysis, simulations used
an LED static model with instantaneous current (i(¢)) as an
input stimulus.

This study covers both electrical and optical domains. The
effects caused by the geometry of the LED and the optical
channel propagation impairments are not considered. A com-
prehensive study of these effects can be found in [2]. The
thermal effects are simulated as a result from the surrounding
temperature (T’gny ), the heat sink thermal resistance (Rc4)
and the heat produced by the device. No dynamic effect
is considered, hence the steady state temperature is used.



Moreover, the model is memoryless and with no bandwidth
limitations. Next section presents the set of metrics chosen
to analyze illumination and communication simultaneously, as
well as the system model and parameters used in the study.

A. Metrics

The main performance metric from the LED output is light
flux, measured in lumens (Im). For illumination, the useful
light flux is therefore the average value (¢). The power of
the communication signal is only the AC part ¢, (Im) of the
light flux. This power is calculated from the RMS light flux,
according to (1), in which ¢, and ¢ stand for begin and end
times of signal sample, respectively. Mathematically, one may
relate (1) as the standard deviation of ¢(¢t). It is known that a
strong nonlinear relation exists between i () and ¢(t), therefore
causing distortion on the communication signal generated. In
consequence, this study focuses on the light flux ¢, as the
communication metric.

o \/(tf . t, /ttf [d)(t)}th) -@ o

LED efficacy is calculated from (2) and expressed in Im/W,
where Pr is the averaged electric power delivered to the LED.

_¢
Pg
Either metrics, signal power, light flux or efficacy, can

also be shown in a normalized form, according to ¢,, or 7,,
displayed in Table I.

n 2

B. LED complete model

The LED model follows classical electrical, photometrical
and thermal concepts [27]. Electric current and voltage (Vr)
have their instantaneous value. While the electric power is
given in terms of its average. For the photometrical variables,
instantaneous and averaged light flux are considered. The
instantaneous total light flux is here preferred, because the
light intensity depends on the LED and receiver geometrical
characteristics, along with the separation distance. In the ther-
mal model the temperature increases linearly with Pg and the
equilibrium operating temperature (7, static) is determined in
the calculations. The following relations among all the physical
quantities are in (3) to (7), forming the set of equations to be
solved. See symbols in Table I.

VF(t) = VFP(i(t)) —+ kVF- (TC — TN) (3)
¢(t) = op(i(t)). (1 + k. (Tc — TN)) -¢n )
Py = Ve(0)i(t) )

Prap = krap.o(t) (6)
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Table I: LED parameters, after measurements and calibration.

Parameter Value
Nominal forward voltage 295V
VF temperature coefficient - kv g -0.15mV/°C
Nominal forward current - I, 1.05A
Maximum ¢ - Ip 2.10 A
Nominal light flux - ¢, 40001m
Proportion among ¢ and radiated power - krap 0.0031W/Im
¢ derate coefficient - kg -0.213%/°C
Nominal efficacy - 7, 129.11m/W
Heat sink thermal resistance - Rc 4 2.25°C/IW
Calibration environment temperature 21.7°C
Nominal case temperature - T 25.0°C
Maximum case temperature 105.0°C
Tc = Roa(Pp — Prap) + Tenv @)

Vrp(i) stands for the polynomial regression representing
forward voltage to instantaneous LED current, at constant case
temperature T, shown in Fig. 1a. Likewise, ¢p (i) stands for
the polynomial regression of light flux in function of current
(at Tv) normalized to ¢y,. The overline notation (-) stands for
average over time. Radiated power (Pr4p) is the amount of
energy converted to light and radiated, calculated with (6).

This model is not a linearization in the LED electrical
behavior near the operating point, as is commonly found in
literature [6][22][25]. In fact, it is an accurate modeling of
the actual nonlinear relations. The solution of this model is
performed by finding the equilibrium operating temperature in
order to calculate the aforementioned metrics.

C. Model calibration

In order to better match this model to the real device and
heat sink, the first step was to conduct a series of experiments
considering ¢, T and V. These experiments were meant to
reduce mismatch in manufacturing uncertainty of parameters
and aging effects with respect to the LED datasheet [11].

The device under test was a Bridgelux Vero 18 array series
COB LED, part number BXRC-50C4000-F-24, shown in Fig.
lc. Due to low thermal resistance (junction to case), the
manufacturer provides data about efficacy and operation limit
regarding to the case temperature. This quantity is measured
in the specific spot highlighted in Fig. 1c. Table I presents all
parameters obtained from the LED.

As the first step for calibration, the LED device was attached
to a suitable heat sink and it was stimulated with several
different modulated current waveforms. During this exper-
iment, measurements of environment and case temperature
were recorded. The inertia of the thermal quantities is much
slower than the current stimuli, therefore those measurements
took place after thermal operating conditions were stabilized
(temperature change rate < 0.1°C/min). Each operating point
has a modulation shape and superimposed average level, as
defined in Section IV-D; a total of 106 operating conditions
were tested.

Additionally, the instantaneous light and the electrical pa-
rameters of instantaneous forward voltage and current were
measured. Also, the total light flux (average) was determined
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Fig. 3: Real device measurements and simulation results.

by using an integrating sphere with a calibrated spectrophoto-
colorimeter (model Inventifine CMS-5000).

It was also acquired the instantaneous light with a light-
to-voltage sensor to analyze the resulting communication sig-
nal. The transducer used is a photodiode [28] along with a
transimpedance amplifier [29]. It has the bandwidth much
wider than the signals applied. The instantaneous total light
flux (¢(t)) is estimated with the aid of the light-to-voltage
measurements and the corresponding measurement of average
light flux.

The forward voltage of the model (for current and temper-
ature) was adjusted according to the measured data. In this
case, the nominal light flux (¢,,), at case temperature of 25°C,
was found to be 4000 Im. The curve V(i) was obtained up to
the maximum allowed device DC current (/p, Boundary B).

From the measured AC light signal and efficacy it was
possible to compare these operating conditions. This result is
shown in Fig. 3. It shows different modulation results for four
average light flux measurements. Those results were based
in several modulations schemes and they show a reasonable
match between modeled and physical device.

D. Description of the generated current signal

To build a set of current stimuli, first a signal intensity sam-
ple (sa(t)) is defined for each modulation scheme. Each test
signal contains all the possible symbols for a selected modu-
lation scheme. It is assumed that the symbols are equiprobable.
The pulse shapes do not have the restriction of non negative
values. They only represent the communication part of the
signal, as described in Section III.

Furthermore, to define different values of ¢,, the sample
was scaled by a constant (kac level, unit is ampere, {kac €
R,kac > 0}). To build the complete stimulus waveforms,
DC biasing (kpc, also unit ampere,{kpc € R, kpc > 0}) is
added to the sample, according to (8).

Z(t) = kAc.Sa(t) + kpc (8)
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Fig. 4: Modulated current samples.

However, not all combination of ks and kpc levels are
valid, because some of them exceeded the limits defined
(boundaries A and B). Fig. 4 shows examples of current stimuli
generated following this methodology for all the modulations.
Therefore it is convenient to find the required relations among
kac level, kpc level, LED limits and the signal sample shape
(sa(t)). Those are explored next.

E. Limit operating conditions

The k¢ and kpc levels are defined to simulate the bound-
ary conditions of operation, aiming to outline the possible
design area constrained by LED efficacy, average light flux and
communication signal power. Indeed, the boundaries explained
in III-B limit the possible operating area.

Maximum k 4¢ level is restricted to the range described in
(9) and (10). The first is due to maximum current in LED
(Boundary B), in case max[sa(t)] > 0. The second is, for
min[sa(t)] < 0, due to zero current (Boundary A), where
max[-] stands for maximum value of signal, min/[-] stands for
minimum.
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Moreover, there is a third limit condition regarding the LED
case temperature, which refers to maximum semiconductor
junction temperature (7}), and here it is named Boundary C. It
affects operating conditions when ¢ is higher than the nominal
or when R 4 is wrongly designed. In case this limit is slightly
exceeded, it may harm LED expected lifespan and decrease
energy efficiency. In the same way, at higher temperatures, it
can cause device failure and permanent damage.

Finally, evaluating the three limiting factors, it is possible
to define the area in which the LED device can operate and
also the total light flux in each case. The next section brings
a set of different results in order to provide enough basis to
understand the relations among LED efficacy, total light flux
and modulation.

V. RESULTS AND DISCUSSION

The ranges of operating points are defined according to cur-
rent stimuli parameters (modulation, k¢ and kpc levels) and
limited by instantaneous current level and case temperature.
The following five sections are focused on showing a pertinent
aspect to support the research findings.

A. Modulation design space

This section describes the effect of modulation type 2-
PAM, at a range of kpc and imposing the limits described
in Section IV-E. To show the possible range of solutions, the
three variables are presented in different planes. Fig. 5 and Fig.
6 depict resulting signal power and LED efficacy, respectively,
for ¢/¢,,. These plots show the interdependence of 7, ¢, and
¢. As an specific case of 2-PAM, OOK has a very limited
operating range, which is also shown in this figure.

Both results are over the same Rc 4 and Ty conditions in
calibration condition, see Table I. For instance, if one wants to
hold a defined 7/n,, = 0.98, one must follow the correspondent
dashed curve in Fig. 5. All the points over this curve would
ensure this efficacy while changing ¢, and ¢ simultaneously.
Likewise, Fig. 6 shows the efficacy in function of ¢/¢,.
Therefore, the choice of E/ ¢, must be within the shaded area
of Fig. 6 to guarantee both VLC and lighting. Moreover, in
Fig. 5, boundary at ¢, = 0 (no modulation) is in the bottom
of this plane.

It is also clear that the case temperature (Boundary C)
imposes a slight restriction to the maximum light flux
(¢/pn=1.43). Beyond this condition efficacy would fall below
80% of 7, also imposing hazardous operation to the device.
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Fig. 6: LED efficacy according to total light flux. Gray
dotted area depicts projection of operating points that exceeded
Boundary C.

B. Heat sink and the thermal limit

The following results are brought to show the effects of heat
sink design. Fig. 7 and Fig. 8 show the change of Boundary
C by varying Rc4. A reduction in the maximum ¢/¢,, from
1.15 to 0.78 with Rca 3 and 5 °C/W, respectively, can be
observed.

There is no thermal restriction when Rg4 is 1°C/W. In
this case the heat sink is oversized and T would not reach
its maximum value allowed. The limits due to current level
still apply. However, as expected, these are the conditions to
maximum signal strength and higher efficacy. Therefore, for
the case when R¢c 4 = 5 °C/W, the model shows that maximum
current could not achieve boundary B due to overheating.
Additionally, Fig. 8 confirms the drop of efficacy that results
from heating of the LED junction. Not only higher efficacy can
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Fig. 8: LED efficacy accordingly to total light flux. Effect of
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be achieved by adequate thermal design, but also dimming
and range for the communication signal is enlarged. Hence,
in order to expand and verify such effects for the other
modulation schemes, next section presents different design
spaces.

C. Comparison among modulation strategies

The group of results in Fig. 9 and Fig. 10 show the per-
formance of different modulation strategies and pulse shapes.
In this case, 4- and 8-QAM have 2 and 4 amplitude levels,
respectively. Reference [7] showed that modulation strategies
with higher spectral efficiency can reach lower ¢,. This
is consistent with the results presented here, showing that
schemes with higher spectral efficiency (4- and 8-PAM, 4- and
8-QAM) have reduced ¢, when compared to their counterparts
(2-PAM and 2-QAM). Furthermore, the 2-PAM signal can
reach higher signal power compared to the other schemes.
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Fig. 9: Space of signal power for different modulation strate-
gies. Roa = 2.25°C/W
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Fig. 10: LED efficacy accordingly to total light flux for
different modulation strategies. R4 = 2.25°C/W

On the other hand, the higher signal power comes along
with smaller efficacy values. It is important to highlight the
distances and cost of peak modulation. For instance, in the
case of 2-PAM and 8-QAM, comparing the peak signal power
the first has +6.4dB of ¢, (x2.1) at the cost of extra 12.16% 7
drop. Moreover, the OFDM scheme was found to be the most
affected by the Boundaries A and B, thus having the lower
signal power among all, its peak performed was only 30% of
maximum signal power that 2-PAM can reach.

D. Temperature versus modulation derates

As mentioned earlier, efficacy may drop according to tem-
perature increase and also with communication signal power
increase. There is no fair way to separate completely these
effects since they are interdependent, as explained in IV-B.
However, starting from the analysis of (4) and simulations un-
der the defined conditions, some comparisons were performed.



Table II: Comparison between limiting conditions at no modu-
lation and maximum modulation strength (2-PAM), ¢/¢,, =
0.64.

Rca (°C/W) | ATc (°C) | k¢ .ATc (%) | An (%)
0.00 0.00 0.00 BN
0.50 0.92 -0.20 -11.86
1.00 242 0.52 -12.87
1.50 3.64 -0.78 -12.99
2.00 5.09 -1.09 -13.43
2.50 6.39 -1.36 -13.56
3.00 8.03 -1.71 -14.00
3.50 9.40 -2.00 -14.13
4.00 13.27 2.83 -15.45
4.50 15.55 332 -15.93
5.00 20.58 -4.39 -17.39
The factor including temperature in (4) is

(1+ky.(Tc —Tn)). Analyzing this part, it is possible
to estimate the decrease caused in ¢ by the temperature
(ky.AT¢), which can be used to compare operating conditions
according to a difference between their temperatures (AT¢).
Also, from any pair of operating points selected, it is possible
to calculate the total light flux derate (A7) caused by current
modulation and temperature from 7/7,. The difference
between ky.ATc and An is roughly the effect of ¢p(i) in
(4), which corresponds to the losses due to modulation. Thus,
the simulations were performed at ¢ = 0.64¢n, which is
limited by maximum 7 in the worst Rc 4 case. Table II
presents these results.

From Table II the isolated contribution of current modu-
lation is depicted in the case Rca = 0°C/W. This drop
concerns the nonlinearity of the LED and corresponds to
—11.78% in 7. Moreover, the increase of only 6.39°C in T¢
(Rca = 2.5°C/W) represented a 1.36% decrease in ¢ (10%
of An). In this condition, there is a balance between heat sink
size and operating efficacy, but leads to the conclusion that
temperature contributes only to a small part of the efficacy
losses. Finally, the condition when Rca = 5.0°C/W is the
worst scenario, in which a severe restriction to ¢ is applied due
to maximum 7, as a result of a bad thermal design. Even in
this case, the overheat caused by modulation is still producing
only 4.39% decrease in ¢ and the total loss of 7 was found to
be 17.39%. The decrease due to temperature represents roughly
174 (25,2%) of the total drop of efficacy. Therefore, the effect
of current modulation, due to ¢p (i), dominates the extra loss.

E. VPPM duty-cycle flexibility

The VPPM modulation has an additional degree of freedom
due to the signal duty cycle (D) that changes the pulse shape,
while kxc and kpc levels are also variables. In Fig. 11 and
Fig. 12 there are results with five values for D. Those results
show that boundaries A and B are flexible accordingly to D.

Finally, the thermal limit (i.e. the rightmost limit) was
similar to the other schemes shown. However, the signal power
can be maximized for any light flux by setting the modulation
duty cycle appropriately. In contrast, the other modulation
strategies do not have such flexibility, therefore the maximum
signal power is achieved only at a fixed light flux. This leads

103

1 T T T T | S ————
v 2-vppm(D=0.125)
0.9Ff PC PD < 2-vppm(D=0.313)
PB »P »  2-vppm(D=0.500)
0.8F < »» > 3 *  2-vppm(D=0.688)
< > * % 2o D=0.875,
07 p, . *’b e )
A < < K sﬁ
06k 7 P X e
& v
~ 05 e
8 vv y: : *
04f paltee IRV, alt LS
kg I)
Q€
0.3 X3
S&
0.2f (('J%Q
-~ 0
0.1f

0.6 0.8

/ on

Fig. 11: Space of normalized signal power VPPM. Rca =
2.25°C/W

2-vppm(D=0.125)|
1.4r 2-vppm(D=0.313)| |

09

0.8F

0.7r

0.6

05 : : : : : : : :
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
o,
Fig. 12: LED efficacy accordingly to total light flux. Roq =
2.25°C/W

to a conclusion that VPPM is a very favorable modulation
strategy to maximize communication signal strength.

On the other hand, those peak signal strength operating
conditions (labeled P4-Pg in Fig. 11) are the same minimum
efficacy conditions also labeled in Fig. 12. Therefore, these re-
sults again illustrate the trade-off between illumination efficacy
and communication.

VI. CONCLUSIONS

This work explored the limitations in the communication
signal that can be imposed in VLC using an LED as a
transmitter. In this scenario, modulation of the LED current for
data transmission affects the overall efficacy of the device. The
results show how the available range of instantaneous light flux
is bounded by the LED current values (zero and maximum)
and the semiconductor junction temperature. The design space
proposed in this work relates efficacy, average light flux and
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the power available for communication. The interdependence
of these relations are linked with the choice of modulation
schemes to be used.

Within the observed modulation schemes, the range of
excursion of the LED current severely limits the light signal
(¢o), specially at low or high average light flux ranges. Such
aspect leads to bad communication performance over dimming
range. However, for VPPM scheme this limitation is less
pronounced, suggesting the clear advantage over others, due
to the extra degree of freedom.

Furthermore, by using the thermal model of the LED, the
average light flux that can be reached in VLC systems was
clearly defined. The analysis shows that there is a noticeable
drop in efficacy due to the nonlinear behavior of the LED when
modulation is present. At the cost of few dBs of signal power
(¢,) any modulation among the selected can be used with little
drop of the efficacy (<2%). However, less spectrally efficient
schemes reach greater ¢, at the expense of a drop in LED
efficacy of up to 20%. Such penalty should not be neglected,
since this effect contributes to higher losses when compared to
the losses caused by the temperature increase. Also, the raw
temperature effect was estimated to be responsible of roughly
/4 of the efficacy drop within the design space. Therefore,
the nonlinearity of the LED light-to-current curve (¢p (7))
dominates the efficacy drop observed.

Finally, the experimental results presented in this work show
that when power LEDs are used for VLC, the current technol-
ogy imposes significant constraints regarding illumination and
communication . Therefore, real world applications of mixed
VLC and lighting must account for those aspects, in order to
properly develop a a reliable and efficient lighting system with
dual capabilities.
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Pre-Emphasis Control in Switched Mode Power
Converter for Energy Efficient Wide Bandwidth
Visible Light Communication

L. Teixeira, F. Loose, J. M. Alonso, R. C. Beltrame,
C. H. Barriquello, V. Alfonso Reguera, and M. A. Dalla Costa

Abstract—Visible Light Communication (VLC) shows up
as a trend for short-range wireless networks. However,
from the energy point-of-view, there is still a lack of
LED drivers that support considerable data rates with
high efficiency. Common solutions would include Switched
Mode Power Converters (SMPC), which are efficient,
but they still face challenges regarding the modulation
bandwidth for VLC. Thus, this paper presents an analysis
of a Pre-Emphasis (PE) technique to overcome the low
bandwidth constraint of SMPC. The PE filter is used to
render the frequency response of the circuit to provide a
wider bandwidth for communications. It operates on the
duty cycle of the converter and it dictates the average
output signal value over a switching period. Finally, the
technique is presented in a theoretical approach with
aligned experimental results in a 21.5 W buck-converter-
based LED driver switched at 1 MHz, with 89% efficiency
and an increased modulation bandwidth from 8.12 kHz to
450 kHz (55 times).

Keywords—Visible Light Communication,
Drivers, Efficiency, Pre-Emphasis.

VLC, LED

I. INTRODUCTION

Visible light communication (VLC) enables a
wide range of applications demanding data com-
munication from internet of things (IoT) connected
devices [1], indoor localization, up to 5G mobile
network attocells [2], among many others. As an
extra feature, VLC demands that illumination in-
frastructure also performs instantaneous light mod-
ulation at frequencies imperceptible to the human
eye.

Although very promising, the realization of VLC
modulation capable devices faces technical chal-
lenges concerning the bandwidth (BW) of light
modulation [3]-[5], drop of efficacy of the LED
[6], [7] and also electronic driver limitations [8],
[9]. In order to not cause a substantial decrease
in the energy efficiency of an illumination device,
VLC needs to be seen as an incremental feature

Analog
signal
processing

Receiver
module

Lighting level
Fig. 1: Application of a SMPC as VLC LED driver.

that is subject to several restrictions. Thus, the most
energy-efficient approach is to use the well-known
high efficient LED driver circuit topologies. Some
workaround can be implemented to overcome their
limitations on implementing light modulation.

Consumer electronic LED drivers are mostly
designed using Switched Mode Power Converters
(SMPC). They are more efficient power sources
which also present reduced circuit volume, weight
and cost due to the available range of switching
frequencies of their semiconductors (hundreds of
kHz to dozens of MHz). For VLC, those circuits
may be used as modulators at the transmitter, as
showed in [10]-[13]. One example of application
and block diagram of a SMPC-based VLC system
is depicted in Fig. 1. This diagram shows how the
communication and lighting control are connected
in a single VLC LED driver used to send data from
transmitter to receiver modules. However, in terms
of signal dynamics at the light output, single SMPCs
[8], [10]-[13] are not the fastest drivers among other
solutions reported for VLC. Therefore, in order to
increase the system modulation bandwidth, some
solutions have been proposed in the literature [14]-
[17]. Nevertheless, these solutions require extra ele-
ments as linear amplifiers [14], [15] or extra switch
modulators [16], [17], which penalize the efficiency
and increase circuit complexity. An alternative solu-



tion that does not require extra power components is
based on using the SMPC residual ripple to convey
the information [10], [11], [13], which limits the
system bandwidth due to the narrow converter filter
cut-off frequency. Given these reasons, this work is
focused on average current control, not on ripple
modulation, since it enables the system to implement
baseband and passband VLC modulation schemes.

We explore a method known as pre-emphasis (PE)
or pre-equalization that was already applied to VLC
to increase linear drivers BW [3]—[5]. Since then,
available literature was focused on compensating
the LED dynamic behavior. Hence, when applied
to SMPCs, this strategy is effective to increase the
modulation bandwidth with small gain and phase
errors in the bandwidth of the interest [18], which
is a novelty in the design of VLC lighting systems.

This work is organized as follows. Section II
presents the control structure with PE of an LED
driver. Section III presents an analysis of the SMPC
with PE along with design considerations. Sec-
tion IV presents simulation results confirming the
model and analysis. Follows, Section V presents
experimental results as well as performance metrics.
Finally, Section VI summarizes the conclusions of
our work.

II. PRE-EMPHASIS CONTROL OF A VLC SMPC

First, this section presents the full control struc-
ture of a power converter with VLC. Second, the
PE filter is contextualized in this system to provide
background to the following method.

A. LED driver control scheme including PE

In LED lighting, control is mandatory to regulate
the dc output current for illumination. It can be
actively performed in a closed-loop scheme track-
ing a provided reference (Igzpr). Fig. 2a presents
the block diagram of a VLC LED driver as the
schematic shown in Fig. 1 with additional PE fil-
ter. Fig. 2b shows the control diagram of a VLC
LED driver with PE in the feedforward path. The
controller Cyy¢(s) regulates a dc reference on the
output (I gp), and it operates on a bandwidth well
below the one required for the VLC signal. Hence,
the system transfer function (TF) from Izgp to I gp
is depicted in (1).

Iep(s) _ Cava(s)Ge(s) Grep(s)
Irpr(s) 14+ Cava(s) Ge(s) Grep(s)
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109

Tien(t
+ +
. 2
Vin S M PC VLED 2 time
o - I ep(t)
Communication )
signal PWM T (V)

Pt 1 =
Transmitter| | @5 L tme
module PE Controller IREF(t)

'
I VLC(t)
(a) System block diagram including PE.

iype —PE(s)—i'vic
) PWM  Converter LED
1REF+ N d Sw vLED lLEl)

Cavs(S)>¢ 1 G(S)—>{Greo(s)>

Y

(b) Control diagram of a VLC LED driver with PE in the feedforward
path.

Fig. 2: Representations of VLC LED driver with PE.

For good average light control, the gain of
Cavg(s) must be high. This can be accom-
plished at low frequencies (near dc), so that
|Cave(s)Ge(s)Grep(s)] >> 1 and, in this case,
|ILep(s)/Irer(s)] ~ 1, ensuring good average
reference tracking.

Regarding the PE method, it compensates for the
low-pass dynamics of the converter by inserting the
data signal in a feedforward path on the driver con-
trol loop. Additionally, we may design the transfer
function PE(s) to overcome the low-pass character-
istics of the plant seen by the communication signal.
Thus, one way to analyze PFE(s) is by observing the
transfer function that relates the data signal Iy c(s)
to I gpp(s), shown in (2).

ILED(S) _ PE(S) Gc(S) GLED(S)
Ivre(s) 1+ Cava(s)Geo(s) Grep(s)

The analysis of (2) is performed considering
separated frequency ranges. The first range is for
average current control for lighting (near dc). The
second concerns communication signal band (higher
frequencies). In the lower band, C'4y¢(s) has a high
gain (|Cava(s)Ge(s)Grep(s)| >> 1), thus render-
ing I pp(s)/Ivic(s) = PE(s)/Cave(s), showing
that the controller will reject any communication
signal in this band. Moreover, in the communication
signal band, the average controller Cay¢(s) does
not actuates if its gain is low in such frequency. Thus

2
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|Cava(s)Ge(s)Grep(s)| << 1 and, in this case,
ILED(S)/IVLC(S) ~ PE(S)Gc(S)GLED(S). Finally,
this last is the TF that is used to design the PE filter.

In this work, we addressed the digital control
design based on a DSP. This structure allows for a
lower sampling rate of /g p, since the bandwidth of
the control loop is much lower than the bandwidth
of the signal for communication (BWS). Attention
is required to provide a suitable anti-aliasing filter
according to the signal sampling frequency. Thus,
the computation of C4y(s) can also be performed
in a slower pace. Only the PE filter and the PWM
modulator are required to operate at the switching
frequency rate.

B. Pre-emphasis filter

Starting from the known distortion that the duty
cycle (D) signal suffers when passing through the
SMPC circuit, according to TF in (2), an inverse
effect can be applied to Iy ¢ stimuli to give the
complete system response a constant gain and linear
phase in the interest band. Some assumptions, as
well as the conditions to apply this method and
consequences for the system dynamics are further
explored next.

In commercial LED drivers, the filter is the main
dynamic limiting factor on modulating the light
for VLC. In SMPC LED drivers operating with a
switching frequency below 1 MHz, the bandwidth of
the filter (BWF), G in Fig. 2b, is usually designed
below 100 kHz, in order to limit the high frequency
output current ripple. In this case, the intrinsic
cutoff frequency of phosphor-covered LEDs, which
is usually around 3 MHz, represents a secondary
factor that does not limit the modulation bandwidth.
Therefore, the PE method is used to cope with the
frequencies in the range between BWF and Fs/2.

The PE filter can be implemented in a continuous-
or discrete-time domain, and it shall be integrated
to the converter into the D(¢) value provided to
the PWM modulator. Thus, the amplitude drop at
the passive filter output will be compensated by the
PE filter. The frequency response of this filter is
depicted in the Bode diagram of Fig. 3. It shows
a small magnitude drop as well as little distortion
into the signal phase within the additional bandwidth
that can be occupied by VLC signal using PE.
Although it seems a narrow band of spectrum in Fig.
3, this additional bandwidth corresponds to 80% of
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Fig. 3: Frequency response of the system parts and
its expected converter with PE behavior.

the useful bandwidth below the limit imposed by
Nyquist criterion.

III. DETAILS OF PE IMPLEMENTATION TO VLC
SMPC

In order to provide context, firstly we present a
generic structure and model of a SMPC. Secondly,
the basis and limitations of the PE method are ex-
plored. Finally, we present the design of the average
controller and PE filter.

A. Generic model of SMPCs

In VLC applications and LED lighting, the most
common SMPC encountered are derived from the
principles of the step-down buck converter. These
SMPC circuits are responsible for filtering a digi-
tally pulsed signal generated by the PWM in order
to obtain its average value, depending on the induc-
tance (L) and capacitance (C') of the filter.

The switching frequency Fg directly affects the
filter BW, while dc regulation is expected for aver-
age illumination level. Therefore, Fig. 4 presents a
generalization of the power structure of a SMPC, in



which the main converter power blocks are: switch
arrangements and passive filter. For better visual
perception the frequency of pulses in S' is lower than
the necessary to produce vygp as smooth as shown
in the figure. The switches provide a PWM voltage.
The average gain over a switching period is then
defined by D(t), which is the main control variable
and responsible to transfer data to the output current
and also regulate the dc light level.

The method explored in this work makes it pos-
sible the generation of any VLC signal shape that
may be accomplished by a time variation of the duty
cycle D(t). However, the limitations to the average
current control method are the switching frequency
and the dynamics given by the frequency response
of the passive elements and the LED load. First,
Fs dictates the pace of the PWM, and it limits the
changes of D(t) by one switching period to another.
Second, the BWF, which plays a major role on the
output dynamic, may distort the signal in the case
when BWS>BWEFE, if not properly compensated.

Therefore, the open-loop TF in block diagram of
Fig. 4 represents the signal path for communications
and lighting. A PWM with pulses aligned at the
beginning of the period behaves similarly to a zero-
order hold and, therefore, it causes no significant
distortion to the signal in the band of interest that
comes from dc to Fis/2. A linear phase lag is caused
in the signal band indeed, however it represents a
constant time delay. Therefore, a constant gain was
adopted for the PWM frequency response in this
analysis. X .

The converter TF G(S) = Viep(s)/S(s) repre-
sents a filter dynamic for perturbations around the
operating point. The output voltage frequency com-
ponents that can be controlled by D(t) are within
the limits of zero and Fs/2, due to the Nyquist
criterion imposed by the PWM. For example, Fig.
4 depicts the case in which the signal (D) occupies
a bandwidth that slightly exceeds BWEF, hence most
of the energy outside this range is lost, stored in the
passive elements, leading to a smooth signal shape
in vypp. Without any additional signal processing
stage, if the BWS is wider than the BWE, the
communication signal degrades its shape, affecting
the communication capabilities.

B. Current residual ripple as a design constraint

The residual ripple cannot be avoided in the
converter output, that is presented in Fig. 4 by
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Fig. 4: Expected signal measured at each stage when
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Viep, and corresponds to the frequency compo-
nents around F and its harmonics. The choice of
Fs/BWF ratio directly impacts ripple intensity in
the converter output. In this sense, the higher the
BWE, for the same FJ, the more ripple amplitude
in the output.

Ripple percentage can be expressed by the ratio
of ac rms value over average [7]. Alternatively, for
pure sinusoidal ripple, it can be calculated as peak
deviation over average [19]. A small ripple does
not account for significant detriment in converter
efficiency, nor in LED efficacy or visual perception,
if Fs is allocated in a flicker-free band. However,
more intense ripple may cause a drop in converter
efficiency (due to higher component stress) and LED
efficacy drop. As a reference, a small ripple factor
of less than 20% applied to a power LED device
causes an LED efficacy drop of less than 2% [7].

The LED linearized model is electrically rep-
resented by the threshold voltage (V;;) with the
series LED dynamic resistance (Rpgp) [19], which
is valid while forward biased and around a given
operating point. The current ripple factor () can
be calculated from the LED instantaneous current
(irep) and average current (I,zp), as presented in

(3).

’LAC
LED_rms (3)

ILED

where 9%, is the ac rms ripple of the LED
current.

The frequency harmonic components of i, gp are
directly defined by the filter bandwidth according
to the ratio Fis/BWF. Fig. 5 presents an abacus for
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Fig. 5: Ripple factor abacus according to a range of
Fs/BWS for filters up to 4" order.

this relation for filter order up to 4 using commercial
high power LED parameters [20] and D=0.5.

C. Foundation for PE method in SMPC

The application of the PE filter in SMPC PWM
generation is possible due to the following identified
opportunities:

1) Excess of control energy: It is available due
to the converter TF and LED voltage to current
reasonable gain, Grrpp(s) = 1/Rpgp, valid for
perturbations at frequencies below 3 MHz in white
LEDs. The fine control of the converter output
during dc regulation generates regular small changes
to D(t). Therefore, there is still enough excursion
on the control signal for intentional modulation.
Hence, such facts allow the increase of signal power
specially in components that are attenuated by the
following stages of the converter.

2) The Fs/BWEF ratio: It is limited in its mini-
mum value by the ripple that is allowed by design,
as explored in the previous section. In this sense,
the less residual ripple that is allowed from the
Fg/BWF ratio, the more room exists for acting with
PE (see Fig. 3). As an example, a ripple level below
5% can be achieved using a second-order filter with
minimum ratio of Fg/BWF = 27, as can be seen
in the solid star marker in Fig. 5. That leaves room
for a bandwidth increase of ~ 13.5 times, in the
Fs/BWF range from 27 to 2, as pointed by the
dashed arrow in the figure.

These opportunities turned the application of the
PE method possible, although the physical inertia
of the filter is the key to understand why the
components above BWF have a higher cost for
intentional modulation. This and other limitations
to the exposed method are explored in next section.

D. Limitations of PE method

There are two main identified aspects of the PE
method that are disadvantages: i) dynamic range
of Iyc and ii) coupling between signal frequency
components inside the bandwidth of interest and
switching harmonic components outside of it. These
aspects are addressed in the analysis that follows.

Inductor inertia is analyzed by the current rise
and fall rates (dI/dt) or the slew-rate the system
can perform. Hence, the inductance value (L) and
the voltage applied (V) are the converter parameters
that determine this performance, according to induc-
tor branch equation V;, = L dI;/dt. This example
approaches an inductor, but a similar analysis is also
valid for a capacitor or high order filters containing
multiple reactive components.

Moreover, to generate any frequency compo-
nent, modeled as a pure sinusoidal current signal
A sin(wt), its rise and fall rates are the main
concern on regarding the system dynamic. They are
dependent on the signal amplitude and frequency,
in this case d(A sin(wt))/dt = Aw cos(wt). As
the cos(wt) part is within the range [—1,+1], to
track it in the filter output the value of d/; /dt shall
match or exceed [—Aw,+Aw]. This analysis can
be expanded to any signal that is the sum of several
components, which leads to the conclusion that the
higher frequencies require more rise and fall rates,
thus having higher cost to be generated.

Given these facts, to generate a signal using
limited rise and fall rates one can either reduce
its bandwidth (decrease the w) or its amplitude
(A). However. it is common that in SMPCs the V7,
applied to the filter is different at each operating
stages, leading to different rise and fall rates. This
comes with filter requirements and it is not a design
choice. Nevertheless, when it is modeled around an
operating point and for small deviations in D(t), the
linear TF G (s) is still valid.

Furthermore, not only the slew-rate shall be con-
sidered, but also the D(t) dynamic range limits the
PE method to avoid pronounced distortion to the
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communication signal, D(t) € [0, 1]. The duty cycle
is generated by the addition of the control action
from Cuy¢ and the VLC signal i, as depicted
in Fig. 2b. However, only the latter is considered in
this analysis because the former is much slower than
the communication signal, as explained in Section
III-E. Thus, the BWS will impact directly in i{,, .,
which can be expressed as in (4).

ivo(t) =L (Iypo(s) - PE(s)) =
~ Z (PE; - Ivc; sin(wit + ¢;)) 4)

where £~! stands for inverse Laplace transforma-
tion, Iyrci, w; and ¢; are the amplitude, angular
frequency and phase, respectively, of the signal
harmonics, and PFE; is the PE filter gain for each
harmonic.

There is no closed expression to calculate the
signal excursion from (4). However, according to
the central limit theorem, when the ac signal is
composed of a great number of uncorrelated and
random components inside a wide frequency band,
e.g. an OFDM signal, it can be approximated in
time domain by a normal distribution of zero mean
value [21]. This can be easily proven by numeric
simulations. According to this, if the BWS is in-
creased beyond BWF, the PE method will increase
the dynamic range of i, -, even though the dynamic
range of iy ¢ is kept constant. This happens due to
the PE higher gain in the signal path at frequencies
attenuated by the converter, which is a clear limita-
tion of this method.

In order to clarify the previous relations, numeri-
cal simulations were performed to obtain the maxi-
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mum amplitude of 7y/1- as a function of the ratio be-
tween BWS and BWF. In this sense, the maximum
allowed amplitude of iy 1 is the one which assures
that the duty cycle will be within its operating limits.
The results are shown in Fig. 6 for different filter
orders, where the maximum amplitude of 7y ;¢ has
been normalized with respect to its value at a very
low BWS/BWEF ratio. By respecting this maximum
amplitude, no signal distortion will occur using the
PE method, neither by high frequency attenuation,
nor by signal clipping. Additionally, as can be seen
in Fig. 6, there is a trade-off between amplitude and
bandwidth increment: the higher the bandwidth, the
lower the amplitude. Therefore, lower order filters
are preferred to be used with PE method because the
amplitude reduction is less intense than for higher
order filters. For example, to generate a signal with
10 times bandwidth using PE, BWS/BWF = 10,
a first-order filter only reduces the signal ampli-
tude 5.9 times, while second-, third- and forth-
order filters reduce it 18.4, 54.3 and 141.3 times,
respectively.

However, the limitation in the signal iy o ex-
cursion must not be considered a very negative
aspect of this method when applied to VLC LED
drivers. This is because small current excursions
are expected in the LED, so that its efficacy is not
very affected by the communication, as addressed
in Section III-B.

Finally, the PE method presents an implicit cou-
pling between harmonic components inside the
bandwidth of interest and switching frequency side-
band components. This comes from the fact that
the PWM generation creates components in the
bandwidth with respective and proportional repli-
cas around switching frequency and its harmonics.
Therefore, the increase in the useful signal inten-
sity also increases the higher harmonic components
at frequencies above half of switching frequency,
which are not used for communication purposes.
This unwanted harmonic content is further atten-
uated by the filter indeed, however they increase
components current stress and LED efficacy drop.

E. Design of average current controller

The average current controller Cay(s) shall
be specified to comply with the following two
requirements: performing good reference cur-
rent tracking against slow perturbations (with
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Cava(s)Ge(s)Grep(s) >> 1 at low frequencies)
and having low gain (Caya(s)Go(8)Grep(s) <<
1) in the VLC signal band to avoid rejecting these
components. In this situation, the converter pas-
sive components dynamics (G¢(s)) have the dom-
inant poles, therefore defining the system band-
width. We suggest that the requirements can be
accomplished with Cyuy(s) as a low-pass filter
(bandwidth < BWF) or an integrator, but keeping in
mind that the gain and phase margin of direct path
Cavc(8)Geo(s)Grep(s) shall be taken into account
for gain tuning.

F. Design of the PE filter

The PE filter can be designed following the steps:
1) determine the linear TF of the stages that
need to be compensated as presented in (2);

2) determine poles and zeros of this TF using
PE equal to 1;

3) the PE filter TF is designed using poles and
zeros cancellation, which is a straightforward
control strategy.

A generic model for a PE filter using poles and

zeros cancellation is given in (5).

Np
[T+ s/wsp:)
PE(s) = — = —
H(1+5/w522 H 1+ s/wpp;)
- - 5)

in which wgp; and wgz; are poles and zeros angular
frequencies of (2) when PE is made equal to 1.
N, and N, are the number of poles an zeros,
respectively. Also the product of (1 4+ s/wpp;)
ensures stability of the PE filter providing at least the
same number of poles as the number of zeros [18].
However, it must be assured that when selecting
wpp; frequency, the system should not introduce any
phase distortion, which can be achieved by ensuring
that the phase of the system TF behaves linearly
within the communication signal bandwidth. In this
way, the received signal will only present a time
delay, but no additional distortion.

In a well tuned implementation of this filter,
accordingly to (5), the product of the PE TF with
the compensated system will have a flat dynamic
response up to wpp; rad/s, thus rendering perfor-
mance similar to the shown in Fig. 3.

IV. SIMULATION OF LINEAR SYSTEM

Using the control structure described, the PE
method was simulated using a model of a generic
power converter. A mathematical software platform
was used to simulate the system with ideal switches
and a linear power filter. The filter of the power
converter was designed to be of first order with no
zeros and the switching frequency selected was 1
MHz. The ratio Fis/BWF was selected as 100, thus
ensuring an output ripple of about 15% (see Fig. 5).
The design of the PE filter was performed according
to the converter TF and considering the procedure
described in Section III-F. In this design example,
the filter and converter TFs correspond to those in
Fig. 3. The pole of the converter and the zero of
the PE filter were located at the same frequency
of 10 kHz. Also, the additional pole was added to
the PE filter in order to assure its stability. Since
the communication signal bandwidth goes from 10
kHz to 450 kHz, the pole was located at a frequency
one decade beyond 450 kHz. The selected frequency
was 5 MHz. This design method assures no phase
distortion owing to the cancellation effect around 10
kHz and because the PE filter pole at 5 MHz has
no effect on the communication signal.

The test communication signal extends from
0.01Fs to 0.45F with a flat power spectral density
(PSD). It is adequate to depict the performance of
the system and does not exceed the Nyquist limit in
0.5F5. A small band between the signal and 0.5F
was intentionally left clear for better understanding
and visual separation between the components of
interest and the others in the spectrum. Moreover,
that is the expected PSD of a wide-band multi-
carrier scheme like an Orthogonal Frequency Divi-
sion Multiplexing (OFDM) or a Discrete Multi Tone
(DMT) using the whole available band. However,
such approach is not restricted to those modulations,
since it ensures that any scheme using this band will
be generated without significant distortion.

The modulated pulse train, Sy in Fig. 2b, was
applied to the linear system TF. In Fig. 7a, it is
possible to verify that the output current has a
pronounced residual ripple. Nevertheless, the filtered
version of these signals, which keeps only the com-
ponents below 0.5Fg, shows a good reproduction
of the original communication signal. It is easy to
note that the simulation with PE strategy performs
much better tracking of the VLC signal than the one
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without it. That can be explained by the attenuation
of a great part of the components and this effect
is confirmed in the spectrum of I, pp shown in
Fig. 7b. Additionally, Fig. 7c presents the linear
phase lag using PE caused by a constant time delay,
while without PE a clear phase distortion occurs.
Moreover, comparing these simulated magnitude
and phase results with the ones in the Bode diagram
of the whole system in Fig. 3 confirms that behavior.
After the compensation with PE, the frequency
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Fig. 8: LED driver circuit used in the experimental
test.

band occupied by the test signal resides inside the
bandwidth of the system below a -3 dB cutoff.

V. EXPERIMENTAL VALIDATION

For experimental validation of the PE technique,
we used a synchronous buck SMPC driving a high
power LED. The values of the parameters used
in experimental validation are the same as in the
simulation, with the exception of the converter fil-
ter cut-off frequency that was the closest possible
with available components. The converter circuit,
designed with a first order filter, is depicted in Fig. 8.
This SMPC is commonly used for LED drivers due
to its simplicity and good efficiency in applications
that do not require electrical isolation.

The control structure was implemented using a
digital signal processor (DSP), similar to the feed-
forward VLC signal with PE, and the converter
design ensures duty cycle around 0.5 for the ex-
pected average LED current (I1gp). The experi-
mental setup parameters and operating conditions
are synthesized in Table I. The input voltage was
defined accordingly to keep the converter operating
at 0.5 duty cycle, which is the same simulated
operating point. The first order filter BWF is 8.12
kHz, therefore Fs/BWF = 123, that results in the
ripple factor of 18%, calculated considering (3) and
without any intentional modulation. In fact, after
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TABLE I: Experimental test setup parameters, com-
ponents and results summary.

Parameter [ Symbol ] Value
Synchronous buck converter
Switching frequency Fs 1 MHz
Input voltage Vi 63.2V
Average output voltage Vo 28.5V
Average output current ILED 0.75 A
Output power P, 21.5W
Semiconductor switches S1,S2 IRF7492
Semiconductor driver MAXI5019A
Digital Signal Processor TIVA TM4C1294
Inductor L 47 uH
Average duty cycle D 0.5
LED Bridgelux Vero 18 BXRC-50C4000-F-24 [20]
Threshold voltage Vin 26.8V
Dynamic series resistance RrLED 2.4
Average LED current ILgp 0.75 A
PE filter parameters in (5)
PE filter zero frequency [ wgp1 | 8.12kHz
System dynamic
Original system bandwidth 8.12kHz
Increased system bandwidth ‘ ‘ 450 kHz
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Fig. 9: Measurement results on oscilloscope.

intentional modulation, the current excursion was
increased up to 24%, calculated following (3). In
this case, all frequency components are accounted,
which includes ripple and signal.

We captured the light using a light transducer
(Vishay BPW34S light sensor with an analog signal
amplifier, 1.1 MHz of bandwidth) at the distance of
2 m. From the performed experiments, it is possible
to confirm the effectiveness of the PE and the
prototype performance is presented on the following
results. Firstly, the oscilloscope plot shown in Fig. 9

clearly depicts the dynamic in the LED current and
the light captured. Either the time domain behavior
(Fig. 10a) and its spectrum (Fig. 10b) match with
the predicted behavior (Fig. 3) and the simulated
spectrum (Fig. 7). Fig. 10c presents the phase lag
of signal harmonic components which trends to a
linear shift, the linear trend of the PE measurements
is shown as a dashed line in this figure. Furthermore,
comparing to the communication signal provided
with the filtered /g p in Fig. 10a, it is clear that with
PE the current follows the expected shape; while
without PE it is very degraded due to attenuated
frequency components.

In the measurement of a 40,000 periods vector,
it was verified 30.3 dB of signal-to-noise and dis-
tortion ratio between the received light and com-
munication signal Iy ;o at the transmitter. This
comparison was performed in the signal bandwidth,
in this case the signal processing performed in the
receiver is responsible for ignoring ripple harmonic
components above Fg/2 frequency. This evidence
confirms the effectiveness of the explored technique
for VLC. Moreover, it showed that no significant
distortion occurred to the signal although it went
through PWM modulator, power stage and LED.

Furthermore, the LED light signal was also cap-
tured. It was verified that it presents very similar
time and spectrum behaviors as those shown for
the LED current in Fig. 10. Only additional at-
tenuation was verified for components that were
above the light sensor bandwidth, which are out
of the interest band. Fig. 10d presents operating
efficiency measurements of the proof of concept
converter according to the ripple factor resulting
from different modulation intensities, that in this
case indicates different communication signal power
levels. In this figure, it is clear to see that the
converter has same efficiency with or without PE
applied to the stimulus when comparing the same
output signal power level.

A. Comparison

Table II presents a comparison among the current
work prototype and other published solutions using
SMPC-based VLC LED drivers. The modulation
factor is defined as the ratio between standard devi-
ation and average value of output current (o7, /I_O),
and it is used to compare the amplitude of the
modulated signals inside the signal band. As can be
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Fig. 10: Measurement results with and without PE
strategy.

seen, all solutions employ buck and buck-derived
topologies to implement current modulation. Two-
phase converters have effective double switching
frequency when compared to single-phase ones. In
this work, a ratio F's/BWS of 2.2 has been achieved,
which is the lowest one of the compared solutions
when using average current control. Therefore, con-
sidering the limitation imposed by Fg the signal

117

bandwidth of this solution is among the highest in
the literature. Also solutions using ripple modulation
have similar performance and achieve reasonable
signal amplitude [10], [11], [13], as can be seen by
the modulation factor in Table II.

VI. CONCLUSIONS

The foundations of PE technique were explored
and its suitability to application in a SMPC for light
modulation was explained. The analysis, simulation
and experimental results showed that it performs as
expected and can be implemented with no hardware
changes to the power converter. It was demonstrated
that the room for bandwidth improvement using this
method is dependent on the switching frequency
and converter filter design, thus it can be analysed
with respect to the converter output ripple. Also, the
analysis of the limits of this method showed that the
increment in bandwidth and output communication
signal excursion present a trade-off.

In the experimental test presented, without using
any strategy as PE, the intentional modulation would
have to be restricted on a bandwidth of about 1/123
of Fs (8.12 kHz) due to the allowed current ripple
to avoid pronounced distortion. On the other hand,
using the described PE strategy, in a, experimental
proof of concept, the converter showed an increment
of 55 times the original bandwidth.

Furthermore, we demonstrated from the analysis
that using this strategy the signal bandwidth can
reach up to Fis/2 without significant distortion or in-
tersymbol interference. That represents a significant
reduction, under equal output ripple restrictions, to
the Fg needed to synthesize the same VLC signal.
Therefore, the PE technique has shown to be an
effective method to overcome the low bandwidth
issues commonly encountered in VLC applications
involving SMPC.
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TABLE II: Comparison among VLC LED driver solutions using average and ripple modulation in SMPC.
Reference Output power (W) Mod. factor (o7, /1) Efficiency (%) Fs (MHz) Fs/BWS Modulator topology
BE 6.7 0.28 90 5 415 (839 Two-phase buck
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This work? 21.5 0.1 89 1 2.2 Synchronous buck
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Abstract—The reuse of the omnipresent LED lights for visible
light communication (VLC) as short-range data carrier may be
an environment-friendly add-on to the radio frequency-based
mobile network and make several new applications feasible.
However, this comes with the price of additional lighting device
complexity and also of lower energy efficiency, which can be
measured by its consumption factor (CF) representing the data
rate to extra energy expense ratio (bits/J). This paper addresses
the choice of driver circuit type and data modulation strategy in
a framework based on the known VLC channel, LED and circuit
models. Four applications of VLC are considered in the analysis:
Li-Fi, virtual reality (VR), indoor localization (IL) and vehicular
communications (VC). The main findings are that the reduced bit
load and increasing bandwidth occupied by the modulation harm
the efficiency of switching mode converters used as modulators,
which were found to be cost-effective at low data rate applications
of VLC, such as IL and VC. On the other hand, in higher data
rate applications as Li-Fi and VR, linear mode modulators are
surprisingly more energy efficient even when an extra step of
power conversion is necessary to control average light or step
down an unregulated supply voltage.

Index Terms—Energy conversion, light-emitting diode, visible
light communication, wireless communication.

I. INTRODUCTION

The visible light communication (VLC) uses imperceptible
light intensity modulation to transfer data and simultane-
ously provide illumination. This technology uses the free-
space optical channel, which has specific features that can
be explored for different objectives. One may improve data
security, increase wireless communication throughput or make
new sort of applications feasible relying on light propagation
behavior. VLC is not subject to limitations in the application
like infrared and ultraviolet are because of health hazardous
effects. However, some illumination constraints shall be taken
into account because of the visual perception of the users.
Although VLC can be thought as an additional feature to the
lighting infrastructure, it also impacts the illumination quality
and the energy efficiency of the lighting fixtures.

The term consumption factor (CF) is originally proposed
as a simplification tool that allows engineers to provide a
standard figure of merit to compare the energy efficiency
of different cascade circuits or system implementations [1].
This can be a valuable tool for the study of VLC systems
that has been proven promising for short-range and direc-
tional communication. This is especially important because

illumination systems shall comply with strict energy efficiency
constraints. One of the key concepts of the CF concerns the
energy efficiency factor, expressed in bits-per-joule [2]. The
higher this ratio is, the less energy a system spends for the
same communication performance. This metric is a base for
communication engineers to analyze, to compare and to trade-
off circuit and system design decisions [1]. In a communica-
tion link, the necessary signal power budget is dependent on
the channel characteristics and on the resulting signal-to-noise
ratio (SNR) at the receiver. Therefore, ultimately the analysis
of the complete communication link shall be performed for the
assessment of the necessary transmission signal power, which
in turn affects the transmitter energy consumption.

Previous works already applied similar CF analysis in VLC
application [3,4], using models of LED, circuit drivers and
different modulation schemes. In [3], the cost of a VLC
system, considering only the extra energy spent in the LED
at 1 Gbps data rate, showed that the CF reaches 20 Gbits/J at
2 m from the transmitter using a bandwidth of 100 MHz.
Reference [4] calculated the maximum CF of 33.3 Gbits/J
using two level-pulse amplitude modulation (PAM) and a class
A driver converter, processing all LED forward current in
a flat response VLC channel at 20 Gbps. Additionally, they
compared two modulation schemes under equal conditions:
for M-PAM scheme the CF was 43.5 Mbits/J and for OFDM
the CF was 37.0 Mbits/J. In this sense, M-PAM is shown to be
more attractive than orthogonal frequency-division multiplex-
ing (OFDM) under an energy-constrained VLC application.

The current work aims at answering in a more comprehen-
sive way the CF of a VLC transmitter, linking the signal power
budget and the analysis of LED and driver circuit behavior.
The current work method expands previous analysis from
the literature using a complete photo-electro-thermal (PET)
model of a commercial high power phosphor-covered white
LED (PC-LED) and parameters of a real photo-diode as light
sensor. We chose PC-LEDs because they are the most used
for general purpose illumination, due to better efficiency-cost
ratio compared to other types of LEDs. Additionally, several
LED driver circuits, already proposed in the VLC literature,
are modeled and compared in this study. These models use
equivalent electrical component models in order to allow for a
fair comparison among the analyzed circuit types. Four target
applications of VLC, namely Li-Fi, virtual reality (VR), indoor



VLC transmitter

VLC receiver 1

vLg
receiv "
Gl

<> receiver 4, ° 7

=i B8
receiver 54—

(c) Indoor localization in a store or warehouse.

123

VLC transmitter

Vic receiver

(b) Virtual reality short-range multimedia streaming.

VLC receiver 2
VLC transmitter

VLC receiver 3 VLC receiver 1

(d) Vehicular VLC application.

Fig. 1: VLC applications.

localization and vehicular networks, sketched in Fig. 1, were
explored to point out the best design decisions on modulation
circuits and modulation schemes considering the CF. These
applications are characterized by light flux requirement, chan-
nel geometrical parameters and communication data rates. It
should be noted that the CF here also considers the average
power processing capability implicit of some converter types,
which allows for a fairer comparison.

This work is organized as follows. The CF is explained in
the VLC application context in Section II. After this, in Section
III, the adopted models are introduced, as well as how the
energy metrics were calculated in the proposed framework.
The parameters of each VLC application are presented in
Section IV and the main comparison charts, ruled by the CF
and signal bandwidth, and analysis are shown in Section V.
Section VI presents the discussion including all applications
and the main findings. Finally, Section VII summarizes the
conclusions of this work.

II. SCOPE OF THE PROPOSED ENERGY-EFFICIENCY
ANALYSIS FOR VLC SYSTEMS

The communication energy efficiency is expressed by its CF
in the form of the ratio between the number of transmitted data
bits and the energy consumed (bits/J). Moreover, it considers
the power spent in the components that are on the signal path
(directly processing the signal), as shown in Fig. 2, and also the
power spent on ancillary functions (other system components
not directly processing the signal, off the signal path, e.g. dc
power processing, biasing, voltage regulation, etc.).

A VLC system faces simultaneously illumination con-
straints and also communication constraints. Regarding the
first, the widespread lighting fixtures are an opportunity to the
popularization of VLC. However, it also demands a high en-
ergy efficiency, because the artificial illumination consumes a
significant amount of energy. For the second, the CF is a useful
tool for comparing and trading-off system design decisions. It
is worth noting that the energy spent for illumination purpose

shall not be considered as ancillary function. In this case,
this parcel of energy is useful for other device’s functionality
simultaneous to the communication. Both aspects reflect either
on light emitting device selection and driver circuit design and
cannot be isolated from each other.

The intentional light intensity modulation for VLC may
cause a drop in the global device efficacy of light emission.
This happens both because of the characteristics of the irradi-
ating device and driver circuit. Firstly, LEDs are the main light
source used nowadays and they are susceptible to the so-called
droop effect consisting in lower efficacy of emission at higher
junction current densities. Therefore, as the current is varied
for light intensity modulation, the stronger is the light modu-
lation, the lower will be the luminous efficacy of the device
[3,5]. Secondly, the modulation of the current increments the
effective current level that increases energy losses in the driver
circuit. Thirdly, LED intentional voltage modulation requires
additional voltage headroom (Vg p) in some driver circuits,
which ultimately reflects in complexity increase or efficiency
reduction. Moreover, adding extra power processing stages
aiming specifically at modulation can decrease the circuit
efficiency and, therefore, the overall system efficacy. Section
III-G explores deeply the CF calculation.

III. VLC SYSTEM MODEL

The lighting and communication system model used in this
study is depicted in Fig. 2. In this figure, it can be seen that
the scope of this analysis is from the input bitstream to the
amplified current at the receiver’s analog front-end module,
which includes a low noise amplifier (LNA). Although the data
modulator block is not in the power path from the electrical
source to the LED, it is included in the analysis because the
characteristics of the signal resulting from each modulation
and signaling scheme impact the system efficacy. The key
measurements taken from this model to calculate the CF of
the transmitter are the input power from the electrical power
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Fig. 2: VLC link model and scope of current work.

source and the light sensor amplified reverse current, at the
output of the amplifier.

Finally, the illumination efficacy is calculated using the
output light from the LED. The parts of this model are
explored in Section III-A to Section III-G.

A. Modulation schemes

In this study, baseband signaling schemes as well as pass-
band modulation schemes were considered. In baseband, the
on-off-keying (OOK), pulse position modulation (PPM) and
PAM are included. Those comprehend the most frequent
schemes reported and used in current VLC standards. In pass-
band, single carrier modulation schemes (SCM) and multiple
carrier modulation schemes (MCM) were considered. Exam-
ples of SCM are phase-shift keying (PSK), amplitude-shift
keying (ASK) and quadrature amplitude modulation (QAM).
In this sense, the ripple modulation is a variation of PSK
that can be implemented in switching mode modulator circuits
taking advantage of the residual voltage ripple at its output,
which is further explored in Section III-B2. Examples of MCM
are discrete multitone and OFDM. Additionally, the passband
modulation schemes are implemented using dc-offset (DCO)
that is suitable for light intensity modulated communications.

OFDM has been pointed as the best scheme to be used
in VLC due to the channel fading caracteristic, also because
of additional advantages on the implementation of symbol
synchronization, channel estimation and equalization. There-
fore, this scheme is considered to be included in future VLC
standards [6,7]. Flip-OFDM [8] and asymmetrically-clipped
optical OFDM (ACO-OFDM) [9] are variations of OFDM mo-
dulation that are proposed in optical communications literature
as alternatives to DCO-OFDM because they enable achieving
higher signal variance under the restrictions of same average
light. Those are considered for the VR application because of
the higher data rates, which require increased bandwidth or
signal power. However, in this case the average light and the
signal power are not controlled independently, as is possible
with DCO-OFDM, which causes higher current modulation
index in the LED.

The definition of the required signal power considered the
link power budget [10]. It is assumed here that the system
can handle the distortion caused to the higher frequency
components of the signal because of system dynamics, i. e.
mainly LED low-pass behavior, as well as LED non-linear
current-to-light transfer curve. This can be accomplished either
by adequate carrier power distribution and bit loading at the

transmitter for MCM schemes [6] or by receiver equalization
for baseband and SCM schemes [11]. In the transmitter the
amplitude of ac components is adjusted aiming at achieving
the minimum SNR required, which is dependent on each
modulation scheme, to keep the bit-error-ratio (BER) below
the forward error correction limit of 1073. The required
SNR is calculated from analytical expressions according to
each modulation scheme [12]. However, for simplification, the
effects of receiver equalization on noise components are not
taken into account.

The definition of the root-mean-square modulation index
(arms) according to (1) [4] has been used in this analysis.
In this equation, the overline notation U stands for average
over time. Also, the signal bandwidth, which extends from
zero to BW Hz, is controlled by the symbol rate (Rsyas)
according to (2). No concern is given to visible light flicker
in any specific modulation scheme because there are several
solutions to avoid this effect in VLC literature [13], which are
out of the scope of the current work. Moreover, the frequency
band that shall be avoided accounts for less than 1% of the
available frequency band, which shall have little impact in the
system data rate.

arms(X) = X0/ X M

2- BW, in baseband
R = ’ 2
sYM {BW7 in passband @

B. Driver circuit models

In this study, three types of modulators are considered, all of
which have the same power processing capabilities, supplied
from nominal input voltage (VI]X,). For a fair comparison,
when the actual modulator circuit is not capable of efficiently
dealing with high voltage step or average current control, an
extra power processing stage is included to deal specifically
with this role. The included circuit types are described as
follows.

1) Linear mode modulators (LMMs): These topologies are
based on transistors operating in their linear region. Common
types are class A, B, AB and C amplifiers. Thus, they operate
based on a dissipative principle because there is a considerable
voltage across the transistors power terminals simultaneously
to the main current flow in order to keep the expected operating
point. This type of circuit can be designed to have lower power
consumption by minimizing the operating voltage headroom.



Besides, the limitation imposed because of the series equiva-
lent resistance of semiconductor devices (Roy), MOSFET’s
used as linear amplifiers suffer from low bias voltage effects.
At low source-to-drain voltage levels (VA4/™) the MOSFET’s
output impedance is reduced, which affects amplifier static
gain performance, and the device’s intrinsic capacitances are
increased, harming the device’s dynamic range because of
slower operation.

In a practical application, an additional power processing
stage is required to supply this type of converters from the
nominal input voltage with optimum (minimum required)
supply or with a dc current (to provide illumination bias
only). Aiming at a fair comparison, for this additional power
processing stage, the efficiency (nsp) of a synchronous buck
switching mode power converter was assumed for average
current control and voltage step-down. This converter has low
switching frequency (Fhsrn) because it processes only dc
power and has no modulation purpose. The use of switching
mode power converter specifically as modulator is explored in
the next subsection.

The linear modulator’s minimum input voltage is constant,
defined by design, which is enough for distortionless signal
synthesis within its dynamic range. For this type of circuit,
the class A and class AB amplifier are modeled. The first
drains current provided to the LED from a constant voltage
source, delivering simultaneously the dc and ac components
of the power. For the second, a bias-T structure [4,14] is
considered to provide the dc current to the LED, therefore
the amplifier provides the ac LED’s current components that
are coupled using a capacitor.

2) Switching Mode Modulator (SMM): These converters
are based on transistors operating in saturation and cut-off
regions to generate a square waveform that is afterward applied
to an LC band-pass filter or low-pass filter. This type of circuit
is known by its high efficiency and it is commonly used in
illumination purpose LED drivers. They are most frequently
operated using pulse-width modulation for average output
power control. The intentional modulation for communication
can be performed using one of two principles:

a) Average Current Control (ACC): It consists of shaping
the output average voltage by modulating the duty cycle [15]
to track a low-frequency reference whose harmonic content
remains within the filter passband. These converters have the
switching frequency (Fs) defined accordingly to keep the
modulation with a minimum ratio of Fs/BW, which is a
conservative definition and it is sufficient to shape the current
for VLC for small signal excursions [16]. The minimum value
for this frequency is also constrained by Fisrn-.

b) Ripple Modulation (RM): It takes advantage of the
converter inherent residual frequency content that remains after
filtering [17, 18]. This is implemented by controlling the phase
of the switches according to the information to be transmitted.
Hence, the average duty cycle is kept constant and, in this
case, the resulting signal shape is directly dependent on the
filter bandwidth.

Therefore, the carrier frequency and signal amplitude are
linked because of fixed filter parameters. The switching fre-
quency of this converter, which is equal to the carrier fre-
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quency in this case, is set at BW/2 in order to accommodate
most of signal components within zero to BIW Hz band.

In both the above cases, the operation does not occur
under dissipating principle. However, technology limitations
lead to energy losses that can be estimated from operational
conditions and circuit device parameters. While not claim-
ing to be exhaustive, those conditions and parameters are
switches transition time (¢ syy ), switching frequency, root mean
square currents (Irass), series equivalent resistance of passive
components (Rg) and semiconductor devices, semiconductor
blocking voltages (Vsroc k) and peak currents (Ipg). In this
work, the losses are calculated using (3) [19] for switching
losses (Prsw ) in active devices.

>

k=semiconductors

Prsw = %VgLOCKIIk’KtI;‘WFg 3)
The synchronous buck converter topology modeled is ca-
pable to perform simultaneous average input voltage step-
down and current modulation. The design of inductance and
capacitance for the passive filter followed defined magnetic
current excursion (AI), which cannot be mistaken with the
current ripple at the LED that is lower. Moreover, to increase
the modulation bandwidth of these converters the preempha-
sis technique was considered to reduce switching frequency
requirements [16]. Despite that, the converter is not able to
keep all dynamic performance to synthesize steep zero or high
current levels given to the duty cycle range restriction.

3) Series Switch Modulator (SSM): This modulator is based
on turning on and off the LED by using a series switch.
This circuit cannot control the instantaneous current level,
which is defined by input dc voltage. As an actuator, a single
transistor, e.g. bipolar transistor or MOSFET, is employed.
This type of modulator differs from LMM in that there is
no transistor bias current to operate the transistor in linear
region. On the contrary, the transistor is operated in cut-off and
saturation regions, as an open and closed switch respectively.
Therefore, it is only able to generate rectangular pulses, which
reduces the possible signal modulation schemes; however, it is
simple to implement. The energy efficiency of this converter
is composed by the parcel due to semiconductor static losses
and switching losses. Also in this case, a previous conversion
stage, which is considered having efficiency nsp, is necessary
to step-down and regulate the required input voltage.

C. LED photo-electro-thermal model

The LED photo-electro-thermal model includes all charac-
terization of the photometric light emission of the device as
well as the electrical behavior. All these aspects are subject
to the thermal effects caused by self heating and environ-
ment temperature. The modeled LED is a Bridgelux Vero
18 array series, part number BXRC-50C4000-F-24, which
has 4603 Im of nominal light flux and was already exper-
imentally verified using a real device under extensive and
comprehensive modulated current stimuli [5]. For the final
light fixture special optical components can be employed to
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comply with specific visual perception requirements of each
application; however, for sake of simplicity, the geometrical
and optical characteristics of this device were used. The power
spectral emission of the LED is assumed constant, although
this characteristic may change according to device junction
temperature, which suffers effect of LED junction to ambient
thermal resistance (Rr) and environment temperature (1'g v ).
An indeep study of this effect in VLC can be found in [20].
The main thermal effects that are considered in the model
of the current work are the drop of light emission according
to the junction temperature (—0.21%/°C) and the change in
LED threshold voltage (—15mV/©C). Particularly, PC-LEDs
exhibit a characteristic cutoff frequency around 3.8 MHz in the
optical domain, which limits signal bandwidth and data rate
in VLC applications [21]. In order to take advantage of the
band at higher frequency range the analysis of the attenuation
of each frequency component is performed, which is further
explained in ITI-F. No higher frequency effects other than those
caused by the phosphor layer were taken into account for this
model.

D. Optical wireless channel propagation

The VLC channel is an optical wireless channel (OWC)
in which the incident light depends on the transmitted light
and on the VLC dc channel gain (H) caused by several
geometrical factors following (4) [4,10,22]. Those factors
include the distance between transmitter and receiver (d), the
irradiance angle (%), the incidence angle (w), the order of
Lambertian emission (m) and the light sensor area (A) [22].
The area is implicit in the sensor gain, which is presented
in next subsection. This analysis includes only line-of-sight
propagation.

(m+1)A

H = 2md?

cos™ ()cos(w) “4)

E. Light sensor and amplifier noise models

The analysis of the light sensor aims at calculating the
photocurrent resulting from the incident light signal and the
variance of the noise added to this current inside its bandwidth.
The Vishay Semiconductors BPW34 PIN photodiode that
was used as reference model in this study acts as a fast
response light sensor in reverse-biased condition in which
the responsivity to incident light is well characterized. The
absolute reverse current follows a linear relationship with the
incident light intensity in the range from 10 Ix to 10 klx at 5
HA/IX rate.

The noise variance is calculated from different noise effects
including Shot noise and Johnson noise, the last one is
also called thermal noise. Both effects have constant power
spectral density [4]. Johnson noise depends on the light sensor
temperature and Shot noise depends on the sensor average
reverse current. The noise equivalent power (NEP) is used
to calculate the input referred noise. In order to provide
a realistic scenario, the noise of a commercial low-noise
operational amplifier model OPA657 is also considered in the
noise budget for the LNA. The NEP at the amplifier input is

1.3fA/\/(Hz).

F. Channel capacity calculation

The SNR of the amplified light sensor photo-current is
calculated according to (5) using the variance of the signal
(0%) at the receiver caused by the incident light and the
variance of the noise (012\,) inside its bandwidth . The VLC
receiver is affected by additive white Gaussian noise (AWGN)
[4], which has constant noise power density (Npsp). Hence,
the SNR expression can also be represented in terms of the
total signal power (Pg) and total noise power integrated over
the entire occupied bandwidth (BW).

g ?5 PS

SNR = —-

=—">_— 5
0'12\, NPSD-BW ( )

The spectral efficiency of the modulation (¢p;0p) can be
used to calculate the maximum achievable data rate (DR ;)
using (6). The maximum data rate (DRj;4x) expression
in (7) [23] is independent of the modulation scheme; it is
valid under AWGN and do not account for the positive and
maximum instantaneous light power constraints. Therefore, it
overestimates the actual capacity and this can be taken as an
upper bound [3].

DRys = ¢pop - BW (6)

DRMAX :BW'ZOQQ (1+SNR) (7)

Equation (7) represents the usual bandwidth-power trade-
off. Following (5) and (7), a given data rate can be achieved
with different combinations of the bandwidth and signal power
by means of adequate symbol rate and modulation scheme
selection. It is worth noting that the bandwidth directly affects
the expression (7) and also indirectly by means of SNR
calculated using (5), which causes a saturation effect when
increasing the bandwidth. Fig. 3 numerically exemplifies this
trade-off and the LED’s frequency response, which exhibits an
opposite signal power to bandwidth dependence. In this sense,
for a fixed data rate, the wider is the modulation bandwidth,
the lower is the required signal power. Observing the LED’s
current, in the other hand, the lower gain of the LED, at high
frequency range, requires higher current variance for same
light signal power. Therefore, either improving or reducing the
signal bandwidth trends to require improving LED’s current
variance, which is undesired to maximize LED’s efficacy,
because of one of these aspects. Therefore, these opposite
behaviors gives no clear answer about the best choice of signal
bandwidth for VLC, which will be clarified according to the
applications in Section V.

G. Calculation of consumption factor

In this work, the input power with VLC enable (P;y) and
the power provided to the LED in a non-modulated state
(Pfe. ) are used to calculate the CF. The value of Py
represents the input power of the driver circuit, performing
a global device analysis, or Pjy represents the LED input
electrical power, when focusing the analysis only on the LED
performance. Therefore, the CF is calculated using (8). CF
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may be independent of the modulation scheme using DR =
DRy ax or to an specific scheme by using DR = DRy;g.
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IV. FEATURED VLC APPLICATIONS

The parameters that characterize the four analyzed applica-
tions of VLC are described in this section, as follows.

A. Li-Fi capable light fixture

The Li-Fi VLC application, whose operation environment
is depicted in Fig. la, is characterized by a data rate of 54
Mbps and mobility within a range up to 2 m from the light
source, irradiance and incidence angles up to 40°. This is a
typical office environment with expected illumination intensity
of 500 Ix at the desktop. To achieve the proposed data rate with
a narrow bandwidth of the LED (3.8 MHz) a highly spectral
efficient modulation scheme, performing at least 14.2 bps/Hz,
shall be used. Otherwise, light signal distortion occurs when
it is allocated in the frequency range which exceeds LEDs
flat dynamic response and, therefore, some considerations
described in Section III-A shall be taken into account to avoid
high BER.

B. VR short range link

The virtual reality data link using VLC can be used to
wireless stream multimedia and real time interaction stimuli in
a very directional short range, as depicted in Fig. 1b. The data
rate of 1 Gbps is considered, because it is sufficient for UHD
video and audio real time streaming. This application has low
mobility, because the light sensor lies at maximum distance of
1.5m below the light source, irradiance and incidence angles
are up to 30°. Total light flux of 2500 Im shall be provided to
generate approximately 1000 Ix at the height of the receiver
within the circle with radius of 1.7 m. This corresponds to 360
Ix at the desktop level, approximately 2.5 m below the receiver.
Most of the signal power resides in the LED attenuated band
in this case because to reach the required data rate using only
the flat response band would require a modulation scheme
performing very high spectral efficiency (at least 263 bits/Hz),
which is impracticable.
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TABLE I: Simulated model parameters.

Parameter Value
Ron 0.05 Q% 025 QP
Rs 0.02 Q¢ 0.10 Qb
VALUN 045V
tsw 10 ns
AT 047 ©
Fs/BW 4
FIMIN 20 kHz
TeNV 25 °C
Ry 25 °C/W
VA 50 V
NEP 40 fW/VHz

2 Selected according to the average LED current of the indoor
localization application (average 5.0 A).

b For other applications, Li-Fi, VR and vehicular.

¢ Default value for ACC, for RM the filter cutoff frequency is defined
according to achieve the required signal power.

C. Indoor localization infrastructure

In this application the data rate is lower if compared to pre-
vious ones. Usually simple beacon packets are used to signal
the illuminated receivers its position; therefore 100 kbps data
rate is usually enough. The light sensor may be up to 6 m from
the light source, in a typical store or commercial warehouse
of 4m-height ceiling and the target illuminated surface at 1m
height from the ground. The operating environment of this
application is depicted in Fig. 1c. The irradiance and incidence
angles are up to 60° which projects light in an area of 84.8 m?
(5.2 m radius). The corresponding ground area needs 17000
Im to provide in average 200 Ix at the illuminated surface.

D. Vehicular VLC

In a vehicular application of VLC the headlights of the car
illuminate the road, the traffic signs and the other vehicles
simultaneously providing data transmission, as it is depicted
in Fig. 1d. The data transmitted may contain information
from the vehicle, from the road or transit status, thus the
required data rate is low, here defined as 100 kbps. The
transmitter may head in the direction of the receiver (car-to-car
communication running in same direction, receiver 1 in Fig.
1d) up to 100 m away from the light receiver. Alternatively,
the receiver is slightly to the side when there are vehicles in
opposite direction (receiver 2) or a traffic sign (receiver 3).
In these cases the receiver lies 10 m away and near to the
transmitter circulation lane within a 11.5 m-wide beam width,
the irradiance and incidence angles of the light can be up to
30°. Total light flux of 8000 Im is expected as output of the
car headlights which in this analysis requires 2 LEDs.

E. Simulation parameters

Table 1 presents a summary of all parameters used to
simulate and analyze the VLC link application examples.
Additionally, for each modulation scheme, the symbols are
distributed with equal probability among all possibilities.

V. RESULTS AND DISCUSSION

In this section, the results and evaluation of best design
choices for the VLC applications described above are pre-
sented.
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A. Li-Fi

Fig. 4 depicts the CF of Li-Fi for fixed data rate and
variable bandwidth of modulation. The solutions are classified
into modulator circuit types (color of marker) and modulation
schemes (shape of marker) in this figure. It shows inside the
gray area I that most of the linear modulators implementing
PPM have lower CF when compared to other modulation
schemes. The class A modulator, solutions inside gray area
II, had the average CF similar, same order of magnitude, to
previously reported in [4], in which the data rate is 20Mbps
and the distance is 2m, when only the modulator without
average power processing stage is taken into account. This
class A type of converter is directly affected by the required
operating voltage headroom of 0.67 V in average, in the
interval [0.59 V, 0.81 V], and the LED average current of
1.03 A which flows through the circuit. The CF achieved with
switching mode modulators drops severely with the signal
bandwidth, that is because the switching losses account for
at least 98% of energy losses. The DCO-OFDM modulation
have no significant difference in CF when compared to other
SCM and baseband schemes. In this sense, it is opposed to the
conclusion of [4]. Finally, the best CF was achieved with class
AB linear amplifier as modulators, in average 165.4 Mbits/J,
depicted in area III. In this case, the CF has little sensitivity
to bandwidth because of the low average current modulation
index 0.035, in the interval [0.017, 0.078], thus requiring the
minimum supply voltage of 1.35'V, in the interval [1.14 V, 2.04
V], which is a critical factor for losses in class AB amplifiers.
Indeed, the linear circuit supply accounts for 7% of the extra
power spent and the average voltage step down processing
accounts for 93% of it.

B. VR

Fig. 5 presents CF for this application of VLC. The
switching mode modulators have poor performance due to
excess of switching losses in such wide bandwidth modulators.
Therefore, it is clear that with the considered technology,

Either of these perform
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Fig. 5: CF of VLC for short VR data link.

mainly impacted by the tgys, the application of switching
mode modulators is not feasible. Also, the DCO-OFDM
scheme is unable to achieve the required signal power with
the average light flux of this application. Therefore, the ACO-
and Flip-OFDM are included. These modulation schemes, in
detail labeled I in the figure, achieved average CF of 8.9
Mbits/J. In this case, because of the lower LED efficacy caused
by higher current modulation index (>1.5), the LED itself
performs only CF of 289.37 Mbits/J (not considering the losses
in the driver circuit), also the modulator efficiency is 87.0%
in average. Therefore, the many advantages of these OFDM-
based modulations are severely counterweighted by the lower
CF of the transmitter.

The solutions inside areas labeled II and III of Fig. 5
achieved a CF of 3.51 Gbits/J considering only the LED, in
the interval [2.78 Gbits/J, 5.85 Gbits/J], that agrees with the
reported for same data rate by [3], both been in the order
of gigabits per joule, which considered a best case scenario
in their analysis. Again the advantage of class A (see area
labeled II, CF is 678 Mbits/J) and class AB (see area labeled
III, CF is 1.12 Gbits/J) linear modulators is clear, when using
simple modulation schemes such as 4- and §-PAM, QPSK, 8-
to 64-QAM. These modulators are able to achieve such higher
performance because of lower current modulation index (0.34)
and higher modulator’s efficiency (93.9 % and 96.8 % for class
A and AB, respectively). For these solutions in areas labeled
IT and III, the modulator itself spent 29.2% of the extra power
and the additional stage, for voltage step down and average
current control, accounts for 70.8% of the extra power.

C. Indoor localization

Fig. 6 depicts the CF according to the modulation band-
width. Linear class AB (58.6 kbits/J, see label I) and SMM
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Fig. 6: CF of VLC for indoor localization.

using ACC (47.7 kbits/J, in area IT) had similar CF; however,
the first requires two power processing stages, which are
the linear modulator itself and another converter to process
the average power with high efficiency. Linear class A (24.5
kbits/J, see label III) and all OOK-based modulation schemes
(OOK, Manchester-encoded OOK and PPM, see IV in Fig.
6) have significant inferior CF. The current modulation index
in the cases of all DCO modulation schemes (QAM, PSK,
ASK and DCO-OFDM) is reduced, in average 1.2% in the
interval [0.8%, 4.8%]. No significant difference in LED’s
efficiency is observed among linear class modulators under
different modulation schemes and bandwidth above 20 kHz.
However, the bandwidth increase of switching mode drivers,
using either ACC or RM, increases the required switching
frequency which in turn reduces the efficiency and the CF.
The best solutions considering the CF for this application are
below 100 kbits/J. These solutions employ RM performing
512-PSK 92.3 kbits/J and 256-PSK 91.5 kbits/J, which is 37%
higher than the average CF of linear class AB modulator.
There is an optimum signal bandwidth (between 22.2 and
25.0 kHz) in which a maximum CF is achieved using RM,
which is explained because of rising LED efficacy and falling
modulator efficiency with increasing signal bandwidth within
the studied range, see detail V in Fig. 6. In an overall analysis,
for the indoor localization application of VLC and the resulting
CF, the ripple modulation is pointed out as the best choice of
converter because of reduced driver circuit stages.

D. Vehicular Communications

The CF results are summarized in Fig. 7 according to the
signal bandwidth. The current modulation index required in
this application is in average 7.0% (from 1.8 % to 18.5%) for
the studied bandwidth range. Therefore, there is a significant
difference among the CF of different modulation schemes
either with SMM using ACC (see area I in Fig. 7), linear
classes AB (see area II) or A (see area III). The shadowed
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areas highlight the wide difference of CF between M-ASK
schemes, which encodes information only on the amplitude of
a sinusoidal carrier, and other modulation schemes. This effect
was less pronounced in the previously analyzed applications.
The main finding here is that the CF of M-ASK is significantly
lower than the achieved by M-QAM, M-PSK and M-PAM
schemes in similar bandwidth values, e.g. with linear class
AB the 32-ASK in 20.00kHz achieves only 35.4 kbits/J and
16-QAM in 25.00kHz reaches 58.7 kbits/J. This comes from
the fact that M-ASK requires higher light signal modulation
index at the receiver, because the pulse energy in M-ASK
must be twice that in M-PSK [12], which forces the increase
in current modulation index, harming the efficacy of the LED.
Additionally, this modulation scheme demands higher voltage
headroom in the design of linear modulators because of higher
peak-to-average power ratio, finally reducing global efficacy.

In this application also RM has a maximum CF value which
was already explained in Section V-C for indoor localization.
Despite the better CF of SMM RM in comparison to linear
class AB (+14%) and SMM using ACC (+20%), the best
performance difference is less significant than the observed
for the previous application scenario.

VI. DISCUSSION

Switching mode LED drivers are the best energy-aware
choice to be used as modulator circuit in low data rate
VLC applications, like the indoor localization and vehicular
communication. This comes from the fact that lower switching
frequency allowed for reduced losses and avoids the need for
two dedicated power processing stages, which is required by
linear or series-switch modulators. Moreover, the use of dc-
offset modulations with higher spectral efficiency improved
the consumption factor of switching mode modulators because
of reduced bandwidth required. It was shown that ripple
modulation have the best consumption factor and it is the most
indicated modulation scheme in this context.
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In those applications of VLC which require wider modu-
lation bandwidth, exceeding LED’s flat response band, the
switching mode modulators have very low consumption factor
that results mainly from the high switching frequency required.
In this case, the simultaneous average power processing and
modulation for communication capabilities is disadvantageous.
On the other hand, the linear power amplifiers, although
working in a dissipative principle, are more suitable for the
high-data rate VLC applications, such as exposed in Li-Fi
and virtual-reality data link applications, because they achieve
superior consumption factor, thus requiring less additional en-
ergy to perform same communication. Even when using linear
modulators in these applications, the dominant energy losses
were found to be related to the average power processing
stage. Moreover, the most suitable modulation schemes are
those with lower spectral efficiency, which require increase in
bandwidth and allow for less signal excursion, thus improv-
ing linear modulators consumption factor despite the signal
attenuation when using phosphor-covered white LEDs.

Additionally, all solutions using modulation schemes with
at least one level at zero current, i. e. OOK-based, have always
lower consumption factor in comparison with other modu-
lation schemes. Despite the good efficiency of series switch
modulator, which can realize these modulation schemes, the
LED conversion efficacy drops because of higher current
modulation index and it accounts for most of the extra energy
spent for VLC. Therefore, in an energy-aware VLC system,
the OOK-based modulation schemes and the series switch
modulators shall be avoided. This conclusion is only possible,
achieving the best of energy efficiency, with the analysis of
the complete system that allows for the minimization of the
transmitter light modulation index. In this case, the decision
of simplifying the receiver (e. g. using a simple OOK-based
modulation scheme) was shown to have a very high energy
cost at the transmitter side. On the other hand, using linear
modulators, dc-offset OFDM has similar energy expense as
other baseband or dc-offset single-carrier modulation schemes.
However, other optical OFDM variations, i.e. Flip-OFDM
and asymmetrically-clipped optical OFDM, which allow for
extra signal power under limited average light flux, have the
worst energy performance because they achieved two orders
of magnitude (125 times) lower consumption factor.

Finally, given the facts, it is possible to extract the fol-
lowing conclusions: i. the consumption factor values of the
four applications of VLC are fairly constant for a wide
signal bandwidth and modulation index ranges, ii. the dc-
offset modulation schemes are the most energy-efficient and
iii. only a small parcel of the extra power is spent in the
actual modulator circuit for the best solutions. Therefore, the
main loss of energy was found to be still related to the
average power control targeting illumination feature, whereas
the implementation of communication itself accounts for a
smaller part of the extra energy consumed.

VII. CONCLUSIONS

In this work an efficacy-driven analysis of VLC is presented
including multiple aspects, i.e. LED behavior using PET

theory, driver’s efficacy and several modulation schemes. The
inclusion of parameters of concrete applications of VLC lead
to comparison scenarios closer to the reality. Moreover, the
signal power budget analysis allowed for trading off the band-
width and modulation factor required and their effect on each
combination of modulator circuit and modulation scheme. The
analysis of the extra energy spent for VLC in each application
lead to the find that the limitations of semiconductors affect
different modulator circuits types according to the required
modulation bandwidth.

The dc-offset modulation schemes are the best option con-
sidering the energy efficiency and allowing for independent
average light and signal variance control. The OOK-based,
ACO-OFDM and Flip-OFDM, which have no dc-offset, were
shown to have a significant droop in LEDs efficacy and driver
circuit efficiency, leading to lower consumption factor. The
dc-offset OFDM was shown to have no significant efficacy
difference in comparison with other baseband or dc-offset
passband modulation schemes.

The switching mode modulators were found to be the best
solutions, given the reduced number of power processing
stages and higher consumption factor, indicating best use
of extra energy spent for communication in application of
indoor localization and vehicular communications. Both these
applications are characterized by reduced data rate and signal
bandwidths up to 100 kHz. In this condition the use of a single
power processing and modulation stage is a clear advantage
for the switching mode modulator circuits. On the other hand,
in the higher data rate applications, i.e. Li-Fi and virtual
reality, which require wider signal bandwidth, in the dozens
of megahertz range, the linear mode modulators are clearly
advantageous. In this case, including a dissipative dedicated
power processing stage only for modulation purpose is the
most energy efficient solution.
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7 DISCUSSION

The complete study in this thesis approaches the energy efficiency of VLC in an ob-
jective way following a bottom-up method. First, the reviewed manuscripts approached state-
of-the-art technology on LED and on LED drivers for VLC application. Second, the studies
on the effects of current modulation in the LED and the pre-emphasis control on switching
mode modulators showed contributions on the design of a VLC transmitter. The above cited
studies, together with additional modeling of the OWC and receiver noise, allowed for a com-
prehensive comparison among the consumption factor of different solutions of PC-LED-based
VLC transmitters. This study assumed that the electronic device can be designed following
the lower possible biasing voltages, the signal has its power minimized, no other illumination
device causes interference and the channel response includes only direct path. Therefore, the
results are best case scenarios and are meant to allow for a fair comparison with less focus in

the absolute consumption factor values.

Follows the discussion of the most significant topics of this thesis that were divided in

three thematic sections.

7.1 MODULATION SCHEMES

The study presented in Chapter 4 showed that the same drop of efficacy is observed in the
LED regardless of the modulation scheme. However, the zero and maximum forward current
that can be applied to the device limits the design space considering the ac signal variance
for communication and the dc dimming range. In this part of the thesis, the actual required

modulation depth was not studied because that study is independent of any application.

This same study also showed a strong limitation in the application of DCO-OFDM mod-
ulation for VLC. That is because the possible design space was constrained by the zero and max-
imum LED’s forward current. In this sense, the higher is the PAPR of the signal, the smaller is
this space. However, when coming to a complete analysis of the VLC link, presented in Chapter
6, it was found that the Li-Fi application suffers little or no impact because of this characteristic
of DCO-OFDM when compared to other very know modulation schemes, such as PSK, QAM
and baseband schemes with the exception of the OOK-based schemes. That is because in most

cases a low modulation amplitude is required (<7%).
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For the higher data rate application of virtual reality, on the other hand, DCO-OFDM
could not achieve the required signal power, as shown in Chapter 6. In these cases the variants
of OFDM scheme, i. e. asymmetrically-clipped optical OFDM (ACO-OFDM) and Flip-OFDM,
were shown to be very energy-costly because of the drop of efficacy in the LED and lower driver
circuit efficiency. In this sense, this thesis linked the modulation schemes reported in literature
focused on telecommunications and pointed out the most suitable for VLC. Other aspects such
as receiver equalization, channel estimation, synchronization, etc., which have to do with the
selection of the modulation scheme and the implementation on the receiver, were not focused

here.

7.2  MODULATOR CIRCUIT

A comparison among linear power amplifiers and switching mode power converters
used as modulator for VLC is presented in Chapter 6. The first type is more adequate when
high-bandwidth is required (i.e. Li-Fi and virtual reality). The use of linear modulator for
VLC corroborates the demonstrated by (WU et al., 2018) with further grounding and a more
comprehensive analysis. Also, the literature overview presented in Chapter 3 confirms the sig-
nificant amount of publications using this converter type, even though, most do not follow an
energy-driven approach. This analysis points out the consumption factor dependency on the
chosen signal bandwidth. Moreover, this type of modulator shall be assisted by another con-
verter for processing average power (class AB) or to tightly regulate the supply voltage (class
A) for effective use in VLC. The second type, the switching mode power converters, is suitable
for narrow-bandwidth applications (i.e. indoor localization and vehicular communications) per-
forming simultaneous power control and intentional current modulation. This type of converter
is in the focus of the research on VLC recently, as can be seen in Chapter 3, and suffers specially
from switching losses. This matches the findings of (MENDEZ, 2018) about the use of switch-
ing mode power converters for VLC, who cited additional implementation aspects, which limit

their implementation for wide modulation bandwidth:

The high switching frequency required for providing a bandwidth high enough for
reproducing the communication signals makes the practical implementation very dif-
ficult because of the high switching losses, the difficulty of driving the MOSFETsS,
etc. [...] Moreover, the capability to perform very small voltage changes with a SMPC
falls with switching frequency (MENDEZ, 2018).



135

In this thesis a wide range of aspects are taken into account to justify the choices of
modulation schemes and modulation circuit types. One of the main findings, which leads to an
objective recommendation on VLC driver design, resides in the proof that linear mode modu-
lators are advantageous from the energy efficiency point-of-view. The option of using circuits
working in a dissipative principle in an LED driver for illumination-purposed only is not en-
dorsed considering current state of electronics technology, since the switching mode power
converters are advantageous in many aspects, not only in the energy efficiency. However, when
facing the requirements of wider modulation bandwidth in the order of megahertz for VLC,
it was shown that the lower energy penalty is possible by using these dissipative circuits than

improving the switching mode power converter-based modulation capability.

Another solution, when a dedicated modulator stage is acceptable in the power conver-
sion, is the use of a single series switch modulator. This is frequently reported in the literature,
which can be seen in Chapter 3, and allows for implementing OOK-based modulation schemes.
Additionally to requiring a regulated input voltage supply, this solution causes the modulation
duty cycle to affect the average light, which requires additional concern on the implementation.
The results presented in Chapter 6 show that the adoption of this modulator in combination with
the possible modulation schemes results in lower consumption factor when compared with the
other modulator types. Although the modulator presents reasonable high efficiency, the efficacy

droop of the LED determines the lower global efficacy and lower consumption factor.

When considering the low data rate applications of VLC and to allow for a single power
processing stage capable of average power control and modulation, the switching mode mod-
ulators are the best option. The preemphasis technique, presented in Chapter 5, was shown
to be effective for taking advantage of the maximum possible modulation bandwidth, which
helps on reducing the required switching frequency when using average current modulation.
This technique includes the closed-loop control of average current and open-loop injection of
communication signal into the converter’s operating duty cycle. Moreover, it demonstrated a
flat frequency response from the point of injection of the communication signal to the LED’s
current. This flat range extends from a very low frequency, which could approach dc, up to 0.45
of the converter’s switching frequency, in theory 0.5 is the fundamental maximum value given

the Nyquist sampling theorem.
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7.3 REVISITING THE RELATION BETWEEN VLC AND RF COMMUNICATIONS

It is worth recalling here a common discussion that brings a direct comparison between
the RF communications and VLC. Although these results are not directly pointed out from
the energy-aware VLC design, they deserve special attention because they help on avoiding
misunderstandings about the potential use of VLC, which are common in literature. These mis-
understandings concern the actual energy consumption of a VLC transmitter when compared to

the RF communications and the available bandwidth for VLC.

First, the energy efficiency (concretely considering the consumption factor) of imple-
menting VLC in the gigabits-per-second range is far lower than that of a similar communi-
cation using RF (TSIATMAS et al., 2015; RAPPAPORT; MURDOCK; GUTIERREZ, 2011).
This result was a best case estimated for VLC because (TSIATMAS et al., 2015) considered the
consumption factor at the LED’s terminals without any concern on the driver circuit. The con-
sumption factor analysis was revisited in Chapter 6 and the higher consumption factor values
are similar as reported in the literature, although in this thesis a wider comparison among more

solutions for VLC drivers was performed.

Moreover, the efficacy of VLC drops even more when considering the power losses in
the driver circuit. Therefore, considering the current PC-LED and state-of-the-art electronic
drivers circuits, as presented in review of Chapter 3, the VLC does not have the higher energy-
efficiency in short range wireless communications when compared to RF. In the related liter-
ature, VLC is frequently called a green technology (ZHAO; CHI, 2018; ARNON, 2015; CHI
et al., 2015; AFIFAH et al., 2018; DENG, 2018; DENG et al., 2019; REHMAN et al., 2019;
MANIVANNAN; RAJA; SELVENDRAN, 2016; ALIMI et al., 2017; KARUNATILAKA et al.,
2015) having the sense of an environmentally-friendly mainly because of the lower energy con-
sumption. Actually, on this aspect, the results from this work confirmed that VLC is less effi-
cient than RF communications, as reported in the literature. A fairer discussion on the subject
including RF and VLC for short-range data communications shall consider the adoption of VLC
as an alternative for trading-off extra energy for additional data rate (mainly in downstream di-
rection) in the situations in which the RF transmitter alone is not able to support such improve-
ment. In this sense, this work confirms that the VLC role as a complementary channel to RF

communications is much more adequate (CHOWDHURY et al., 2020; VISIBLE et al., 2018;
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WU; WANG; YOUN, 2014; YU; BAXLEY; ZHOU, 2014; PATHAK et al., 2015; ELGALA;
MESLEH; HAAS, 2011).

Second, the wide electromagnetic spectrum range of visible light that is highlighted as
been (up to 10,000 times) wider than the spectrum of RF (SEVINCER et al., 2013; BIAN, 2019;
ELGALA; MESLEH; HAAS, 2011; PATHAK et al., 2015) shall be accordingly discussed.
LEDs only allow for intensity modulation with direct detection and these are the emitters used
in the current technology for VLC. In this sense, the spectrum shall be differentiated from the
available communication bandwidth of VLC, also called the bandwidth of the VLC channel,
which is the frequency range in which it is possible to implement the light intensity modulation
and was explored along this thesis in a wide sort of aspects. The definition of this band considers
the limitations of light emitters, the light receivers, the modulator circuits, the economic aspect
and energy efficiency concern. Hence, the literature shows that current technology allows for
no more than hundreds of megahertz of bandwidth, or few megahertz using phosphor-covered
white LED, as it is shown in the reviews of Chapter 2 and Chapter 3. On the other hand, RF sys-
tems can effectively take advantage of the whole band for communications. A fair comparison
shall confront the possible bandwidth of the VLC channel and the bandwidth available in RF,
which may soon allow for extra unlicensed band around 60 GHz with compatible electronics,
as already demonstrated in the literature (RAPPAPORT; MURDOCK; GUTIERREZ, 2011).
Therefore, the wide visible light spectrum range is not directly an advantage to be accounted

for VLC over RF technology.
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8 CONCLUSIONS

8.1 CONTRIBUTIONS OF THIS THESIS

The literature review and the innovative contributions, presented in Chapters 2 to 6,
supported the discussion presented in this thesis, from which this short summary is drawn. The
application of LED and the possible spread of VLC depends on the rational use of energy as
an environmental requirement. Therefore, the careful design of a VLC transmitter accounting
for illumination and communication aspects was shown to allow for great improvements in the
overall lighting efficacy. This is possible by adequate modulation scheme and driver circuit type

choice and a communication link analysis.

In general, the dc-offset modulation schemes proven to allow for the best consumption
factor for VLC applications. However, additional practical aspects such as channel equalization,
synchronization and concern on the receiver design shall be taken into account to select among
the various types of dc-offset modulations. The OOK-based modulation schemes, on the other
hand, have lower consumption factor, therefore, they are not indicated in the case of energy-

aware VLC implementation.

The analysis of the complete communication link is the only way to get closer to the
real minimum extra energy consumption in a dual-purpose VLC light fixture. This compre-
hensive view allowed for determining the best choices of LED drivers for VLC. The switching
mode power converters, which require only a single power processing stage, are adequate to
narrower bandwidth applications. The use of ripple modulation is highlighted because allows
for the higher consumption factor. However, the useful signal bandwidth is constrained by the
PWM switching frequency. Meanwhile, the linear mode modulators are more energy efficient
when wider modulation bandwidth is required, even though they operate based in a dissipative

principle.
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8.2 PUBLICATIONS

8.2.1 Published contributions of the thesis

e TEIXEIRA, L. et al. On the LED Efficacy and Modulation Design Space for Visible
Light Communication. In: IEEE Industry Applications Society Annual Meeting, 2018.
Portland - OR. Proceedings. p.1-6, 2018.

e TEIXEIRA, L. et al. Review of LED drivers for Visible Light Communication. In:
IECON 2019 - 45" Annual Conference of the IEEE Industrial Electronics Society, Lis-
bon. Proceedings. p.4274-4279, 2019.

e TEIXEIRA, L. et al. On the LED Illumination and Communication Design Space for
Visible Light Communication. IEEE Transactions on Industry Applications, v.55, n.3,
p.3264-3273, 2019.

e TEIXEIRA, L. et al. An Analysis of Visible Light Communication Energy Cost. In:
IEEE Industry Applications Society Annual Meeting, 2020., Detroit. In press, 2020.

e TEIXEIRA, L. et al. Pre-Emphasis Control in Switched Mode Power Converter for
Energy Efficient Wide Bandwidth Visible Light Communication. IEEE Journal of

Emerging and Selected Topics in Power Electronics, In press. 2020.

8.2.2 Published contributions indirectly related to this thesis

e LOOSE,F. et al. Ripple-based Visible Light Communication Technique for Switched
LED Drivers. 2017 IEEE Industry Applications Society Annual Meeting, p.1-6, 2017.

e LOOSE, F. et al. Using the Inherent Ripple Waveform of a Synchronous Buck Con-
verter for Visible Light Communication in LED Drivers. In: Semindrio de Eletronica

de Poténcia e Controle - SEPOC, 10. Proceedings, 2017. p.7-11, 2017.

e LOOSE, F. et al. On the Use of the Intrinsic Ripple of a Buck Converter for Visible
Light Communication in LED Drivers. IEEE Journal of Emerging and Selected Topics
in Power Electronics, [S.L.], v.6, n.3, p.1235-1245, 2018.
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e LOOSE, F. et al. Evaluation of Bit Error Ratio in Differential Phase-Shift-Keying
Modulation Applied to VLC LED Drivers. In: IEEE Industry Applications Society
Annual Meeting, 2019. Proceedings. p.1-6, 2019.

8.3 FUTURE WORK

The research lines listed bellow may be followed continuing the study presented in this

thesis:

Design space considering the use of LASER diodes for VLC LASER diodes are suggested
as suitable for application in VLC because of the wider modulation bandwidth capability
and because recently more device models for illumination are commercially available.
Moreover, the different current-to-light behavior and resulting efficacy of these devices
requires a new paradigm on the selection of modulation scheme and dimming method.
The design space analysis was presented in this thesis for PC-LEDs, using a LASER
diode model and the same design space method may bring interesting findings on possible

advantages of these devices for VLC.

Expanding the consumption factor analysis There are some switching mode circuit topolo-
gies that are specially promising for improving the energy efficiency of switching mode
power converters when used as modulators for VLC. First, the use of the strategy called
split of the power and buck-derived converters (RODRIGUEZ et al., 2018; RODRIGUEZ
etal., 2019). Second, switching mode LED drivers including a linear modulator circuit or
hybrid switching mode modulator assisted by linear circuit can also be efficient solutions
for several implementation aspects of VLC. Therefore, modeling of such circuit types can

be included for a wider comparison considering the consumption factor.
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