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Abstract

Nowadays, the use of wireless communication systems is essential for the present and future society. For instance,
the mobile data traffic has grown exponentially during last decade and it is expected that it will keep growing at similar
rates at least until 2021. Moreover, emerging topics, such as the Internet of Things (IoT) or the smart cities, show that
the current trend is to interconnect wirelessly humans and different kinds of items placed in the environment (clothes,
cars, city lighting, home appliances, etc.). In addition, the speed demanded by each communication link is growing
very quickly due to the high bit rate required by mainstream services, such as video streaming, video calls, cloud-based
computing, etc. As a result, the Radio Frequency (RF) spectrum is already close to congestion and, as a consequence,
enabling the data traffic predicted for upcoming years needs for further research on new technologies. The problem
becomes critical in indoor scenarios (home, office, etc.) where the channel capacity is shared between several users,
leading to a reduction of the bit rate for each user. Furthermore, it is estimated that more than 70% of the wireless

traffic takes place in indoor environments.

Visible Light Communication (VLC) is one of the most promising solutions for alleviating the saturation of the
RF spectrum. This wireless communication system uses the wide and unlicensed visible light spectrum (430-750 THz)
to transmit information. The strength of this approach arises when the communication is combined with the lighting
functionality of High-Brightness Light-Emitting Diode (HB-LED) bulbs. Thus, the exiting lighting infrastructure can
be partially modified to incorporate the communication capability. Since its introduction in 2004, VLC has gained
attention due to the increasing use of HB-LEDs in Solid State Lighting (SSL). Besides the longer lifetime and higher
power efficiency than other lamp technologies, HB-LEDs are able to change the light intensity rapidly, which enables
the communication functionality. As a consequence, VLC is being considered nowadays to supplement existing RF

wireless communications systems of indoor environments.

The HB-LED driver is one of the cornerstones of the VLC transmitter. It is responsible for two tasks: controlling
the bias level of the HB-LEDs in order to guarantee the desired lighting level, and reproducing the communication
signal component with high accuracy. A key point that, in general, is not taken into account in VLC literature is that
the high efficiency of HB-LED lighting is not only due to the high efficiency of HB-LEDs converting electrical power
into optical power, but also due to the high efficiency achieved by the HB-LED driver that delivers the electrical power.
Therefore, the HB-LED driver for VLC must fulfill the two aforementioned tasks achieving high power efficiency.
The HB-LED drivers that have been proposed so far can be classified into two subsets: HB-LED drivers based on
switching on and off the HB-LEDs and HB-LED drivers for reproducing advanced modulation schemes.

The first subset of HB-LED drivers is made up of a slow-response DC-DC converter that is responsible for the
biasing, and a MOSFET that switches on and off the HB-LED string. This method is simple and it achieves high power
efficiency. The main drawback of this approach is that pulse-based modulation schemes are not the best choice for

providing high data rates.
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The second subset of HB-LED drivers are focused on reproducing advanced modulation schemes that allow us
to provide higher data rates than pulse-based modulation schemes. In this case, the HB-LED driver is made up of a
slow-response DC-DC converter that is responsible for the biasing of the HB-LEDs and a Linear Power Amplifier
(LPA) that delivers the AC component (i.e., the communication signal). The use of a LPA has been adopted because
it provides the linearity and bandwidth required to reproduce the communication signal component. However, it
jeopardizes the main advantage of HB-LED lighting: the power efficiency. The problem is that a Class A or AB LPA

offers very low power efficiency (between 10% and 40%).

In summary, reproducing advanced modulation schemes is mandatory for enabling the massive data traffic
predicted for upcoming years by using VLC. However, the low power efficiency of the HB-LED drivers used to
achieve high bit rates is an important limitation that must be overcome. Therefore, the objective of this dissertation is
the development of power efficient solutions that can reproduce advanced modulation schemes. In order to reach this
target, the HB-LED drivers for VLC that are proposed in the dissertation are fully based on the use of Switching-Mode
Power Converters (SMPCs).

After having introduced VLC and the target of the dissertation, a brief description of each chapter is included

below:

Chapter 1: Fundamentals of Visible Light Communication.

This chapter is an introduction to visible light communication where the key points of this new technology are
reviewed. The chapter includes the description of the operating principle, the modulation schemes and the
characterization of HB-LEDs from the transmission point of view. Moreover, the chapter explains one of the
bottlenecks that is slowing down the deployment of VLC: the low power efficiency achieved by the HB-LED drivers
that have been proposed for providing high data rates. Finally, the objective of this dissertation and the document

organization are described.

Chapter 2: Considering the Use of SMPCs as the HB-LED Drivers of VLC Transmitters.

In this chapter, the use of SMPCs for driving the HB-LEDs of VLC transmitters is explored in order to alleviate
the efficiency problem. The chapter studies the relationship between light intensity, current and voltage across an
HB-LED, and details the requirements for driving it. After that, the way to incorporate VLC to the existing SSL
infrastructure is studied. Finally, the use of Pulse-Width Modulated SMPCs (PWM-SMPCs) is proposed not only to

bias the HB-LEDs, but also to amplify the communication signal.

Chapter 3: PWM-SMPCs Derived from the Buck Converter.

Designing a PWM-SMPC able to provide the features that a HB-LED driver for VLC requires is not trivial.
Although from a theoretical point of view, the buck converter could be used for driving the HB-LEDs of VLC
transmitters, it has some drawbacks that make the practical implementation very difficult. The two main problems are
the high switching frequency required for providing the demanded bandwidth, and the capability to perform very small

voltage changes that is required in order to reproduce the communication signal. This chapter studies three
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buck-derived topologies that are very interesting for VLC because they can alleviate the aforementioned problems.
After that, a HB-LED driver architecture based on these three strategies is proposed to be used in VLC. This
architecture is fully studied both in the time domain and in the frequency domain. In the experimental section, the
implemented prototype is described and three main tests are carried out: evaluation of the trade-off between

communication efficiency and power efficiency, evaluation of the communication capability, and feedback loop tests.

Chapter 4: The Ripple Modulation Technique.

Using a PWM-SMPC is an interesting approach for driving the HB-LEDs of a VLC transmitter avoiding the use
of a power inefficient LPA. However, the recommended topologies for enabling an affordable switching frequency
and for fulfilling the required output voltage accuracy lead to quite complex designs. In this chapter, a novel approach
that is especially conceived for VLC is presented. The idea is to use the output voltage ripple of a SMPC in order to
reproduce the communication signal. This strategy allows us to reduce both the required switching frequency and the
complexity of the power stage. The chapter describes in detail the ripple modulation technique by studying different
points: the operating principle of the driver that is proposed for using the output voltage ripple, how to reproduce both
single-carrier modulation and multi-carrier modulation schemes, control system required for applying the technique,

etc.

Chapter 5: Conclusions, Contributions and Future Work.

The main conclusions of the dissertation are included in this chapter. Moreover, the contributions of the research
are also described. Finally, different points that could be studied in the future are explained in order to stablish a

possible roadmap to continue the research line.
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El uso de sistemas de comunicacion inaldmbrica es esencial para la sociedad actual y futura. Por ejemplo, el
trafico de datos moviles ha crecido exponencialmente durante la ultima década y se espera que este ritmo se mantenga
hasta al menos el afio 2021. Ademas, temas emergentes, como internet de las cosas (Internet of Things, 10T) o smart
cities, muestran una tendencia a interconectar de forma inalambrica a las personas y distintos elementos colocados en
su entorno (ropa, coches, iluminacidn, etc.). Por otra parte, la velocidad demandada en cada enlace de comunicacion
esta creciendo muy rapidamente debido al alto bit rate exigido por servicios de uso general, como el video bajo
demanda, las videollamadas, servicios basados en la nube, etc. Como consecuencia, el espectro radioeléctrico (Radio
Frequency, RF) esta saturandose, lo que lleva a la necesidad de investigar nuevas tecnologias que posibiliten el trafico
de datos previsto para los proximos afios. El problema es especialmente critico en entornos cerrados (casas, oficias,
etc.), donde la capacidad del canal de comunicacién es compartida por varios usuarios, lo cual lleva a la reduccion del

bit rate para cada uno. Ademas, se estima que el 70% del trafico inalambrico tiene lugar en entornos cerrados.

La comunicacion por luz visible (Visible Light Communication, VLC) es una de las opciones mas prometedoras
para reducir la saturacion de espectro RF. Este sistema de comunicacion inalambrica utiliza el amplio y libre espectro
de luz visible (430-750 THz) para transmitir la informacién. El punto fuerte de esta idea aparece cuando se combina
la comunicacién con la funcidon de iluminacién mediante diodos emisores de luz de alto brillo (High-Brightness
Light-Emitting Diodes, HB-LEDs). De esta manera, la infraestructura de iluminacion existente se puede modificar
parcialmente para incorporar la capacidad de comunicacidon. Desde su presentacion en 2004, VLC ha ido recibiendo
cada vez mas atencion gracias al mayor uso de HB-LEDs para la iluminacion en estado solido (Solid State Lighting,
SSL). Ademas del mayor tiempo de vida y rendimiento energético con respecto a otras tecnologias de iluminacion, los
HB-LEDs son capaces de cambiar muy rapidamente la intensidad de la luz, posibilitando asi la comunicaciéon. Como
consecuencia, en la actualidad se estad considerando el uso de VLC para apoyar los sistemas de comunicacion

inaldmbrica por RF en entornos cerrados.

El driver de HB-LEDs es una de las partes mas importantes del transmisor VLC. Es responsable de dos tareas:
controlar la polarizacion de los HB-LEDs para garantizar el nivel de iluminacion deseado, y reproducir la sefial de
comunicacion de forma precisa. Un punto clave que en general no se tiene en cuenta en la literatura de VLC es que el
alto rendimiento energético de la iluminacion HB-LED se debe tanto al alto rendimiento del HB-LED al convertir la
potencia eléctrica en potencia Optica, como al alto rendimiento del driver que procesa la potencia eléctrica. Por tanto,
el driver de HB-LEDs para VLC debe cumplir las dos tareas anteriormente mencionadas consiguiendo un alto
rendimiento energético. Los drivers de HB-LEDs que han sido propuestos hasta la fecha se pueden clasificar en dos
categorias: drivers basados en encender y apagar completamente los HB-LEDs, y drivers concebidos para reproducir

esquemas de modulacion avanzados.
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En la primera categoria, el driver esta formado por un convertidor CC/CC de respuesta lenta que polariza los
HB-LEDs, y un MOSFET que los enciende y apaga para generar pulsos de luz. Este método es simple y ofrece un alto
rendimiento energético. EL mayor problema es que unicamente permite reproducir esquemas de modulacién basados

en pulsos, y éstos no son la mejor opcion para VLC si se quiere lograr un alto bit rate.

En la segunda categoria, los drivers se centran en reproducir esquemas de modulacion avanzados que nos
permitan alcanzar altos valores de bif rate. En este caso, el driver esta formado por un convertidor CC/CC de respuesta
lenta que polariza los HB-LEDs y un amplificador de potencia lineal (Linear Power Amplifier, LPA) que reproduce la
sefial de comunicacion. El uso del LPA se debe a que proporciona una linealidad y un ancho de banda suficientemente
altos como para reproducir fielmente la sefial de comunicacion. Sin embargo, el uso del LPA dafia uno de los mayores
beneficios de la iluminacion HB-LED: el alto rendimiento energético. El problema es que un LPA Clase A o AB

alcanza un rendimiento energético muy bajo (entre el 10% y el 40%).

En resumen, es necesario reproducir esquemas de modulacidon avanzados en VLC para posibilitar el trafico de
datos inalambricos previsto para los proximos afios. Sin embargo, el bajo rendimiento energético de los drivers de
HB-LEDs usados para alcanzar altos valores de bit rate es una limitacién importante que se debe superar. Por tanto, el
objetivo de la tesis es desarrollar soluciones que alcancen un alto rendimiento energético y que sean capaces de
reproducir esquemas de modulacion avanzados. Para alcanzar dicho objetivo, los drivers que se proponen estan
basados exclusivamente en el uso de convertidores de potencia conmutados (Switching-Mode Power Converters,

SMPCs).

Después de haber introducido VLC y el objetivo de la tesis se incluye a continuacidon una breve descripcion de

cada uno de los capitulos que la componen:

Capitulo 1: Fundamentos de la Comunicacién por Luz Visible.

Este capitulo es una introduccion a VLC en el que se explican los puntos mas importantes de esta tecnologia. El
capitulo incluye la descripcion del principio de operacidn, los esquemas de modulacion empleados y la caracterizacion
de los HB-LEDs desde el punto de vista de la transmision. Ademas, en el capitulo se explica uno de los cuellos de
botella que esta ralentizando la implantacion de VLC: el bajo rendimiento energético de los drivers de HB-LEDs que
han sido propuestos hasta la fecha para alcanzar altos valores de bit rate. Por ultimo, se describe el objetivo de la tesis

y la organizacién del documento.

Capitulo 2: Considerando el Uso de SMPCs como Drivers de HB-LEDs para transmisores VLC.

En este capitulo se explora el uso de SMPCs como drivers de HB-LEDs para transmisores VLC con ¢l objetivo
de mejorar el rendimiento energético. Se estudia la relacion entre la intensidad de luz, la corriente y la tension de un
HB-LED, y se detallan los requisitos para controlarlo. Después se estudia como incorporar el driver a la infraestructura
SSL existente. Por tltimo se propone el uso de SMPCs modulados por ancho de pulso (PWM-SMPCs) para polarizar

los HB-LEDs y amplificar la sefial de comunicacion.
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Capitulo 3: PWM-SMPCs Derivados del Convertidor Reductor

Disefiar un PWM-SMPC capaz de cumplir los requisitos de un driver de HB-LEDs para VLC no es trivial.
Aunque desde un punto de vista tedrico se podria utilizar un convertidor reductor como driver, éste presenta varios
problemas que dificultan su implementacion practica. Los dos mayores inconvenientes son la alta frecuencia de
conmutacion requerida para alcanzar el ancho de banda demandado, y la capacidad de realizar cambios muy pequefios
de la tension sobre los HB-LEDs para reproducir fielmente la sefial de comunicacion. En este capitulo se estudian tres
topologias derivadas del convertidor reductor que son muy interesantes para VLC puesto que pueden aliviar los dos
problemas comentados anteriormente. Después, se presenta el disefio de un driver basado en esas tres topologias. La
arquitectura propuesta es estudiada tanto en el dominio del tiempo como de la frecuencia. En la seccion experimental
se describe el prototipo implementado y las tres pruebas que han sido llevadas a cabo: evaluaciéon del compromiso
entre rendimiento energético y rendimiento de la comunicacion, evaluacion de la capacidad de comunicacion y

validacion del lazo de realimentacion.

Capitulo 4: Técnica de Modulacién del Rizado.

Emplear un PWM-SMPC como driver es una opcidn interesante para evitar el uso de LPAs, los cuales causan un
bajo rendimiento energético. Sin embargo, las topologias recomendadas para conseguir una frecuencia de conmutacion
no excesivamente elevada y para lograr la precision exigida en la tension de salida conllevan el empleo de disefios muy
complejos. En este capitulo se presenta un método que ha sido especialmente concebido para su uso en VLC. Consiste
en utilizar el rizado de la tension de salida de un SMPC para reproducir la sefial de comunicacion. Esta estrategia
permite reducir la frecuencia de conmutacién y la complejidad de la etapa de potencia. En el capitulo se describe en
detalle la técnica de modulacién del rizado (Ripple Modulation, RM) estudiando varios puntos: el principio de
operacion del driver propuesto para usar su rizado, como reproducir tanto esquemas de modulacion mono-portadora

como multi-portadora, el sistema de control que se emplea para aplicar la técnica, etc.

Capitulo 5: Conclusiones, Contribuciones y Trabajo Futuro.

Las principales conclusiones de esta tesis doctoral se recogen en este capitulo, ademas de una descripcion de las
contribuciones logradas por la investigacion que se ha llevado a cabo. Finalmente, se explican diferentes puntos que

pueden ser estudiados en el futuro para continuar con la linea de investigacion.
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Chapter 1:

Fundamentals of Visible Light Communication

The saturation of wireless communication systems that is predicted for upcoming years has boost the research
on new frequency bands different from the radiofrequency spectrum during the last decade. Making use of the wide
and unlicensed visible light spectrum is one of the most promising methods for alleviating the problem. This chapter
is an introduction to visible light communication where the key points of this new technology are reviewed. The chapter
includes the description of the operating principle, the modulation schemes and the characterization of high-brightness
light emitting diodes from the transmission point of view. Moreover, the chapter explains one of the bottlenecks that is
slowing down the implementation of visible light communication: the low power efficiency achieved by the
high-brightness light emitting diode drivers that have been proposed for providing high data rates. Finally, the

objective of this dissertation and the document organization are described.



Chapter 1: Fundamentals of Visible Light Communication

1.1 Introduction

Nowadays, the use of wireless communication systems is essential for the present and future society. For instance,
the mobile data traffic has grown exponentially during last decade and it is expected that it will keep growing at similar
rates at least until 2021 [1.1]. Moreover, emerging topics, such as the Internet of Things (IoT) or the smart cities, show
that the current trend is to interconnect wirelessly humans and different kinds of items placed in the environment
(clothes, cars, city lighting, home appliances, etc.) [1.2], [1.3]. In addition, the speed demanded by each communication
link is growing very quickly due to the high bit rate required by mainstream services, such as video streaming, video
calls, cloud-based computing, etc. As a result, the Radio Frequency (RF) spectrum is already close to congestion and,
as a consequence, enabling the data traffic predicted for upcoming years needs for further research on new technologies.
The problem becomes critical in indoor scenarios (home, office, etc.) where the channel capacity is shared between
several users, leading to a reduction of the bit rate for each user. Furthermore, it is estimated that more than 70% of

the wireless traffic takes place in indoor environments [1.4].

Looking at higher and unexplored frequency bands is a logical step to alleviate the saturation of the RF wireless
communication systems. As Fig. 1.1 shows, this reasoning leads to the use of the light as the transmission medium.
Optical Communication (OC) involves any kind of telecommunication system that uses the light (i.e., infrared, visible
or ultraviolet light) to transmit the information. OC includes very simple systems, such as smoke signals and ship flags;
but also advanced telecommunication systems, such as fiber-optic communication. Optical Wireless Communication
(OWCQ) is a subset of OC where unguided light is used as the transmission medium. Although the first optical telegraph
network was built more than two hundred years ago [1.5], OWC has remained rather unexplored. However, the

aforementioned RF congestion has boosted the interest in OWC during the last years.
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Fig. 1.1. Electromagnetic spectrum.

Visible Light Communication (VLC) is an OWC subset that has caught the attention of many communication
researchers [1.6]-[1.11]. This wireless communication system uses the wide and unlicensed visible light spectrum
(430-750 THz) to transmit information. The strength of this approach arises when the communication is combined
with the lighting functionality of High-Brightness Light-Emitting Diode (HB-LED) bulbs. Thus, the exiting lighting
infrastructure can be partially modified to incorporate the communication capability. Since its introduction in 2004

[1.12], VLC has gained attention due to the increasing use of HB-LEDs in Solid State Lighting (SSL). Besides the



Chapter 1: Fundamentals of Visible Light Communication

longer lifetime and higher power efficiency than other lamp technologies, HB-LEDs are able to change the light
intensity rapidly, which enables the communication functionality. As a consequence, VLC is being considered
nowadays to supplement existing RF wireless communications systems of indoor environments because of its main

benefits:

e  VLC opens up a large unlicensed visible region for wireless communication in comparison to the restricted
and expensive RF spectrum.

e No special facilities are needed to implement VLC systems because, in principle, they can be integrated into
the existing lighting ones.

e Since visible light cannot penetrate building walls, VLC provides communication security and avoids
naturally the interference with other VLC systems from adjacent rooms. Therefore, the whole available

bandwidth is provided for each closed environment.
Obviously, VLC has some drawbacks that should be pointed out:

e Although line-of-sight is not mandatory for enabling VLC (reflected beams keep transmitting the
information), the performance falls and it is strongly jeopardized by the presence of obstacles.

e The range of VLC systems is lower than that of RF systems.

Taking into account the aforementioned characteristics, VLC has been proposed to be used in several

applications:

e Internet connectivity in indoor scenarios, where the existing lighting infrastructure can be adapted
[1.9]-[1.10].

e  Vehicle to vehicle communications, where VLC can be implemented using cars headlights [1.13]-[1.14].

e  Underwater communications, where light is less attenuated than RF signals [1.15]-[1.16].

e  Wireless communications in scenarios where RF communication is dangerous, such as airplanes, mines or

hospitals [1.17].

1.2 Operating Principle of VLC

HB-LEDs generate light based on electroluminescence phenomenon that occurs when an electric field is applied
to a P-N junction, promoting the recombination of electrons and holes. Since HB-LEDs are made with direct
semiconductor materials, part of the recombination generates photons in a determined wavelength (the other part is

wasted by generating heat).

The most common semiconductor material used in HB-LEDs for lighting is Gallium Nitride (GaN), which emits
blue light. The HB-LED encapsulation includes a phosphor layer that is excited by the blue light. As a result, a part of
the blue photons travel through the phosphor layer without alteration, whereas the rest ones are converted into yellow

photons. Therefore, the white light that is finally emitted by the HB-LED is a combination of blue and yellow photons.

In VLC, the transmission of the information is performed by modulating the light intensity waveform emitted by
the HB-LEDs (s(t)). After that, s(t) is demodulated by using a photodetector-based receiver. This technique, where the

optical power is modulated to transmit the information, is referred as Intensity Modulation/Direct Detection (IM/DD)
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[1.18]. Therefore, s(t) is made up of a DC component (spc) that fixes the lighting level and an AC component (sac(t))

that is determined by the modulation scheme that is being reproduced:

S(t) :SDC+SAC(t)' (1.1)
It is important to note that the light intensity modulation must be fast enough to be unappreciable to the human
eye due to safety reasons (i.e., above 100 Hz approximately [1.19]-[1.20]).

Fig. 1.2 shows the general schematic of a VLC systems. Note that the receiver is made up of a photodiode that
converts the optical input power into a current signal, a Transimpedance Amplifier (TIA) that transforms the current

signal into a voltage signal, a band-pass filter and a demodulator.
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Fig. 1.2. General scheme of a VLC system.

1.3 Features of the HB-LED for Performing VLC

As previously explained, the HB-LED is overcoming traditional lighting in the market due to its long lifetime
and high power efficiency. However, in a VLC system, the HB-LED is also responsible for most of the tasks that are
performed by the different parts of a conventional RF transmitter: the HB-LED is the antenna because it introduces the
information in the transmission medium, it is the local oscillator because it transforms the current modulation in a light
modulation (not light intensity) that appears in the THz range, etc. Therefore, the linearity and the bandwidth are two

features purely related to the communication functionality that must be taken into account.

1.3.1 HB-LED Linearity

In order to minimize the distortion of the communication signal, it is desired to have a linear relationship between
the input and the output of the HB-LED. Traditionally, the HB-LEDs have been driven by controlling the current that
flows through them (io(t)). Therefore, the HB-LED linearity should be evaluated by considering the current and the
emitted light intensity (i.e., s(t)) as the input and output, respectively. Fig. 1.3 shows the ideal scheme of a VLC

transmitter according to the previous reasoning.

Considering (1.1) and a linear relationship between io(t) and s(t), the modulation of the current is translated into

a proportional modulation of the light intensity:
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Fig. 1.3. Ideal scheme of a VLC transmitter that is based on controlling the current through the HB-LEDs.

io(t) = ig-pc *+ io-ac(t), (1.2)
s(8) = spc + Sac(0), (1.3)
Spc E=n-Ks;lo-—pc (1.4)
Sac(t) =n-Kg ;- ip_ac(t). (1.5)

where Kg.1 is the proportionality coefficient, n is the number of HB-LEDs used in the string, and ipc and iac(t) are the
DC and AC components of the current through them, respectively. In practice, and as Fig. 1.4 shows, the transfer
function is not perfectly linear, which leads to some distortion of the communication signal component and to the need
of linearizing the transfer function over the biasing point [1.21]. As a result, the non-linear characteristic of the transfer
function limits the linear dynamic range of the HB-LED, which jeopardizes the amount of information that can be

encoded in the amplitude of s(t).
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Fig. 1.4. Linearization of the relationship between the current and the emitted optical power of a HB-LED.

1.3.2 HB-LED Bandwidth

The bandwidth of the HB-LED for the electrical to optical power conversion is another fundamental parameter
that must be taken into account for performing VLC. The higher the HB-LED bandwidth, the faster the modulation
schemes that can be reproduced and, as a result, the higher the bit rate achieved. As previously explained, a blue GaN

HB-LED in combination with a yellow phosphor is the preferred approach for obtaining white light in SSL. However,
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this phosphor layer is optimized for color conversion, but not for achieving a very rapid response to changes of the
light intensity. In fact, it limits the HB-LED bandwidth to a few MHz (3-5 MHz) [1.22]-[1.23]. A more expensive
approach for obtaining white light is to combine the red, green and blue light of RGB HB-LEDs. In this way, a
bandwidth around 10-20 MHz per color could be achieved [1.24]. In any case, since the available bandwidth is quite

limited, achieving high data rates is a challenging task.

1.3.3 Techniques to Overcome the HB-LED Limitations

During last years, several techniques have been proposed to increase the bandwidth provided by HB-LEDs and

to improve their linearity in order to archive higher bit rates and to reduce the distortion of the communication signal:

e  Pre-distortion and post-distortion. In order to increase the linear dynamic range, a non-linear transfer
function that compensates the non-linear characteristics of the HB-LED can be incorporated into the VLC
system. Typically, this non-linear transfer function is located after the modulator of the transmitter (i.e., just
after generating the reference of the communication signal component). This approach is referred as
pre-distortion [1.25]. Another possibility is to incorporate the transfer function before the demodulator of
the receiver [1.26]. In this case, the approach is known as post-distortion.

e  Blue light filtering. As previously explained, the yellow phosphor of GaN HB-LEDs limits the bandwidth
to a few MHz. Using a blue filter at the receiver to reject the yellow component increases the bandwidth to
the range of 10-20 MHz [1.22].

e Post-equalization and pre-equalization. A post-equalizer is a band-pass filter placed in the receiver that
boosts a certain frequency band. In VLC, it is frequently used for compensating the attenuation introduced
by the HB-LEDs in the tens of MHz range (i.c., just above the available bandwidth). In combination with
the blue light filtering technique, this option enables a bandwidth above 50 MHz [1.23]-[1.24]. Similarly, a
pre-equalizer is a band-pass filter placed in the transmitter side (just after generating the communications
signal reference that feeds the HB-LED driver). In combination with the use of micro-LEDs (u-LEDs),
which is an alternative lighting technology that is described below, pre-equalization enables bit rates up to
several Gbps [1.27].

e Color exploitation. The transmitter bandwidth can also be improved by taking advantage of the light color.
However, this feature is only possible when RGB HB-LEDs are used. Basically, there are two possible
approaches. The first one is referred as Wavelength Division Multiplexing (WDM) and considers each
HB-LED as an independent transmitter, thus achieving three channels with a bandwidth of around 20 MHz
for each one [1.28]-[1.33]. The second approach is known as Color-Shift Keying (CSK) and is a modulation
scheme that transmits data by performing small variations of the light color [1.34]-[1.36].

o  Alternative lighting devices. Replacing HB-LEDs by other lighting devices is one of the most controversial
methods for increasing the available bandwidth. It implies giving up the power efficiency, power density,
cost, maturity and reliability of widely adopted HB-LEDs. The researchers that study this strategy are mainly
focused on a technology referred as p-LEDs, which consists in reducing the HB-LED size to increase the
bandwidth [1.37]-[1.39]. Obviously, the amount of optical power that each device can deliver also decreases

and, therefore, p-LEDs arrays must be employed.
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e Multiple-Input Multiple-Output (MIMO). In general, several HB-LED bulbs can be found in an indoor
environment and each one can be considered as an independent transmitter. Moreover, a bulb is frequently
made up of several HB-LEDs and, therefore, each bulb can be splitted into smaller VLC transmitters.
However, since all the communication channels are using the same frequency band, the difficulty is to
differentiate the data streams of each channel at the receiver. The MIMO technique exploits this idea
considering several transmitters and several receivers [1.40]-[1.43]. The key point is that each transmitter
has a different orientation, thus transmitting most of the optical power to only one of the receivers.
Therefore, the distinguishing criterion is based on the multipath propagation. Through the use of this

technique, the link capacity is multiplied by the number of transmitters.

1.4 Modulations Schemes for VLC

Regardless the particular bandwidth provided by the light source, maximizing the bit rate for that bandwidth is a
main target. It is important to note that the bit rate depends not only on the available bandwidth, but also on the
modulation scheme that is being reproduced. In this sense, three main approaches can be found in the literature: Pulse-
Based Modulation (PBM) schemes, Single-Carrier Modulation (SCM) schemes and Multi-Carrier Modulation (MCM)

schemes.

1.4.1 Pulse-Based Modulation Schemes

PBM schemes use light pulses to transmit the information. The main PBM schemes that have been proposed for

VLC are reviewed in this section.
In Pulse Amplitude Modulation (PAM) schemes, the information is encoded in the amplitude of the light pulses

(see Fig. 1.5). The number of amplitudes and the symbol period (Tsy) determine the bit rate:

log, (Number of amplitudes)
BRpau = .

1.6
o (1.6)
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Fig. 1.5. Example of PAM scheme that considers four amplitudes (4-PAM scheme).

: Spe

On-Off Keying (OOK) is a PAM subset that is widely used in VLC due to its simplicity. In this case, the
transmission of a high level is understood as ‘1’ and the transmission of a low level represents a ‘0’ (see Fig. 1.6).
Hence, the bit rate can be deduced from (1.6) by considering two amplitudes:

1

BROOK = f (17)
y
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Fig. 1.6. Example of OOK scheme.

The problem of PAM and OOK schemes is that spc (i.e., the lighting level) depends on the sequence of symbols
that is being transmitted. Therefore, several symbols that do not send any information should be included in order to

guarantee the desired lighting level. As a result, the effective bit rate of the modulation scheme is reduced.

In Pulse Position Modulation (PPM) schemes, Tsy is splitted into smaller time slots. In this case, the information
is encoded in the time slot where the light pulse is performed (see Fig. 1.7). The number of time slots and Tsy determine

the bit rate as follows:

log,(Number of time slots)

BRppy = (1.8)
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Fig. 1.7. Example of PPM scheme.

In PPM schemes, the amplitude of the pulses and the number of time slots determines spc. Therefore, this

modulation scheme is not valid for performing dimming.

Variable Pulse Position Modulation (VPPM) is a scheme derived from PPM schemes that is widely used in VLC
because it is compatible with dimming. VPPM only considers two possible positions of the light pulses over Tsy: at
the beginning or at the end (see Fig. 1.8). In this case, spc is controlled independently by adjusting the width of the
light pulses. Since VPPM only considers two possible positions of the light pulses, the bit rate is:

1
BRVPPM =T_ (1'9)
Sy
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1.4.2 Single-Carrier Modulation Schemes

SCM schemes are better options than PBM schemes for reaching high bit rates [1.4], [1.6], [1.44]. They consist

in changing the amplitude or/and the phase of a cosine waveform (i.e., the carrier) whose frequency is fscm:
s(t) = spc + sscm (0, (1.10)
Ssem (8) = As_sem(€) - cos(2 -+ foep - t + Ps_scm (1)), (1.11)

where sscm(t) is the AC component of s(t) when the modulation scheme is a SCM scheme. Moreover, Asscm(t) and
ds-scm(t) are the amplitude modulation and phase modulation of sscm(t), respectively. Since sscwm(t) is a purely
alternating waveform, it does not modify the lighting level (i.e., spc) and, therefore, it can be adjusted independently.
The three main SCM schemes are Amplitude-Shift Keying (ASK), where the amplitude changes over time (see Fig.
1.9(a)); Phase-Shift Keying (PSK), where the phase changes over time (see Fig. 1.9(b)); and Quadrature Amplitude
Modulation (QAM), where both the amplitude and the phase change over time (see Fig. 1.9(c)). The bit rate achieved
by each SCM scheme can be found below:

log,(Number of amplitudes)

BRASK = T (1.12)
Sy
log, (Number of phases)
BRpgy = T , (1.13)
y
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log,(Number of amplitudes — phases combinations)
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Fig. 1.9. Example of SCM schemes: (a) 4-ASK. (b) 4-PSK. (c¢) 16-QAM scheme.

1.4.3 Multi-Carrier Modulation Schemes

MCM schemes are also better options than PBM schemes for reaching high bit rates [1.4], [1.6], [1.44]. They are

made up of N cosine waveforms (i.e., the carriers) with different frequencies (fmcm-1, fmem-2, ..., fmemn) that change

their amplitudes and phases over time:

Smem () = Syem-1(8) + Suem—2(t) + -+ Syey-n(t) =

As_pem—1()

N : COS(Z ‘T fuem-1 -t + ¢S—MCM—1(t)) +

As_yem—2(t)

N .COS(Z "7 fuem-2 't+¢S—McM—2(t)) +

(1.16)

As_yem—n(t)

N : COS(Z T fuem-n -t + ¢S—MCM—N(t)) =

N
1
= Nz As_yem-k () - cos2 T fyem—k " t + Gs—mem—k (£)),

k=1
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where smcem(t) is the AC component of s(t) when the modulation scheme is a MCM scheme. Moreover, fucwm-k,

Asmemk(t) and ¢smem-k(t) are the frequency, the amplitude modulation and phase modulation of the k™ carrier,

respectively.

As in the case of SCM schemes, the communication signal component (i.e., smcm(t)) is a purely alternating

waveform and, therefore, it does

that is made up of four 16-QAM

Fig. 1.10. Example of a MCM scheme that is made up of four 16-QAM schemes: (a) spcm-1(t)- (b) smem-2(t)- (€) Smem-3(t)- (d) smem-a(t).

not affect the lighting level (i.e., spc). Fig. 1.10 shows an example of a MCM scheme

schemes.
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The bit rate achieved by a MCM scheme is the sum the bit rates provided by each modulated carrier:

N
BRMCM = BRMCM—R' (117)
k=1

One of the greatest benefits of MCM schemes is that they are robust against the multipath fading. This
phenomenon is caused by the different propagation paths of the signal over the wireless scenario. This factor is
translated into different time delays of the light beams that reach the receiver, which increases the error during the
demodulation process. Since the error rises for low Tsy values, the multipath fading becomes critical for PBM schemes
and SCM schemes when they are conceived for providing high data rates. They key point is that since MCM schemes
are made-up of several carriers that are modulated with a low Tsy value (compare Fig. 1.9 to Fig. 1.10), the multipath
fading in not as critical as in the case of PBM and SCM schemes, and the bitrate can be improved by considering a
higher number of carriers. For this reason, MCM schemes are the preferred modulation schemes for the VLC

applications that require high bit rates [1.4], [1.9].

1.5 The HB-LED Driver for VLC

The HB-LED driver is one of the cornerstones of the VLC transmitter. It is responsible for two tasks: controlling
the bias level of the HB-LEDs in order to guarantee the desired lighting level, and reproducing the communication
signal with high accuracy. A key point that, in general, is not taken into account in the VLC literature is that the high
efficiency of HB-LED lighting is not only due to the high efficiency of HB-LEDs converting electrical power into
optical power, but also due to the high efficiency achieved by the HB-LED driver that delivers the electrical power.
Therefore, the HB-LED driver for VLC must fulfill the two aforementioned tasks achieving high power efficiency.
The HB-LED drivers that have been proposed so far can be classified into two subsets: HB-LED drivers based on
switching on and off the HB-LEDs and HB-LED drivers for reproducing PAM, SCM and MCM schemes.

1.5.1 HB-LED Drivers Based on Switching On and Off the HB-LEDs

The HB-LED drivers of the first subset are made up of a slow-response DC-DC converter responsible for the
biasing and a MOSFET that switches on and off the HB-LED string (see Fig. 1.11). These HB-LED drivers are only
able to reproduce PBM schemes that consider 0 and a high level as the possible pulses amplitudes. Therefore, they
have been proposed for reproducing OOK, PPM and VPPM schemes [1.45]-[1.49]. This method is simple and it
achieves high power efficiency. The main drawback of this approach is that according to the Section 1.4, the
aforementioned modulation schemes are not the best choice for providing high data rates. The highest data rate obtained
by using this approach is 266 kbps [1.49]. It is important to note that although [1.46] claims that the method can reach
a bit rate up to 2 Mbps, the error of the communication is not evaluated in that work and the sequence selected to

demonstrate the communication capability is not representative.
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Fig. 1.11. HB-LED drivers based on switching on and off the HB-LEDs: (a) Implementation with the MOSFET connected in parallel with
the HB-LED string. (b) Implementation with the MOSFET connected in series with the HB-LED string.

“Signal(t)

1.5.2 HB-LED Drivers for Reproducing PAM, SCM and MCM Schemes

The HB-LED drivers of the second subset are focused on reproducing advanced modulation schemes (i.e., SCM
and MCM schemes) that allow us to provide higher data rates than PBM schemes. It is important to note that although
the strength of this approach arises when SCM and MCM schemes are used, this approach is also able to reproduce
any kind of PBM schemes, including PAM schemes. As Fig. 1.12 shows, the HB-LED driver is made up of a
slow-response DC-DC converter that is responsible for the biasing of the HB-LEDs and a Linear Power Amplifier
(LPA) that delivers the AC component. The use of a LPA has been adopted because it provides the linearity and
bandwidth that is required for reproducing the communication signal. However, it jeopardizes the main advantage of
HB-LED lighting: the power efficiency. The problem is that a Class A or AB LPA offers very low power efficiency
(between 10% and 40%). The use of this kind of HB-LED driver for VLC is reported in [1.11], [1.29]-[1.33] and
[1.50]-[1.55].
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Fig. 1.12. HB-LED driver for reproducing PAM, SCM and MCM schemes.

It is important to note that the overall efficiency of the HB-LED driver for VLC is determined by both the LPA
and the slow-response DC-DC power converter, which actually achieves high power efficiency (similar to a

conventional HB-LED driver for lighting applications). Therefore, the straightforward method for increasing the
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efficiency is to reduce the power delivered by the LPA in order to mitigate the impact of its low efficiency on the
overall efficiency. However, this strategy is counterproductive because reducing the communication signal power
strongly jeopardizes the range of the communication system. A more intelligent method is to design advanced
modulation schemes that demand less communication signal power for achieving the same range [1.56]-[1.57].
Nevertheless, this benefit is obtained at the expense of damaging other characteristics and the improvement is not as
high as desired. Another approach can be found in [1.58], where a Digital to Analog Converter (DAC) is used as
HB-LED driver for VLC. However, since the proposed DAC is made up of several transistors that operate in linear

mode (i.e., similar to a LPA), the efficiency is lower than 70%.

1.6 Objectives and Document Organization

As is explained in this chapter, reproducing advanced modulation schemes is mandatory for enabling the massive
data traffic predicted for upcoming years by using VLC. However, the low power efficiency of the HB-LED drivers
used to achieve high bit rates is an important limitation that must be overcome. Therefore, the objective of this
dissertation is the development of power efficient solutions that are able to reproduce advanced modulation schemes
(i.e., SCM and MCM schemes). In order to reach this target, the HB-LED drivers for VLC that are introduced in the
following chapters are fully based on the use of Switching-Mode Power Converters (SMPCs).

The dissertation is organized as follows. The use of SMPCs that are based on the Pulse-Width Modulation (PWM)
technique is explored in Chapter II. Three strategies for addressing the design challenges that appear when a SMPC is
developed to drive the HB-LED of a VLC transmitter are presented in Chapter III. This chapter also includes the SMPC
based on the PWM technique that is proposed for VLC. A novel approach for designing SMPCs is described in Chapter
IV. This method uses the output voltage ripple to reproduce the communication signal. Finally, Chapter V is focused
on presenting a “road map” to keep reducing the trade-off between bandwidth and power efficiency. Moreover, the

conclusions and the contributions of the dissertation are included in this chapter.
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Chapter 2:
Considering the Use of SMPCs as the HB-LED

Drivers of VLC Transmitters

Although VLC is an application with high potential for alleviating the congestion of the RF spectrum, it has some
bottlenecks that are slowing down its deployment. One of the most important problems is the low power efficiency of
the HB-LED drivers proposed for reproducing advanced modulation schemes. In this chapter, the use of SMPCs for
driving the HB-LEDs of VLC transmitters is explored in order to alleviate the efficiency problem. The chapter studies
the relationship between light intensity, current and voltage across a HB-LED, and details the requirements for driving
it. After that, the way to incorporate VLC to the existing SSL infrastructure is studied. Finally, the use of SMPCs based
on the PWM technique (PWM-SMPCs) is proposed not only to bias the HB-LEDs, but also to amplify the

communication signal.
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2.1 Introduction

In order to alleviate the power efficiency problem of VLC transmitters and to enable higher power levels, the
present dissertation explores the use of SMPCs for driving the HB-LEDs of VLC transmitters. SMPCs are much more
efficient from the power perspective than LPAs. Hence, it is expected that they will allow us to increase the power
delivered to the HB-LEDs while minimizing the power consumption and, as a consequence, the heat dissipation.
However, and as will be shown along the dissertation, designing a SMPC for driving the HB-LEDs of a VLC
transmitter is not straightforward because it requires several features that are not usually provided by conventional

SMPCs. For instance, the bandwidth of conventional SMPCs is much narrower than that of LPAs.

This section is focused on identifying the requirements of a HB-LED driver for performing VLC. Analyzing the
transformation from the electrical domain (i.e., voltage and current) to the optical domain (i.e., light intensity) is
essential to address this point. Hence, the first step is the study of the relationship between the light intensity (i.e., s(t)),
the current that flows through the HB-LEDs string (i.e., io(t)) and the applied voltage (vo(t)). The behavior depends on
the particular HB-LED that is used, but certain general characteristics can be identified. Fig. 2.1 shows the
aforementioned relationship including the impact of the HB-LED junction temperature (T}).
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0‘ Tip(°C)y  Tpa(®C)
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1o-pC
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Tip(°C)  Tra(°C)

Fig. 2.1. Relationship between s(t), io(t) and vo(t) considering the impact of T; (T).5 > Ty.»). Note that the black dashed lines are the linear
approximations.

Typically, VLC transmitters generate the desired s(t) by controlling io(t) and assuming the linear relationship

obtained from (1.1)-(1.5) :
s(t)=n-Ks_;-ip(t). (2.1)

Regarding the relationship between io(t) and vo(t), the behavior of a single HB-LED has been traditionally
modeled as an ideal diode in series with the dynamic resistance (Rp) and a constant voltage source that represents the
knee voltage (V,.1). As Fig. 2.1 shows, the relationship between io(t) and vo(t) strongly depends on Tj. Basically, V.1
falls when Tj rises while Rp remains constant [2.1]-[2.3]. Consequently, ensuring a certain voltage level does not
guarantee the desired lighting level. This is the reason why the HB-LED drivers used for lighting applications need to
control the current that flows through the HB-LEDs. In any case, the relationship between io(t) and vo(t) can be

modeled as follows:

1
ip(t) = n Ry (Vo (&) =1 -V, (T)). (2.2)
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It is important to note that V.. denotes the knee voltage of the linear approximation, not the knee voltage of the
real relationship between io(t) and vo(t), which is typically defined as the threshold voltage between conduction and

no conduction of the HB-LED.

Moreover, the relationship between s(t) and vo(t) is quite linear because the non-linear relationship between s(t)
and io(t) tends to compensate the non-linear relationship between io(t) and vo(t). Therefore, Fig. 2.2 shows a good
representation of the relationship between s(t) and vo(t). It can be seen that the relationship is quite linear once vo(t)
overcomes the knee voltage between s(t) and vo(t) (Vy-s). As in the previous case, Vy.s denotes the knee voltage of the
linear approximation, not the knee voltage of the real relationship between s(t) and vo(t). Therefore, the relationship

between s(t) and vo(t) can be modeled as:

s(t) =Ky - (Uo(t) —-n: Vy—S(T]))! (2.3)
Plot at Plot at
Tys(°C Tya(°C
“SU) ! B(\ )," ," / A( )

Biasing
points

-
ot
Vo-nc(Tis) voH

Vool Ti2a)

Fig. 2.2. Relationship between s(t) and vo(t) considering the impact of T; (T).5 > T.4). Note that the black dashed lines are the linear
approximations.

where Ks.v is the proportionality coefficient.

Fig. 2.3 shows s(t), io(t) and vo(t) when a modulation scheme is reproduced for the same so.pc value and
considering the impact of T;. There are three important facts that should be highlighted. The first one is that DC
component of vo(t) (vo.oc) changes with T;. The second fact is that the AC component of vo(t) (vo-ac(t)) does not

change with T,. Finally, the third fact is that the amplitude of vo.ac(t) is around one order of magnitude lower than

vo-nc. These points will be taken into account along the following sections of the chapter.

A
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Fig. 2.3. Waveforms of the HB-LEDs when VLC is performed for the same so.pc value and considering the impact of T;: (a) s(t). (b) io(t). (c)

Vo(t).
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Once the relationship between the optical domain and the electrical domain of the HB-LEDs has been

characterized, the requirements for driving the HB-LEDs of a VLC transmitter can be stated:

Capability to reproduce a fast current reference. The HB-LED driver must exploit all the bandwidth provided by
the HB-LEDs in order to maximize the bit rate. Consequently, the HB-LED driver must be able to reproduce current

waveforms of several MHz.

Temperature compensation. As was previously explained, the relation between io(t) and vo(t) strongly depends

on Tj. Therefore, implementing some kind of current feedback loop is mandatory to ensure the proper reproduction of
s(t).

High output voltage accuracy. As Fig. 2.2 shows, the current through the HB-LEDs does not start until the applied
voltage overcomes n-V,.. After that, a small voltage increase is translated into a high current increase and,
consequently, a high increase of the light intensity. Therefore, the HB-LED driver must be able to perform very small
voltage variations in comparison to the DC voltage that it must provide (i.e., [vo-ac(t)|[<<|vo-pc|, see Fig. 2.3). Another
consequence is that the HB-LED driver must minimize the output voltage ripple in order to reduce distortion of the

communication signal.

Low/medium power. The power that the HB-LED driver must deliver strongly depends on the application
scenario. For instance, the power of a HB-LED bulb for office environments is in the order of tens of watts, whereas

it can attain thousands of watts in the case of a football stadium.

High power efficiency. Low power dissipation in the HB-LED driver is essential to extend the use of VLC for

providing services such as Internet connection. In this sense, a 90% efficiency target seems to be reasonable.

Dimming capability. This last feature is recommended, but not mandatory.

2.2 Incorporating VLC to SSL

This section is focused on discussing how VLC could be incorporated to the existing SSL infrastructure. The
AC-DC architectures that have been proposed for SSL can be classified into several subsets (passive topologies,
one-stage switching topologies, two-stage switching topologies, etc.) [2.4]. For the sake of simplicity, the incorporation
of VLC is exemplified with two subsets: one-stage switching topologies with or without Power Factor Correction

(PFC).

Fig. 2.4 shows the general scheme and the main voltage waveforms of a one-stage switching topology without
PFC. It is made up of a rectifier, an electrolytic capacitor and a SMPC. Thanks to the electrolytic capacitor, the voltage
after the diode bridge (Vrec) is almost constant and equal to the peak value of the line voltage (Viine(t)). Since Ve 1S
too high for directly driving the HB-LEDs, a step-down SMPC is used to convert Ve into the required constant voltage
(i.e., Vo). According to Section 2.1, the SMPC typically controls the output current in order to drive properly the
HB-LEDs.

At this point, there are two options for incorporating VLC to this SSL architecture. The first one is to replace the
existing SMPC by a SMPC specially designed for VLC. As a consequence, the new SMPC must be able to provide the
bias level (i.e., vo.pc) and the small voltage variations related to the communication signal (i.e., vo-ac(t)) from Vgec.

However, this is quite challenging for two reasons. The first one is that vo.ac(t) is around two levels of magnitude
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Fig. 2.4. One-stage switching topology without PFC for SSL: (a) General scheme. (b) Main voltage waveforms.
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lower than Vre.. As a result, the output voltage accuracy that the SMPC should provide is unaffordable. The second
problem is that the voltage ripple of Vre. could be not negligible and, as a consequence, the new SMPC must take it
into account in order to reproduce vo.ac(t) with high accuracy. The second option for incorporating VLC to the SSL
architecture is to connect a SMPC specially designed for VLC between the existing SMPC and the string of HB-LEDs
(see Fig. 2.5). In this way, the task of the SMPC is to feed the SMPC specially designed for VLC with a very constant
input voltage (V). Since Vg is closer to vo(t) than Vge, this approach greatly facilitates the design of the special
SMPC for VLC. It is important to note that since all the SMPCs for VLC that are proposed in this dissertation are

derived from the buck converter (i.e., step down converters), Vg must be higher than vo(t).

\4 ine([) T
+| Special + " Vg
sMpC | ¥4 VMM,\WM,MMMMM‘MO“’

for E\ -
Hovie | Wl

(@) (b)
Fig. 2.5. Incorporating VLC to a one-stage switching topology without PFC for SSL: (a) General scheme. (b) Main voltage waveforms.

; VRec SMPC \'(;

—t 4

Fig. 2.6 shows the general scheme and the main voltage waveforms of a one-stage switching topology with PFC.
It is made up of a rectifier, a SMPC and an electrolytic capacitor. The voltage after the diode bridge (i.e., Vrec(t)) is
the rectified line voltage. In this case, the SMPC has two tasks. The first one is to reduce the voltage and to control the
output current in order to properly drive the HB-LEDs. The second task is to ensure that the input current is proportional
to viine(t) to ensure power factor correction. In this case, incorporating VLC by using a one-stage approach is more
difficult than in the previous case because Vrec(t) is not constant and the SMPC specially designed for VLC should
remove the frequency line ripple and perform power factor correction. Therefore, using two switching stages and
connecting the special SMPC for VLC between the SMPC and the string of HB-LEDs is the most suitable approach
(see Fig. 2.7).

A VRCC(t)
SMPC | ] - 0
(PEC) I ¥ \IVO -
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Fig. 2.6. One-stage switching topology with PFC for SSL: (a) General scheme. (b)Main voltage waveforms.
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Fig. 2.7. Incorporating VLC to a one-stage switching topology with PFC for SSL: (a) General scheme. (b) Main voltage waveforms.

2.3 Pulse-Width Modulated SMPC Seen as Power Amplifiers

Although SMPCs are used mostly to provide a constant output voltage, they are also able to generate a variable
output voltage. Typically, a SMPC controls the output voltage by adjusting the width of a pulsating waveform that is
subsequently filtered. It means that these SMPCs are controlled by means of the PWM technique and, according to
that, are noted as Pulse-Width Modulated SMPCs (PWM-SMPCs) along the dissertation. Since the buck converter is
the cornerstone of the topologies that are studied in this dissertation, it will be used to explain how a PWM-SMPC can
be used to provide a variable voltage and, as a result, how it can be seen as a power amplifier (i.e., an electronic device

that increases the power of a signal).

It is well known that the buck converter transforms the input voltage (i.e., V) into a lower one (i.e., Vo < Vg).
Fig. 2.8 shows the conventional buck converter topology and the main voltage waveforms when the target is to provide
a constant output voltage. When the MOSFET is activated (state 1), it behaves as a short-circuit and, as a consequence,
the voltage applied to the input of the L-C filter (vs(t)) is equal to V. Note that in this state, the diode is deactivated
and blocks V. Moreover, when the MOSFET is deactivated (state 2), the diode operates as a short-circuit and conducts
the inductor current. Therefore, vs(t) is equal to 0 V during the state. As a conclusion, the MOSFET and the diode
operate as complementary switches (see Fig. 2.9(a)) and the buck converter has two operating states (see Fig. 2.9 (b)).

Since the buck converter continually alternates between state 1 and state 2, the switch-node voltage (i.c., vs(t)) is a
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Fig. 2.8. (a) Buck converter. (b) Main voltage waveforms for a constant output voltage.
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LPF

+
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Fig. 2.9. Equivalent circuits of the buck converter: (a) Considering ideal complementary switches. (b) Considering the two possible operating
states. (c) The buck converter seen as a pulse-width modulator.

pulse voltage waveform with amplitude Vg that is applied to a Low-Pass Filter (LPF). Essentially, the operating
principle of the buck converter is based on the PWM technique (see Fig. 2.9 (c)). In this way, the ratio between the

time that the buck converter remains in state 1 and the switching period (Ts) determines the output voltage:
VO = d : VG! (24)

where d is the duty cycle, which is the term commonly used to denote the aforementioned ratio. It is important to note
that (2.4) is valid if the buck converter operates in Continuous Conduction Mode (CCM). Along the rest of the
dissertation, it is assumed that the SMPCs operate in CCM.

Changing the duty cycle over time (i.e., d(t) instead of d) allows us to provide a variable output voltage (i.c., vo(t)
instead of Vo). Therefore, if d(t) tracks the desired reference, the buck converter can be seen as a power amplifier, thus

redefining (2.4) as:
vo(t) = d(t) Vg, (2.5)

As Fig. 2.10 shows, d(t) is a continuous-time signal that is sampled once per switching period. According to the
Nyquist-Shannon sampling theorem, the switching frequency (fs), which is equal to the sampling frequency, should

accomplish:

fs 22 fo-max (2.6)

where fo-max 1s the maximum frequency of the time-varying voltage that is going to be reproduced.
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Fig. 2.10. Main voltage waveforms for a time-varying output voltage.
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In summary, the buck converter can be seen as a power amplifier considering d(t) and vo(t) as the input and
output, respectively. In this way, the buck converter can be used for reproducing the desired light intensity waveform
by making d(t) proportional to the time-varying output voltage that must be provided (i.e., providing the voltage

waveform of Fig. 2.3(c) in order to reproduce the light intensity waveform of Fig. 2.3(a)).

2.4 Using a PWM-SMPC for Driving the HB-LEDs of a VLC Transmitter

As was explained in Chapter 1, either the light intensity waveform of a SCM scheme or a MCM scheme can be

described as:
S(t) = SDC + SAC(t)' (27)

According to (2.3), the PWM-SMPC should provide the following voltage:

vo(®) = n Yy (1) + 7, 0.8
Vo-pc =N Vy—s(T]) + %' (2.9)
Vo—ac(t) = S;C(t)- (2.10)
S—v

Fig. 2.11 shows the general scheme of a PWM-SMPC that drives the HB-LEDs of the VLC transmitter in
open-loop. The voltage reference that is amplified (vo-re(t)) is obtained by summing communication voltage reference
(Vo-acref(t)) and the biasing voltage reference (Vo.pc-ref). Vo-ac-ref(t) is generated by considering the information
(usually in the form of bit sequence) that is going to be transmitted, the voltage gain of the PWM-SMPC and (2.10).
Moreover, Vo-pc-ref can be calculated by considering the desired lighting level (i.e., spc), the voltage gain of the
PWM-SMPC and (2.9). The problem of this approach is that since the HB-LEDs are driven with a voltage waveform,
the correct reproduction of the light intensity waveform is not guaranteed. Remind that the voltage required for properly
biasing the HB-LEDs depends on Ty (see (2.8)). As was explained in Section 2.1, V. falls with T; and, as a

consequence, implementing some kind of feedback loop is mandatory to compensate that dependence.
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Fig. 2.11. PWM-SMPC for driving the HB-LEDs of a VLC transmitter in open-loop.
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Since the relationship between light intensity and current is quite independent of Ty, the straightforward method
for solving the issue is to incorporate a feedback loop to regulate io(t) (see Fig. 2.12). In this way, the PWM-SMPC

drives the HB-LEDs with a current proportional to the desired light intensity waveform according to (2.1):

() =~ @.11)
ip(t) = . .
. _ Spc
lo-pc = Ko Ko, (2.12)
. Sac(t)
lO—AC(t) = an(SI (213)

In this case, there is an output current reference (io-ref(t)) that is made up of the biasing current reference (io-pc-ref)

and the communication current reference (io-ac-ref(t)). io-ac-ref(t) is generated by considering the bit sequence that is
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Fig. 2.12. PWM-SMPC for driving the HB-LEDs of a VLC transmitter by regulating io(t).
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going to be transmitted and (2.13). Moreover, io-ref-nc can be calculated by considering the desired lighting level (i.e.,
spc) and (2.12).Then, io-re(t) is compared to io(t). The result is processed by the Error Amplifier (EA), which provides
vo-ref(t). This signal feeds the PWM block that generates the gate signals of the MOSFETs.

The simplicity constitutes the major advantage of this approach. Unfortunately, the high fs required for
implementing this method is a significant problem. Take into account that fs must be high enough to ensure a bandwidth
equal or higher than the maximum frequency of the communication signal (i.e., fo-max). As was previously explained,
the theoretical minimum value of fs is twice fo.max according to the Nyquist-Shannon sampling theorem. However, this
limit rises when the reactive elements of the power stage and the dynamics related to the current feedback loop, such
as the EA response, are considered. Therefore, fs would be much higher than fo.max in practice. The key point is that
since fo-max 1s in the order of MHz, fs would be extremely high, which will be translated into an impractical design

because of the switching losses, the difficulty of generating the gate signals, etc.
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A more intelligent approach is to use a feedback loop to regulate io.oc instead of io(t). As explained in Section
2.1, the relationship between sac(t), io-ac(t) and vo-ac(t) does not depend on T;. Hence, regulating io-pc and, after that,
providing vo.ac(t) in open-loop is enough to guarantee the proper reproduction of s(t) (Fig. 2.2 and Fig. 2.3 may help
to understand this statement). In this way, the feedback loop does not limit the speed of the HB-LED driver for
reproducing the communication component of the light intensity and, as a result, the required fs can be reduced in
comparison to the previous approach. Fig. 2.13 shows the scheme of a PWM-SMPC for driving the HB-LEDs of a
VLC transmitter by regulating io-pc. In this case, the measured output current is filtered in order to obtain ip.pc. Since
this value determines the lighting level, it is compared to io-pc-rer. Thus, the EA provides the biasing voltage reference
(i.e., Vo-nc-rer) that ensures the desired lighting level. After that, vo_ac-ref(t) is added to vo.pc-ref to obtain vo.rei(t), which

feeds the PWM block in order to generate the gate signal of the MOSFETs.
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Fig. 2.13. PWM-SMPC for driving the HB-LEDs of a VLC transmitter by regulating io.pc.

2.5 Using a Buck Converter for Driving the HB-LEDs of a VLC Transmitter

The buck converter has several characteristics that are very interesting for driving the HB-LEDs of a VLC
transmitter. The main benefits are the high bandwidth and efficiency in comparison to other topologies that have a
similar number of elements. Moreover, it is a simple solution thanks to the low number of elements and to the linear
relationship between d(t) and vo(t) (see (2.5)). This last point facilitates a lot the control of the converter because d(t)
is proportional to the voltage reference that must be amplified (i.e., voref(t)). Fig. 2.14 shows the scheme of a buck
converter for driving the HB-LEDs of a VLC transmitter by regulating io-pc. That scheme is the basis of the different

designs that will be proposed along the rest of the dissertation.

From a theoretical point of view, the basic design depicted in Fig. 2.14 can be used as the HB-LED driver of a
VLC transmitter. However, in practice, it has several drawbacks that hinders the implementation. Any SMPC is made
up of real components that include parasitic elements. Hence, SMPCs have several sources of power losses and, as a
result, the 100% theoretical efficiency is never reached. In the case of using a buck converter to drive the HB-LEDs of

a VLC transmitter, the switching losses of the switching-mode semiconductor devices are the most critical problem.
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Fig. 2.14.Buck converter for driving the HB-LEDs of a VLC transmitter by regulating io.pc.

The transition of a real switching-mode semiconductor device (either a MOSFET or a diode) between on-state (i.e.,
the device is activated) and off-state (i.e., the device is deactivated) is not instantaneous. During transitions, the
switching-mode semiconductor device dissipates power since it is blocking voltage and driving current at the same
time. Therefore, the higher the fs value of the SMPC, the higher the switching losses and, as a consequence, the lower
the power efficiency. This is not a problem in the case of conventional SMPCs used is SSLs, where fs ranges between
the tens and the hundreds of kHz. However, switching losses become critical when fs reaches the MHz range and, as
will be explained below, this is the situation that occurs when a buck converter is used to drive the HB-LED string of

a VLC transmitter.

As was previously explained, since the buck converter is a PWM-SMPC, the theoretical minimum fs is 2 fo-max
(see (2.6)). Note that in the case of using a buck converter for driving the HB-LEDs of a VLC transmitter, fo.max is the
maximum frequency of the communication signal. Therefore, and according to Section 2.4, the approach depicted in
Fig. 2.14 allows us to reproduce the desired light intensity waveform and to use fs equal to 2-fo.max. However, using a
buck converter with the theoretical minimum fs is impractical because it will cause too much output voltage ripple.
This is because the output filter of the buck converter, which is a second order one, does not reject enough the
switching-related harmonics of vg(t). Note that this output voltage ripple is translated into distortion of the
communication signal. In order to solve the problem, fs must be around 20-fs.max [2.5]. Unfortunately, the required fs
is unaffordable because fo-max could reach units or tens of MHz. It is important to note that the problem is not only the
low power efficiency that would be achieved because of the high switching losses (probably below 80%), but also the
malfunction that the power dissipation would cause to the switching-mode semiconductor devices, the difficulty of

generating properly the gate signals of the MOSFETs, etc.
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Fig. 2.15 exemplifies the problem in the frequency domain by considering two fs values (fs.s < fs.a) in order to
highlight the impact of reducing fs. As can be seen, vs(f) is made up of the bias level (i.e., the DC component), the
communication signal that is reproduced thanks to the PWM technique, and the switching-related harmonics. The
output filter of the buck converter allows us to provide an output voltage that is made up of the desired components
vs(f): the bias voltage level and the communication signal. However, since the filter is not an ideal LPF, part of the
switching-related harmonics appear at the output. Basically, this is the output voltage ripple seen in the frequency
domain. If fs is reduced (i.e., from fs.a to fs.g), switching losses fall and, as a result, the efficiency of the buck converter
rises. However, since the switching-related harmonics are closer to the cut-off frequency of the filter (fc), they are
rejected in a minor manner and, as a consequence, the distortion of the signal will be higher. Note that in order to
maximize the rejection of the switching harmonics, fc must be the lowest value that allows the pass of the

communication signal without distorting it (regardless the selected fs).

Filter response Switching-related

harmonics
A
i &
h. /\,,
: f

T T

Alvs(Df Avs(Df

: i DC and
A Signal

T
AvoF ifc : ;
o I: Power of the output
i switching-related

harmonics
) i N — * .
0 fo ToMax fsa 2y o 0 fo foma  fsp 2fs.p g o
(a) (b)

Fig. 2.15. Analysis in the frequency domain of the distortion caused by the reduction of fs (fs. < fs.a).

As was previously indicated, another problem caused by the high fs value is the difficulty of generating properly
the gate signals of the MOSFETs. This point is linked to one of the requirements for driving the HB-LEDs of a VLC
transmitter that are detailed in Section 2.1: achieving high output voltage accuracy. As is described in that section, the
HB-LED driver must be able to perform very small voltage changes around a much higher voltage level (i.e., [vo-ac(t)|
>> vo.pc). In the case of PWM-SMPC, the capability to perform very small voltage changes around a much higher
voltage level is translated into the capability to perform very small duty cycle changes around a much higher duty cycle
level (i.e., |[dac(t)] << dpc, where dac(t) and dpc are the AC component and DC component of d(t), respectively).
According to (2.5), the minimum output voltage change (Avo) that can be performed with a buck converter around the

bias voltage can be analyzed as follows:
Vo-pC +A’U0 = dDC.VG +Ad'VG, (214)

where Ad is the minimum duty cycle change that can be performed. It is important to note that Ad depends on the
temporal resolution (At) of the converter control system and that the capability to perform small duty cycle changes

falls with fs:

Ad=2L=Ff . At (2.15)

_TS
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Substituting (2.15) into (2.14) and focusing on Avo leads to:

Avo =fs‘At'VG. (2.16)

Hence, for a given At, the higher the fs value, the lower the minimum output voltage change that can be performed

and, as a consequence, the lower the output voltage accuracy.

2.6 Conclusion

The use of a SMPCs is an interesting approach to increase the power and the efficiency of the VLC transmitters
that are conceived to reproduce advanced modulation schemes (i.e., SCM and MCM schemes). However, driving the
HB-LEDs of VLC transmitters leads to very challenging requirements, such as a bandwidth of units to tens of MHz
and the capability to perform very small voltage changes. In particular, the high fs required for providing such a high
bandwidth is the main problem that jeopardizes not only the power efficiency, but also the proper amplification of the
communication signal. It is concluded that using a buck converter that regulates io.noc with a feedback loop and that
reproduces the communication signal in open loop is an interesting approach for alleviating the problem. However, the

required fs keeps being unaffordable and, as a consequence, more complex solutions should be explored.
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Chapter 3:
PWM-SMPCs Derived from the Buck Converter

Designing a PWM-SMPC able to provide the features that a HB-LED driver for VLC requires is not trivial.
Although from a theoretical point of view, the buck converter could be used for driving the HB-LEDs of VLC
transmitters, it has some drawbacks that make the practical implementation very difficult. The two main problems are
the high fs required for providing the demanded bandwidth, and the capability to perform very small voltage changes
that is required in order to reproduce the communication signal. This chapter studies three buck-derived topologies
that are very interesting for VLC because they can alleviate the aforementioned problems. After that, a HB-LED driver
architecture based on these three strategies is proposed to be used in VLC. This architecture is fully studied both in
the time domain and in the frequency domain. In the experimental section, the implemented prototype is described and
three main tests are carried out: evaluation of the trade-off between communication efficiency and power efficiency,

evaluation of the communication capability, and feedback loop tests.
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3.1 Introduction

According to Chapter 2, there are two main problems that jeopardize the use of a conventional buck converter for
driving the HB-LEDs of a VLC transmitter. The first one is the high fs that is required in order to provide the bandwidth
that is needed to reproduce the communication signal, which is typically of several MHz. Using lower fs values than
the recommended minimum one, which is around 20-fo.max, leads to an increase of the output voltage ripple. As a
result, the distortion of the communication signal rises and, consequently, the performance of the communication link
falls because of the higher number of communication errors. The second problem of the buck converter is the high
duty cycle accuracy that is required for reproducing the communication signal. As was explained Chapter 2, the
HB-LED driver must be able to perform very small voltage changes because of the relationship between s(t) and vo(t).
Hence, the buck converter must be able to perform very small duty cycle changes. However, it is quite difficult when
fs reaches the MHz range because of the low At value that is required. In order to alleviate both problems, more
sophisticated solutions than the conventional buck converter are needed. At this point, the target is to find topologies
able to alleviate the two aforementioned problems in order to enable the practical use of PWM-SMPCs as HB-LED

drivers of VLC transmitters.

3.2 Three Buck-Derived Converters that Are Interesting for VLC

In this section, three buck-derived topologies that were proposed for other power electronics applications are
reviewed. The design modifications add certain features that make the topologies very interesting to be used as the

HB-LED driver of a VLC transmitter [3.1].

3.2.1 Multi-Phase Buck Converter

The multi-phase buck converter (see Fig. 3.1) [3.2] was conceived to be used as voltage regulator modules for
supplying microprocessors because of the high efficiency and bandwidth achieved by this topology [3.3]-[3.4]. In
addition, the multi-phase buck converter is widely used as envelope amplifier when the Envelope Tracking (ET)

technique is used to increase the efficiency of a RF LPA [3.7]-[3.12].
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Fig. 3.1. Multi-phase buck converter.
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The operating principle of the multi-phase buck converter is to sum several pulse-width modulated voltages in
order to obtain a new voltage waveform whose switching-related harmonics have less power and, moreover, they are
placed at higher frequencies. In this way, the new pulse-width modulated voltage can be filtered more easily and,
consequently, the output voltage ripple is lower than in the case of a single-phase approach. Note that P denotes the
number of phases of the multi-phase buck converter and that the pulse-width modulated voltages are the switch-node
voltages (vs.i(t), vsa(t),..., vs-p(t)) of the topology. All the pulse-width modulated voltages are equal, but they are
phase-shifted. In this way, and as will be demonstrated later, the harmonic content of the equivalent switch-node

voltage (vs.g(t)) around certain switching harmonics is much lower than in the case of the conventional buck converter.

Fig. 3.2(a) shows the equivalent circuit of the multi-phase buck converter where the switch-node voltages are
modelled as ideal pulse-width modulated voltage sources. Each one has a particular delay (tp-1, tp-2,.. ., tp-p) with respect
to the switch-node voltage of the first phase (i.c., vs.i1(t)). Then, each ideal pulse voltage source can be expressed in the

following way:

vs_i(t) = vs_1(t — tp_y). (3.1
I, Ig.g(t) 1p(t)
A e
- +| + *+
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Fig. 3.2. Equivalent circuits of the multi-phase buck converter: (a) Modelling the switch-node voltages as ideal pulse-width modulated voltage
sources. (b) Applying the superposition and the Thevenin’s theorems to obtain the equivalent filter and vsg(t). (¢) Taking into account the transfer
function between vg.(t) and vgsg(t).

Using a suitable delay pattern leads to a reduction of the output voltage ripple. In this way, the benefit of the

multi-phase structure arises when the delay pattern defined below is used:

_G-D-Ts

th-i =7 (3.2)

The superposition and the Thevenin’s theorems are applied to obtain the schematic depicted in Fig. 3.2(b). Note
that the phase inductors (Li.i, Li, ..., Li-p) are identical and, consequently, L, is equal to Li.i/P. In this way, the

equivalent switch-node voltage at the input of the equivalent filter can be defined as:
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P P
1 1
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(3.3)
In the frequency domain, (3.3) leads to the following relationship:
1 sin(m-Ts- -1
v s () = v () -2 TS ) oy (s 34
P T 54
sin (7'[ P f)

Therefore, a transfer function between vs.i(t) and vsg(t) can be defined as follows (see Fig. 3.2 (¢)):

Hp(f) = vsg(f) 1 sin(m-Ts-

Tu ()P g, (-

D . e_j'”'(%)‘TS‘f.

Ty (35
7 /)
voltage ripple.

Note that Hp(f) introduces notch filters at some switching frequency harmonics, contributing to reduce the output

In order to facilitate the understanding of the multi-phase buck converter, an example with two phases will be
addressed below. According to (3.3), vs.g(t) can be written as follows:

1
vs_p(t) = 5 (v5-1(0) + vs_ (D).

(3.6)
Taking into account (3.1) and (3.2), vs2(t) can be written as a function of vs.i(t) and, consequently, (3.6) can be
rewritten as follows:

1 T
vs—p(t) = 2 (vs—l(t) + Vs (t - ?S))

(3.7)
In the frequency domain, (3.7) can be expressed as:

Vs—g(f) = vs_1(f) - Hp(f),
where Hp(f) is:

(3.8)

Ho () = vs—g(f) _1 sin(7 - 77":9 - . e_j'ﬂ.TTS'f.
5

vs(f) 2 sin (T[ .
Fig. 3.3(a) shows the main voltage waveforms of a two-phase buck converter. It can be seen that vsg(t) can be

(3.9)

filtered more easily than vs.i(t) because the switching harmonics are placed at higher frequencies and they have less

power (note that the amplitude of the pulses of vsg(t) is lower than that of vs.i(t)). As was previously explained, the
effect of the two-phase structure can be modeled as the incorporation of notch filters (see Fig. 3.3(b)).
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Fig. 3.3. Two-phase buck converter example: (a) Main voltage waveforms. (b) Effect of the multi-phase structure in the frequency domain.

3.2.2 Buck Converter with High Order Output Filter

A straightforward method to reduce the required fs without increasing the output voltage ripple is to increase the
order of the buck converter output filter (see Fig. 3.4(a)). The use of a fourth or higher order output filter was already
proposed in ET for reducing the output voltage ripple of the envelope amplifier [3.9]-[3.17]. For a given fc value, the
higher the order of the output filter, the higher the rejection of the switching-related harmonics and, consequently, the
lower the required fs (see Fig. 3.4(b)).

Alvs(Df 2™ order filter
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Fig. 3.4. Buck converter with M™ order output filter: (a) Topology. (b) Effect of the M™ order output filter in the frequency domain.

3.2.3 Floating Buck Converter

The floating buck converter is a buck converter whose output is connected in series with a constant voltage source
(see Fig. 3.5). This buck-derived converter is similar to two topologies that were proposed as envelope amplifiers: the
multiple-input buck converter [3.18] and the multi-level converter [3.19] (see Fig. 3.6). As in those cases, the output

voltage is made up of the contribution of different voltage sources:

Vo () =V, + Vy_y - d(b), (3.10)
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where Vi and Vg.u are the voltage provided by the low-side constant voltage source and the input voltage of the floating
buck converter, respectively.
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Fig. 3.5. (a) Floating buck converter. (b) Equivalent circuit.
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The floating buck converter has three benefits that are very interesting for VLC. The first one is that it reduces
the output voltage ripple because the amplitude of the pulses at the input of the filter is lower (see Fig. 3.7(a)-(b)). As
a consequence, the power of the switching-related harmonics at the input of the filter is lower than that in the case of

a conventional buck converter (see Fig. 3.7 (¢)). In this way, the required fs is lower.
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Fig. 3.7. (a) Main voltage waveforms of a floating buck converter. (b) Main voltage waveforms of a conventional buck converter. (c) Effect of the
floating structure in the frequency domain.
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The second benefit is that the operating range of the duty cycle is wider than that of a conventional buck converter.
As was explained in Section 2.5 and summarized in Section 3.1, VLC requires a HB-LED driver able to perform very
small voltage changes. In the case of a buck converter, this requirement implies having the capability to perform very
small duty cycle changes, which is very difficult when fs is very high. This problem is alleviated in the case of the
floating buck converter because V. can be chosen with a value close to the voltage variations that need to be
performed. In this way, and according to (3.10), the duty cycle changes that must be performed are higher. In order to
make these reasoning more consistent, a simple mathematical analysis will be carried out (equivalent to the one made
in Section 2.5 of Chapter 2). According to (3.10), the minimum output voltage change that can be performed with a

floating buck converter around the bias voltage can be expressed as follows:
Vo_pc +Avo =V, +dpc Vo + A4d - Vi_y. (3.11)
Substituting (2.15) into (3.11) and focusing on Avo leads to:
Avg = fo - At Vi _y. (3.12)

As in the case of a conventional buck converter (see (2.16)), for a given At, the higher the fs value, the lower the
minimum output voltage change that can be performed and, as a consequence, the lower the output voltage accuracy.
However, the floating buck converter can perform smaller voltage changes than a conventional buck converter because

of two reasons: the required fs is lower and V. is lower than V.

Finally, the third benefit of the floating buck converter is that it minimizes the power processed with high fs,
which reduces the impact of the switching losses. Note that the voltage that the MOSFET and the diode have to block
is equal to Vg.u which, as was previously indicated, is lower than Vg, reducing the energy dissipated during the

switching transitions.

3.3 Floating Multi-Phase Buck Converter with High Order Output Filter

Taking into account the benefits of the topologies described in Section 3.2, a floating multi-phase buck converter
with high order output filter is proposed for acting as the HB-LED driver of VLC transmitters (see Fig. 3.8)
[3.20]-[3.22]. Moreover, the constant voltage source that is connected in series with the output of the multi-phase buck
converter will be provided by a synchronous buck converter. As will be explained later, the synchronous buck converter
allows us to control io.pc and, consequently, to perform dimming. Furthermore, it is well known that driving floating
MOSFETs is difficult when fs is high. This problem appears in the conventional multi-phase buck converter, where
the source terminals of the MOSFETs are connected to non-constant voltage points. However, in the proposed
configuration, the source terminals of the MOSFETSs are connected to the input voltage source negative terminal of the
multi-phase buck converter (see Fig. 3.8). In this way, the MOSFETs driving task becomes easier if Vg is used to
supply the MOSFETs drivers of the multi-phase buck converter. Note that the position of the other multi-phase buck
converter elements should be modified with respect to the conventional one in order to properly perform the buck

converter function.
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Fig. 3.8. Floatlng multi-phase buck converter with high order output filter. Note that the constant voltage source that is connected in series with
the output of the multi-phase buck converter is provided by a synchronous buck converter.

3.3.1 Operation Description: Controlling io-pc and Splitting the Power

The operation of the proposed HB-LED driver for VLC is derived from the recommended approach that was
presented in Section 2.4: controlling io-pc. In this case, the synchronous buck converter (i.e., the low-side converter in
Fig. 3.8) operates in close-loop and it is responsible for regulating io.nc. Regarding the multi-phase buck converter
(i.e., the high-side converter in Fig. 3.8), it operates in open-loop performing the small voltage variations that are
required for reproducing the communication signal. The set of PWM-SMPCs works in the following way. The multi-
phase buck converter provides vo-ac(t) (i.e., the voltage component responsible for the communication) plus a certain
DC voltage (vo-n-nc) required for the proper operation of the PWM-SMPC. Note that vo.i.pc is mandatory to ensure
that the total output voltage of the multi-phase buck converter (vo.u(t)) never reaches zero or negative values (i.e.,
vo-ac(t) + vo-nnc > 0 V). The remaining DC voltage that is required for achieving the desired lighting level is provided
by the synchronous buck converter. Therefore, the synchronous buck converter regulates io-pc by adjusting its output
voltage (vo.L) to ensure that the total DC output voltage of the HB-LED driver (i.e., Vo-nc = Vo.L + Vo-u-nc) achieves
the desired biasing point regardless vo-u-pc and the V. variations with T;. Then, the total output voltage of the HB-LED

driver is:

V() = Vo1, + Vo_u(t) = Vo_i + Vo_n-pc + Vo—n-ac(t) = Vo_pc + Vo-ac(t), (3.13)
Vo-pc = Vo-1 + Vo-n-pc» (3.14)
Vo-ac(t) = vo_p_ac(t), (3.15)

where vo.n-ac(t) is the AC component of vo_u(t).

Fig. 3.9 shows the control scheme of the proposed HB-LED driver for VLC. Since the multi-phase buck converter
is responsible for reproducing the communication signal, it is the only PWM-SMPC that must ensure a bandwidth
equal or higher than fo-max. As a result, its switching frequency (fs-n) is high and the target is to use a value as close as

possible to the theoretical minimum one (i.e., 2-fo.max according to the Nyquist-Shannon sampling theorem) without

40



Chapter 3: PWM-SMPCs Derived from the Buck Converter

distorting the communication signal because of the ripple. The use of the multi-phase structure, the floating structure
and the high order output filter is focused on reducing the gap. In any case, since fs.; will be in the MHz range even if
it is equal to 2+ fo.max, the multi-phase buck converter will suffer from high switching losses. The key point is that since
the multi-phase buck converter only delivers the part of the power determined by the communication signal, which is
significantly lower than the total power, the impact of those switching losses in the overall efficiency is mitigated. The
rest of the power is delivered by the synchronous buck converter, which can achieve high efficiency because the
selection of its switching frequency (fs.L) is not subject to a high bandwidth requirement. Therefore, fs.. can be
significantly lower than fs.i. Note that since the synchronous buck converter only needs to track a constant current
reference (i.e., io-pc-ref), its design and efficiency are similar to those of a conventional HB-LED driver for lighting

applications. In practice, the synchronous buck converter will typically operate with fs.p in the range of hundreds of
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Fig. 3.9. Control scheme of the floating multi-phase buck converter with high order output filter.
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kHz while the multi-phase buck converter will operate with s in the MHz range. In summary, the power delivered
by the multi-phase buck converter must be minimized in order to maximize the overall efficiency. It can be performed

by selecting vo-u-pc barely higher than the one that always ensures vo.u(t) > 0 V.

Another advantage of this approach is that the output-series connection enables an accurate reproduction of
vo-ac(t) with relative ease. Since the multi-phase buck converter is focused on performing the small voltage variations,
while the synchronous buck converter provides most of vo.pc, the required duty cycle accuracy for each PWM-SMPC
is not as critical as in the case of conventional buck converter. The reasoning is similar to that of the floating buck

converter.

Regarding the drawbacks, the two isolated input voltages required for the implementation (i.e., Vg.n and Vg.p) is

the weakest point of the approach.

In summary, the HB-LED driver proposed for VLC is focused on addressing the two major design challenges
that appear when a PWM-SMPC is used to drive the HB-LEDs of a VLC transmitter: the problems caused by the high
fs that is required in order to provide the demanded bandwidth, and the high duty cycle accuracy that is required for
reproducing the communication signal. The multi-phase structure, the floating structure and the use of a high order
output filter allow us to reduce the required fs with respect to a conventional buck converter which, in turns, increases
the power efficiency. Moreover, the floating structure also allows us to increase the power efficiency more because the
synchronous buck converter delivers the major part of the power. Since this PWM-SMPC can reach a very high
efficiency, the power that it processes causes few power losses. Finally, the capability of performing very small voltage
variations is increased with respect to a conventional buck converter because the multi-phase buck converter does not
have to provide the entirely output voltage. It is focused on performing the small voltage variations while the

synchronous buck converter delivers most of the DC voltage.

3.3.2 Steady State Operation

Obtaining the equivalent circuits of the proposed HB-LED driver will be helpful to understand the steady state
operation. It can be performed by following the methodology explained in Section 3.2.1. Hence, the first step is to
consider CCM operation and to model each switch-node voltage as ideal pulse-width modulated voltage source (see
Fig. 3.10(a)). It is important to note that vs.i(t), vs(t), ..., vs-p(t) denote the switch-node voltages of the multi-phase
buck converter and that vs..(t) is the switch-node voltage of the synchronous buck converter. The second step is to
apply the superposition and Thevenin’s theorems in order to obtain both the equivalent filter of the multi-phase buck
converter and the equivalent voltage (i.e., vs.g(t)) at the input of that filter (see Fig. 3.10(b)). As will be shown later,
the circuit can be simplified more. However, at this point it is simple enough to facilitate the understanding of the

steady state operation.
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Fig. 3.10. Equivalent circuits of the proposed HB-LED driver: (a) Modeling vs.i(t), vsa(t), ..., vs.p(t) and vs.((t) as ideal pulse-width modulated
voltage sources. (b) Applying the superposition and the Thevenin’s theorems.

Fig. 3.11 shows the main electrical waveforms of the proposed HB-LED driver assuming steady state conditions.
Note that Ts.y and Ts.p are the switching period of high-side converter and the low-side converter, respectively.
According to Section 3.2.1, and thanks to the delay pattern indicated in (3.2), vs.e(t) has lower harmonic content than
the switch-node voltages and, moreover, it is placed at higher frequencies. Thus, the filtering task is easier than in the

case of a single-phase approach.

Another important point is that, as Fig. 3.11(a) shows, the total output voltage ripple is made up of the output
voltage ripple of both PWM-SMPCs (i.e., the multi-phase buck converter and the synchronous buck converter). Then,
it is essential to reduce not only the output voltage ripple of the multi-phase buck converter, but also the output voltage

ripple of the synchronous buck converter in order to minimize the distortion of the communication signal.

The reduction of the output voltage ripple achieved by the multi-phase buck converter in steady state operation
can also be understood from the main current waveforms. As Fig. 3.11(b) shows, the current delivered by each
PWM-SMPC are identical (i.e., equal to io(t)) due to the output-series connection. Moreover, it is very important to
analyze the current of each phase of the multi-phase buck converter (i.e., is-1(t), is-2(t), ..., is-p(t)) in order to understand
the reduction of the output voltage ripple achieved by the multi-phase structure. Assuming that all phase inductances
are identical, the current ripple of each phase of the multi-phase buck converter will be equal. In addition, the DC
component of each phase current is io.nc/P if the Equivalent Series Resistances (ESRs) of all phase inductors are

identical. Then, the inductor current of the i phase is delayed tp; with respect to the inductor current of the first phase
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(see Fig. 3.11(b)). As a result, the sum of all phase currents (i.e., is-(t) = is-1(t) + is2(t) + ... + is-p(t)) has lower ripple

than in the case of a single phase.
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Fig. 3.11. Main electrical waveforms of the proposed HB-LED driver assuming steady state conditions: (a) Voltage waveforms. (b) Current
waveforms.
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3.3.3 Frequency Domain Analysis

The steady state analysis is a suitable initial step to study the proposed HB-LED driver. However, the frequency
domain analysis must be carried out in order to deeply understand the operation of the multi-phase buck converter, the

operation of the synchronous buck converter and their joint operation as a single HB-LED driver for VLC.

As previously explained, the multi-phase buck converter is responsible for reproducing the communication signal
with high accuracy. The operating principle is based on providing the desired vo.ac(t) from vs.i(t) by carefully filtering
this pulse-width modulated voltage. Therefore, the transfer function between vs.i(t) and vo(t) (i.e., Hu(f) = vo(f)/vs.1(f))
must be analyzed. It is important to note that Hu(f) must reject the switching harmonics together with their sidebands
(i.e., the switching-related harmonics). Moreover, this transfer function must meet some additional requirements in
order to avoid distortion when reproducing the communication signal. Firstly, its magnitude must be flat in the desired
frequency bands. Note that these frequency bands include the DC component and the frequency components that
appear due to the duty cycle variation over time (i.e., the frequency components related to the communication signal
that is being reproduced). Secondly, the phase-shift of Hy(f) must be linear with frequency in those regions, ensuring

a constant group delay.

Hu(f) will show the effect of the multi-phase structure, the effect of M™ order low-pass filter and the impact of

the synchronous buck converter on the multi-phase buck converter:

HH(f) = HH—P(f) ) HH—F(f) ' HH—L(f): (3.16)

where Hup(f) is the transfer function between vs.i(t) and vsg(t) (i.e., the effect of multi-phase structure), Hu.g(f) is the
transfer function between vs.g(t) and vo.u(t) (i.e., the effect of M™ order low-pass filter), and Hy..(f) is the transfer
function between vo.u(t) and vo(t) (i.e., the impact of the synchronous buck converter). The equivalent circuit depicted

in Fig. 3.12 can be used to analyze Hu(f).

Notch
Filters

Vs.(t)

fsg 1

Fig. 3.12. Equivalent circuit of the proposed HB-LED driver that can be used to obtain Hy(f).

Starting with the M™ order low-pass filter, it is well-known that it causes a magnitude drop for frequencies higher
than the cut-off frequency (fc.i). Therefore, fc.u must be higher than the highest frequency component of the signal
(i-e., fo-max). There is an important trade-off between fc.u, fs-n, fo-max and the order of the filter. fc.iy must be high enough
to not distort the frequency components of the signal and, at the same time, it must be low enough to ensure enough
rejection of the switching harmonics and their sidebands. In order to alleviate this problem, fs.i can be increased in
exchange for higher switching losses. Another option consists in increasing the filter order. However, this is translated
into higher complexity and cost. This issue has been deeply studied in [3.15] and [3.9] for the ET application, and the
design guidelines included in these works are valid for the multi-phase buck converter of the proposed HB-LED driver.
As in [3.15] and [3.9], the source impedance of the filter is 0 Q and, consequently, proper filter tables must be used. In

this case, n-Rp must be considered as the load impedance of the filter.
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Regarding Hu.p(f) and according to (3.1)-(3.5) and to the notation of the floating multi-phase buck converter, it

can be defined as:

vs_g(f) 1 sin(m-Te_y-f) _; (P1y. )
Hy_p(f) = =_. .eJ”(P)Ts—Hf_
vs-1 () P g (rr-TSP%H-f)

(3.17)

As was previous indicated, the multi-phase structure introduces notch filters at several switching frequency
harmonics, contributing to reduce the output voltage ripple. As Fig. 3.13 shows, the higher the number of phases, the
higher the number of notch filters and the lower the output voltage ripple.
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Fig. 3.13. Hy.p(f) analysis: (a) Magnitude. (b) Phase.

Regarding the impact of the synchronous buck converter on the multi-phase buck converter, the output filter of
the synchronous buck converter also introduces a notch filter at its cut-off frequency (fc.L). Fig. 3.14 shows Hy..(f) for

different Q values of the synchronous buck converter filter keeping the same fc.1.. Note that the expression utilized for

the Q factor evaluation is:

0=n-Ry- |-~ (3.18)
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Fig. 3.14. Hy.(f) analysis: (a) Magnitude. (b) Phase.

Finally, Fig. 3.16(a) shows [Hu(f)| highlighting the different effects. This figure considers different number of
phases and different designs of the synchronous buck converter filter that keep the same fc.. but change the Q factor.
It is important to note that frer represents the center frequency of the modulation scheme that is going to be reproduced.
The rest of signal components would be placed around frer. It can be seen that the available frequency band for the
communication signal depends on the Q factor of the synchronous buck converter filter. Note that in Fig. 3.16(a), the
identification of the available frequency band only considers the amplitude distortion. However, the phase distortion
also plays an important role (see Fig. 3.16(b)). Therefore, the relative variation of the group delay with respect to the

group delay at frer(i.€., Tr-ref(f)) must be evaluated:

T(f) = ©(frer)

TR—Ref(f) = T(fR f)

, (3.19)

where 1(f) is the group delay of Hu(f). The actual available frequency band is the smallest of both approaches (i.e.,
considering the amplitude and the phase distortion) and it depends on the limits employed to identify the bands. In
other words, the maximum attenuation permitted in the case of the amplitude distortion, and the maximum relative
variation of the group delay permitted in the case of the phase distortion. In any case, it can be concluded that a high
Q factor is desirable for maximizing the available frequency band. Moreover, fc.r must be placed between the DC

component and the lowest harmonic of the reproduced modulation scheme.
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Fig. 3.16. Hy(f) analysis: (a) Magnitude. (b) Relative variation of the group delay with respect to the group delay at fger.

Regarding the synchronous buck converter, how it is affected by the multi-phase buck converter when it tries to
control io-pc must be analyzed. There are several transfer functions that can be calculated in order to address this point.
In this paper, the transfer function between the duty cycle (di) and io(t) (Gar-i(f)) is obtained and studied by using the
equivalent circuit depicted in Fig. 3.15.
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Fig. 3.15. Equivalent circuit of the proposed HB-LED driver that can be used to obtain Ggp(f).

Fig. 3.17 shows Gqr-i(f) for different Q values of the synchronous buck converter filter, highlighting the impact
of the multi-phase buck converter. It can be seen that the output impedance of the multi-phase buck converter

introduces certain notch filters at high frequencies. Fortunately, this fact has minor impact on the current feedback loop
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and, consequently, the synchronous buck converter can be designed similarly to a conventional HB-LED driver for
lighting applications. It is important to note that the LPF of the feedback loop must be taken into account for designing
the regulator. The cut-off frequency of this LPF should be as low as possible but, at the same time, high enough to not
jeopardize excessively the bandwidth of the feedback loop. In general, this point is not an issue and, in practice, a cut-

off-frequency similar to fc.r fulfills the application requirements.
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Fig. 3.17. Gar.i(f) analysis: (a) Magnitude. (b) Phase.

3.3.4 Design Guidelines

The recommended steps for the design of the proposed VLC transmitter are described in this section. The design
specifications should include the maximum lighting level (spc-max) and the modulation scheme that must be reproduced
together with the maximum power of the communication signal, thus defining sac(t) for the highest communication
power. It is important to note that the modulation scheme does not determine the communication signal power because
it only determines the shape of the signal. The same signal can be transmitted with different power levels (i.e., more

or less amplification) depending on the particular application requirements.

49



Chapter 3: PWM-SMPCs Derived from the Buck Converter

Step 1: dimensioning the HB-LED string. The number of HB-LEDs of the string (i.e., n) that are needed can be
calculated by taking into account spc-max. Their dynamic resistance (i.e., Rp) and their knee voltage (i.e., V,.1) must be

considered to obtain the equivalent model.

Step 2: characterization of io-ac(t) and vo.ac(t) for the highest communication power. io-ac(t) and vo.ac(t) for the
highest communication power (io-ac-max(t) and vo.ac-max(t), respectively) can be obtained by considering (2.1), (2.2)
and the equivalent dynamic resistance of the HB-LED string selected in Step 1 (i.e., n-Rp). After that, the peak to peak

value of vo(t) (vo-pp) for the highest communication power (Vo-pr-max) can be calculated from vo-ac-max(t)-

Step 3: determining Ve.g. It is important to note that the lower the Vg.u value, the lower the duty cycle accuracy
required to generate vo.u(t) and, as a consequence, the lower the demanded time resolution of the Field Programmable
Gate Array (FPGA). Therefore, it is essential to determine the minimum Vg.i value (Vg.n-min) that could to be used.
The duty cycle of the multi-phase buck converter (du(t)) must be always lower than a maximum value (du-max) and
higher than a minimum value (du-min) that are stablished due to safety reasons. For the sake of simplicity, the same
safety margin is considered for both duty cycle limits (i.e., du-min = 1 - di-max). Note that Fig. 3.18 can be used to
understand the reasoning related to Step 3. Under the aforementioned considerations and when the HB-LED driver for

VLC operates with the maximum communication power, the following equation can be used to determine V G-H-min:

Ayax * Ve—n-min = Amin * Vo—n-min + Vo—pp—Max- (3.20)

Therefore, Vg.n must satisfy the following condition:

Vo-pp-M
Ve 2 Vo-ti-min = T2 d d,:; (3.21)
It is important to note that vo.u.pc is defined as:
Vo-pp
Vo-t-pc = Amin * Vo-n-min + — (3.22)

As a result, the following condition is always satisfied:

UO—H(t) 2 dMin ° VG—H 2 0 V (323)

The maximum value of vo.u.pc is reached when the communication power is the highest one:

Vo-t-pc-max = 0.5 Vg_p—min- (3.24)
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Fig. 3.18. vo.u(t) for two communication power levels using Vg.n = Vgonmin: (2) Maximum communication power. (b) Lower communication power.

dH-Min : VG -H-Min

0

50



Chapter 3: PWM-SMPCs Derived from the Buck Converter

Step 4: Selecting the number of phases (i.e., P) and the order of the filter (i.e., M). As is explained in Section
3.3.3, both the multi-phase structure and the high order output filter contribute to reduce the output voltage ripple.
Therefore, both points must be addressed together. Obviously, the higher the number of phases, the lower the required
order of the filter and vice versa. As a consequence, there are several solutions (i.e., several combinations of P and M)
that, showing similar complexity (which could be evaluated using P + M), ensure a certain level of output voltage
ripple rejection. In order to select the most appropriate solution for the particular requirements of the VLC transmitter,
parameters that are difficult to be measured, such as the dependence of the cost or of the size on P and M, must be
taken into account. In any case, it is recommendable to follow the directions of [3.15] and [3.9] for determining M and

the cut-off frequency of the filter (i.e., fc.n) once P is selected.

Step 5: Designing the synchronous buck converter. In the case of the synchronous buck converter, the input
voltage (i.e., Vis.r) can be selected according to standard voltage values such as 24 V or 48 V. As is explained in
Section 3.3.3, the cut-off frequency of the filter (i.e., fc.L) should be lower than the minimum frequency of the
communication signal that the multi-phase buck converter is going to reproduce. In addition, the Q value of the filter
should be high enough to avoid the distortion of the communication signal. The design of the feedback loop is

straightforward.

3.3.5 Experimental Results

3.3.5.1Prototype Details

A two-phase asynchronous buck converter and a single-phase synchronous buck converter were built to test
experimentally the proposed HB-LED driver (see Fig. 3.19). The switching frequency of the two-phase buck converter
and the synchronous buck converter are 10 MHz and 250 kHz, respectively. The output filter of the two-phase buck
converter is a 4" order Butterworth filter with a cut-off frequency equal to 4 MHz. In the case of the synchronous buck
converter, the cut-off frequency of the 2" order filter is 20.5 kHz and the Q value is 1.56. Table IIL.I shows the passive
components used for the filters implementation. The inductors of the two-phase buck converter are implemented with
iron powder cores (T50-2) from Micrometals. A SER1390-333MLB inductor from Coilcraft is used for the inductor
of the synchronous buck converter. The LPF of the feedback loop is implemented with a RC filter whose cut-off
frequency is 15.9 kHz. Silicon MOSFETs are used in both PWM-SMPCs: SSM3K336R in the two-phase buck
converter and TK7S10N1Z in the synchronous buck converter. In both cases, the MOSFETSs are driven by EL7156
ICs. Schottky diodes DB2430500L are used in the two-phase buck converter. The load is made up of 6 HB-LEDs
(W42180 Seoul Semiconductor) connected in series. The input voltage of the two-phase buck converter and the
synchronous buck converter are 8.5 V and 24 V, respectively. Commercial receiver PDA10A-EC is used in the VLC
setup. Since this device is made up of a photodiode and a transconductance amplifier, its output signal is a voltage

waveform proportional to the received light intensity.

Regarding the communication signal, a 64-QAM-OFDM scheme that is made up of 29 carriers is reproduced. It
is important to note that the maximum frequency component of the reproduced modulation scheme (i.e., fo-max) 1S

around 3 MHz. Hence fs.y is quite close to the theoretical minimum value (i.e., fs.u = 3.3-fo-max). The sequence of duty
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cycle values that the multi-phase buck converter requires to reproduce the communication signal (i.e., du(t)) is stored

in the FPGA that controls the two-phase buck converter.
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Fig. 3.19. Two-phase buck converter with 4™ order Butterworth filter in output-series connection with a synchronous buck converter: (a) Schematic
circuit of the implemented HB-LED driver. (b) Two-phase buck converter prototype. (c) Synchronous buck converter prototype.

TABLE IIL.I. PASSIVE COMPONENTS USED FOR THE OUTPUT FILTERS IMPLEMENTATIONS.

L Li» C, Ls Cy Lo CL
Component  (nH) (nH) (oF) (H) (@F) (uH) (uF)

Vale 812 812 94 2871 23 33 1818

3.3.5.2 Evaluation of the Trade-Off between Communication Efficiency and Power Efficiency

The HB-LED driver prototype is tested under different operating conditions in order to deeply evaluate its
performance. The test target is to study how the lighting level and the communication signal power affect both the
power efficiency and the communication efficiency. Obviously, the lighting level depends on the average current
through the HB-LED string (i.e., io-nc). Regarding the communication signal power, it can be controlled by adjusting

the peak to peak value of vo(t) (i.e., vo-pp).

Two lighting levels (determined by io.pc = 300 mA and io.pc = 500 mA) and two levels of the communication
signal power (determined by vopp = 4.1 V and vopp = 2.2 V) are considered. As a result, there are four possible
situations (see Table IILII). It is important to note that the distance between the transmitter and the receiver is 20 cm
in all situations. Fig. 3.20 exemplifies the performed test and facilitates the understanding of the reasoning that will

appear along this section.

Fig. 3.21 shows the main waveforms of the VLC system for each situation. Note that vrx(t) is the receiver signal.
The DC component of vrx(t) (Vrx-nc) measures the lighting level while the peak to peak value (vrx-pp) is determined

by the received communication signal power. Table III.II indicates both the DC component and the peak to peak value
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TABLE IILII. MAIN PARAMETERS OF THE TEST PERFORMED TO EVALUATE THE TRADE-OFF BETWEEN COMMUNICATION EFFICIENCY AND POWER
EFFICIENCY.

io-nc io-rp Yo-pc Vo-rp Vo-L VRX-DC  VRX-PP Po. Pon Po Mo Mu n EVMgrums

(mA)  (mA) (V) (] v (@@mv) @@mv) W W W ) ) (N (W)

Situation 500 750 19.9 4.1 16.1 34 29 8.19 1.24 10.1 92.8 79.2 91.3 223
1
Situation 300 575 19 4.1 15.2 23 25 4.64 123 5.87 89.7 84.5 88.6 27.6
2
Situation 500 350 19.9 22 18.2 34 15 9.56 052  10.08 948 75.7 93.6 232
3
Situation 300 300 19 22 17.3 23 15 531 0.51 5.82 92.4 81.3 91.3 24
4
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Fig. 3.20. Graphical description of the test considering the I-V curve of the HB-LED string and cosine waveforms.

of each waveform. Note that io_pp is the peak to peak value of io(t). In addition, it shows the amount of power delivered
by the two-phase buck converter (Po.x) and by the synchronous buck converter (Po.r), the efficiency of the two-phase
buck converter (nu), the efficiency of the synchronous buck converter (n.), the overall efficiency (1) and a figure-of-

merit for evaluating the communication efficiency that will be introduced below.

In situation 1, io.pc and vo.pp are 500 mA and 4.1 V, respectively. Note that as indicated in Section 2.1, vo-ac(t)
is small in comparison to vo.pc. It can be seen that most of vo.pc is delivered by the synchronous buck converter. In
this situation, the power of the HB-LED driver is 10.1 W, the 81% of the power is provided by the synchronous buck

converter and the overall efficiency is 91.3%.

Comparing situation 2 to situation 1 allows us to study the impact of decreasing the lighting level on the power
efficiency of the HB-LED driver (io-pc falls from 500 mA to 300 mA). In order to achieve the lower biasing point, the
synchronous buck converter decreases its output voltage and, as a result, the amount of power delivered by this
PWM-SMPC falls. It is important to note that since the communication signal power is the same, the peak to peak

values of the waveforms are the same as in situation 1 and, consequently, the operating conditions of the two-phase
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Fig. 3.21. Main experimental waveforms of the VLC system during the test performed to evaluate the trade-off between communication efficiency
and power efficiency: (a) Situation 1. (b) Situation 2. (c) Situation 3. (d) Situation 4.

buck converter are almost the same. Actually, io.pp and vrx-pp slightly change because the transmitter partially works
in the non-linear region of the HB-LED string. It can be easily understood seeing Fig. 3.20. How this fact affects the
communication will be addressed below. Taking into account all these considerations, the weight of the synchronous
buck efficiency on the overall efficiency is lower in situation 2 than in situation 1 and, consequently, the overall

efficiency falls.

In order to study the impact of reducing the communication signal power on the power efficiency of the HB-LED
driver, situation 3 can be compared to situation 1 (vo-pp falls from 4.1 V to 2.2 V). All the peak to peak values of the
waveforms change while the values of io-.pc, Vo-nc and vrx.pc are the same as in situation 1. However, it is important
to note that the output voltage of the synchronous buck converter is higher in the case of situation 3. It is because the
AC voltage provided by the two-phase buck converter is lower in this situation, so its DC voltage is reduced to
minimize the power that it delivers. Consequently, the synchronous buck converter increases its output voltage to
achieve the desired lighting level. As Table III.II shows, the total power of the HB-LED driver is almost the same in
situation 1 and in situation 3, but the power share is different. It can be seen that in situation 3, the power provided by
the synchronous buck converter (94.8% of the total power) is higher than in situation 1 and, as a result, the overall

efficiency rises.

Finally, the remaining case appears in situation 4, where both the lighting level and the communication signal
power fall (io-pc falls from 500 mA to 300 mA and vo.pp falls from 4.1 V to 2.2 V). In this situation, the power of the
HB-LED driver is 5.82 W, the synchronous buck converter delivers the 91.2% of the total power and the overall
efficiency is 91.3%.

Fig. 3.22 shows an estimation of the losses distributed in the components of the experimental prototype for each
operating situation. It can be seen that although Po.y is much lower than Po. in all operating situations (see Table

II1.IT), the semiconductor switching losses of the two-phase buck converter is one of the major sources of power losses.
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In summary, minimizing the communication signal power and maximizing the lighting level is the best strategy
for achieving the highest power efficiency. This conclusion fits in with the efficiency of the PWM-SMPCs because the
strategy leads to minimize the power delivered by the multi-phase buck converter and to maximize the power delivered
by the synchronous buck converter. In this way, the overall efficiency of the HB-LED driver is mainly determined by

the efficiency of the synchronous buck converter.
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Fig. 3.22. Estimation of the power losses distribution in the components of the experimental VLC transmitter for each operating situation.

However, the impact of both the lighting level and the communication signal power on the communication
efficiency must also be evaluated to show a more general vision of the VLC transmitter performance. Basically, the
communication efficiency depends on two parameters: the distortion and the power of the received signal. In general,
the higher the power of the received signal, the higher the communication efficiency because the signal can be

demodulated easier. Obviously, the higher the signal distortion, the lower the communication efficiency.

The error vector (€) is employed to measure the accuracy of the communications system:

e=w-V, (3.25)
where W is the received symbol and V is the ideal symbol. Note that a symbol is a vector whose magnitude and
direction are determined by the amplitude and the phase of a certain cosine waveform. The modulation scheme defines
the possible symbols (i.e., the amplitude and phase combinations that the cosine waveform can have) and the bit
sequence that univocally identify each one. In this way, the transmission of a particular symbol leads to the transmission
of a particular bit sequence and, consequently, the transmission of information. The reproduced 64-QAM-OFDM
scheme is made up of several carriers (i.e., cosine waveforms with different frequencies), and each one transmits a
symbol (i.e., each one has a particular amplitude and a particular phase) during a certain time interval which is referred
as symbol period (see Chapter 1). The € calculation is used to evaluate the performance of the communication system
by evaluating the Root Mean Square value of the Error Vector Magnitude (EVMgrwis) [3.23]. This widely used figure-
of-merit evaluates ¢ for each carrier during a sequence of several symbol periods considering the average power of the

involved symbols:

ZN_SP N

1le)?
ZNSP N1|VU|2’

(3.26)

where NSP is the Number of Symbol Periods and N is the number of carriers. The lower the EVMRguys value, the higher
the communication efficiency. Typically, a value around 5%-15% is required to fulfill the requirements of commercial

wireless communication systems. Table II1.II shows the EVMrums value obtained in each situation. It can be seen that
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the measured values do not accomplish with the communication standards. However, as will be explained in the
following section, this issue can be solved by adjusting the communication speed to the particular communication

scenario where the VLC system is evaluated.

The best result is obtained when io.pc is 500 mA and vo.pp is 4.1 V (i.e., situation 1). If the lighting level is
considerably reduced (i.e., the situation changes from 1 to 2), EVMgus rises dramatically although the communication
signal power is the same. The reason is that the HB-LED string must be operating in the current-voltage linear region
to properly reproduce the communication signal. However, vo_pp is too high for the io.pc value considered in situation
2 (Fig. 3.20 may help to understand this phenomena). Thus, the HB-LEDs operate close to V., where the non-linear
current-voltage relation causes high signal distortion. Then, the communication signal power should be reduced when
considering the lighting level of situation 2 in order to avoid the non-linear region. In this way, EVMgrus can be
improved by reducing vo.pp. It is equivalent to move from situation 2 to situation 4. It can be seen that, as expected,
EVMzgus is lower than in the case of situation 2 because it reduces the distortion caused by the non-linear operation.
However, since the communication signal power is lower than in the case of situation 1, EVMzgus is not as low as in
that situation. Finally, EVMgrums can be reduced a bit by increasing the lighting level (i.e., moving from situation 4 to

situation 3) in order to completely avoid the non-linear operation.

As a conclusion, there is trade-off between power efficiency and communication efficiency. For a particular
lighting level, the communication signal power must be the maximum possible without operating in the non-linear
region in order to maximize the communication efficiency. However, from the power efficiency perspective, the best

results are obtained when the communication signal power is minimized.

3.3.5.3 Evaluation of the Communication Capability

The reproduced 64-QAM-OFDM scheme is made up of 29 carriers. The lowest carrier frequency and the highest
carrier frequency are 200 kHz and 3 MHz, respectively. Each carrier provides a bit rate equal to 600 kbps and,
consequently, the maximum bit rate achieved by this modulation scheme is 17.4 Mbps. However, the speed of the
communication signal must be evaluated together with EVMgus in order to show a consistent result. It is important to
note that, in general, the higher the communications speed, the higher the number of transmission errors. However, the
actual values of these two parameters depend on the communication scenario, which, in addition, changes over time.
One of the advantages of OFDM schemes is that the communication speed can be dynamically adjusted to reduce

EVMgus. This is performed by deactivating the carriers that are causing more transmission errors.

Fig. 3.23 shows the measured relationship between EVMgrums and bit rate when the VLC system is evaluated in
the laboratory setup and it operates in situation 1. It can been seen that EVMgus is too high for the maximum speed.
Therefore, for this particular communication scenario, a bit rate lower than 7.5 Mbps should be used to accomplish

with most extended communication standards (i.e., EVMRgus < 15%).
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Fig. 3.23. EVMRys for different bit rates when the VLC system is evaluated in the laboratory setup and it operates in the situation 1.
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3.3.5.4 Feedback Loop Tests

Several tests were carried out in order to check the feedback loop behavior of the implemented HB-LED driver.
Fig. 3.24(a) shows how the synchronous buck converter reduces its output voltage in order to compensate the fall of
V. with Ty. Thus, both io.pc and io-pp remain constant over time. Note that for this test, the HB-LEDs heat sink was

removed to see a considerable change during a short period of time.

Fig. 3.24(b) shows the results when two changes in the communication signal power are performed. When the
increase of the communication signal power occurs, the two-phase buck increases not only the AC component of its
output voltage, but also the DC component. Remember that the DC component of the two-phase buck converter output
voltage is adjusted to provide the minimum value that enables the reproduction of the AC component. As a

consequence, the synchronous buck converter reduces its output voltage to compensate the change.

Finally, Fig. 3.24(c) shows the results when two changes in the lighting level are performed. It can be seen how

the synchronous buck converter modifies its output voltage to track the desired lighting level.
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Fig. 3.24. Main experimental waveforms of the VLC system during the feedback loop tests: (a) Compensation of the V, fall with T;. (b) Response
to two changes of the communication signal power. (c) Response to two changes of the lighting level.

3.4 Conclusion

The multi-phase structure, the floating structure and the high order filter are three strategies very interesting for
being used in the HB-LED driver of a VLC transmitter. They allow us to reduce the required switching frequency,
which is translated into a higher power efficiency and an easier implementation. Furthermore, the floating structure
can be used to minimize the power processed with high switching frequency, which increases the power efficiency
even more. In addition, this structure also facilitates the reproduction of the communication signal since it increases
the operating range of the duty cycle with respect to a conventional buck converter. The proposed HB-LED driver for
VLC takes advantage of all these benefits because it is a floating multi-phase buck converter with high order output
filter. Moreover, the constant voltage source that is connected in series with the output of the multi-phase buck

converter is provided by a synchronous buck converter that enables the dimming capability.

58



Chapter 3: PWM-SMPCs Derived from the Buck Converter

The joint operation of both PWM-SMPCs is studied, focusing the attention on the multi-phase effect, the high
order output filter effect and the impact of each PWM-SMPC on the other. It is concluded that the multi-phase structure
supports the filtering task by reducing the output voltage ripple, whereas high Q factors of the synchronous buck
converter filter are desirable for reducing the signal distortion. Moreover, the multi-phase buck converter has minor
impact on the synchronous buck operation and, consequently, its design is similar to conventional HB-LED drivers for

lighting applications.

The wide experimental section allows us to analyze the trade-off that exists between communication efficiency
and power efficiency. The key point is that for a particular lighting level, the power efficiency falls when the
communication signal power rises. However, from the communication perspective, the communication signal power

must be the maximum possible without operating in the non-linear region.

In summary, it is demonstrated that the proposed architecture is good approach for alleviating the two main
problems that appear when a PWM-SMPC is considered for driving the HB-LEDs of a VLC transmitter: the issues
caused by the high switching frequency that is required in order to provide the demanded bandwidth, and the high duty

cycle accuracy that is required for reproducing the communication signal.
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Chapter 4:
The Ripple Modulation Technique

Using a PWM-SMPC is an interesting approach for driving the HB-LEDs of a VLC transmitter avoiding the use
of a power inefficient LPA. However, the recommended topologies for enabling an affordable fs and for fulfilling the
required output voltage accuracy lead to quite complex designs. In this chapter, a novel approach that is especially
conceived for VLC is presented. The idea is to use the output voltage ripple of a SMPC to reproduce the communication
signal. This strategy allows us to reduce both the required fs and the complexity of the power stage. The chapter
describes in detail the ripple modulation technique by studying different points: the operating principle of the driver
that is proposed for using the output voltage ripple, how to reproduce both SCM and MCM schemes, the control system

required for applying the technique, etc.
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4.1 Introduction

As was shown in Chapter 2, using PWM-SMPCs for driving the HB-LEDs of a VLC transmitter is a promising
approach for avoiding the efficiency problem of LPAs. According to Chapter 3, complex topologies (several
converters, several phases, isolated input voltages, high number of reactive elements, etc.) are mandatory to achieve
the required output voltage accuracy and to exploit the entirely bandwidth provided by a conventional lighting HB-LED
(i.e., reproducing communication signals with frequencies up to 3-5 MHz) by using an affordable fs. However, the
current trend is to overcome the bandwidth limitation of conventional lighting HB-LEDs by applying the techniques
that are described in Section 1.3.3. In general, these techniques offer higher bit rates because they enable higher
available bandwidths. As a result, the communication signals that must be reproduced to exploit the available
bandwidths are faster than in the case of a conventional lighting HB-LED (i.e., fo-max rises). Hence, using the complex
topologies described in Chapter 3 could be not enough to achieve an affordable fs. Remember that the prototype
presented in Chapter 3 must use a fs value 3.3 times higher than fo.max, and it could be impractical when fo-max is higher
than 3-5 MHz because of the switching losses, the required duty cycle accuracy, etc. Note that, for instance, if the
available bandwidth is 20 MHz (as in the case of RGB HB-LEDs), the required fs is 66 MHz. Even if a fs value equal
to the theoretical minimum one of a PWM-SMPC (i.e., 2-fo-max according to the Nyquist-Shannon sampling theorem)
could be used, fs would be quite high. Taking into account the previous facts, the logical step is to explore novel
approaches different from PWM-SMPCs in order to reduce the ratio between the required fs and maximum frequency

that can be reproduced (i.e., fo-max)-

4.2 Using the Ripple Modulation Technique for Reproducing SCM Schemes

In VLC, the variable voltage that the HB-LED driver must provide is not an unknown waveform. It is a
communication signal and, consequently, it can be deeply characterized. It seems reasonable to think that a SMPC
especially conceived for reproducing this particular variable voltage will provide better results than a SMPC able to
reproduce any kind of variable voltage. Therefore, the next step is to carefully study the variable voltage that the
HB-LED driver for VLC must provide in order to reach a method for reducing fs and the complexity of the power
stage. This strategy will allow us to design a SMPC especially conceived to reproduce the variable voltage required by
VLC. According to the previous reasoning, this new SMPC could offer better features than the PWM-SMPCs of

Chapter 2 and 3, which can reproduce any kind of variable voltage within a range of frequencies and voltages.

The voltage characterization depends on the modulation scheme that is being reproduced. Since the objective is
to reproduce advanced modulation schemes, SCM and MCM schemes are considered. For the sake of simplicity, the
first target is to develop a SMPC especially conceived to reproduce SCM schemes. According to (1.10) and (2.3), vo(t)

can be expressed in this way when a SCM scheme is reproduced:

Vo-sem(t) = Vo_pc + Ay_sem(t) - COS(Z ‘T foem * t+ Pv_scu (t)): 4.1

where Av.sem(t) and ¢v.scm(t) are the amplitude and the phase modulation of the voltage, respectively. Both

components can be obtained from the amplitude and phase modulation of the light intensity:
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As_sem (8)
Ay_scm(t) = Koy, 4.2)

Gv-scm () = bs_scm (0). 4.3)

In summary, a HB-LED driver for VLC must provide a voltage that is made up a DC component (i.e., vo-nc) and
a cosine waveform that changes the amplitude and the phase over time in order to reproduce a SCM scheme. Hence,

the HB-LED driver must be able to fulfill four requirements:

e  Controlling vo.pc in order to properly bias the HB-LEDs.

e  Generating a cosine waveform (i.e., the carrier of the SCM scheme).

e Controlling the amplitude of the cosine waveform in order to perform the amplitude modulation (i.e.,
Av.sem(t)).

e  Controlling the phase of the cosine waveform in order to perform the phase modulation (i.e., dv-scm(t)).

The novel method that is proposed in this chapter is referred as Ripple Modulation (RM) technique and it meets
the aforementioned requirements by using the output voltage ripple of a SMPC to reproduce the communication signal

([4.1]-[4.2]). The SMPCs that are based on the use of the RM technique are referred as RM-SMPC in this dissertation.

4.2.1 Using the 1" Switching Harmonic of a Synchronous Buck Converter with High Order
Output Filter

A possible implementation of the RM technique could be the use of the 1% switching harmonic of the output
voltage ripple. As a first approach, a synchronous buck converter with high order output filter is considered to
implement the idea. Fig. 4.1 shows both the topology (see Fig. 4.1(a)) and the equivalent circuit after considering vs(t)
as an ideal pulse voltage source (see Fig. 4.1(b)). Since the target is to use the 1% switching harmonic, the output filter
design differs from the conventional one of a PWM-SMPC: the filter passes not only the DC component of vs(t), but

also its 1% switching harmonic. Hence, fc must be between fs and 2-fs.

Vg
T s <fo < 2fs

Qi

gl ‘CM }T\v(m
P14

Fig. 4.1. Synchronous buck converter with a high order output filter that passes the DC component and the 1* switching harmonic of vs(t): (a)
Topology. (b) Equivalent circuit after considering vs(t) as an ideal pulse voltage source.
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Another major difference with respect to a conventional buck converter is that the proposed synchronous buck
converter is not controlled by means of the PWM technique (i.e., it is not a PWM-SMPC). It is controlled by using a
more complex technique that has been called Pulse-Width and Pulse-Phase Modulation (PWPPM) in this dissertation.
It implies that not only the width of the pulse is controlled (i.c., d(t)), but also the position over the switching period.
Fig. 4.2 shows an example of a pulse-width modulated voltage, and a pulse-width and pulse-phase modulated voltage.
It is important to note that controlling the phase of the pulses is equivalent to control their position. The dimensionless
parameter that is used to control the phase of a pulse will be noted as y(t) (see Fig. 4.2(b)), and it ranges between 0 and
1. When v(t) is 0, the pulse phase is 0°, and when y(t) is 1, the pulse phase is -2-w. Therefore, the pulse phase is equal
to - 2-m-y(t) and, consequently, the center of the pulse appears Ts-y(t) after the beginning of the switching period (see
Fig. 4.2(b)). Note that the phase is determined by the center of the pulse. As will be demonstrated later, the use of the
PWPPM technique and the proposed filter design enable the control of ¢v(t).

APulse-width modulated voltage
d(t)-Ts d(t)-Ts d(t)-Ts  d(t)Ts
— « oK 4
I_I —
(0] TS 2T5 BTS 4TS t
@

Pulse-width and pulse-phase modulated voltage
d(0)Ts d(t)-Ts d(t)-Ts d(t)- Ts
o £~ £ A 7

0 [T 2% | 3% ] 4

() Ts v(t) Ts v(t)-Ts (6 Ts
(b)
Fig. 4.2. Two strategies for controlling a SMPC: (a) Pulse-width modulation control. (b) Pulse-width and pulse-phase modulation control.
In order to reduce the mathematical complexity of the operating principle description, it is considered that d(t)
and y(t) do not change over time (i.e., steady-state conditions). Then, vs(t) can be expressed as a function of its

harmonics by using the Fourier analysis:

2
k

N
vs(t)=d(t)-VG+Z ~sin(k - d(9) - costk 2o fy-t— k20w y(0), (4.4)
k=1

Taking into account the proposed filter design that was previously described, vo(t) is equal to the DC component
plus the 1% switching harmonic of vs(t) with a certain delay (tri1) due to the nature of the filter (note that this delay does

not imply any negative effect for the communication):

Vo (t + tpy) = Vo_pc + Ay (1) - COS(Z e fset+ ¢V(t))x 4.5)

Vo-pc = d(t) - Vg, (4.6)
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Z‘VG

Ay(t) = sin(m - d(t)), 4.7)

dy() =—=2-m-y(0), (4.8)

where vo.nc, Av(t) and ¢v(t) are the bias voltage, the amplitude and the phase of the cosine waveform, respectively.

According to (4.5)-(4.8), and as Fig. 4.3 shows, Av(t) and ¢v(t) can be controlled by using d(t) and y(t),
respectively. The problem is that this approach does not enable the implementation of the desired HB-LED driver for
a VLC transmitter because it is not able to control independently Av(t) and vo.pc. Both Av(t) and vo.pc depend on d(t)
and, consequently, only one of them can be adjusted properly. Therefore, a new design with a higher order of freedom

to decouple Ay(t) and vo.pc is needed.
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Vot : : DC plus 1
% Y switching
y harmonic
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Fig. 4.3. Main voltage waveforms of the synchronous buck conceived to implement the RM technique: (a) Switch-node voltage highlighting the
DC component plus the 1% switching harmonic. (b) Output voltage (note that the output voltage representation cancels the filter delay (i.e., tr) to
facilitate the understanding).

4.2.2 Using the 1% Switching Harmonic of a Two-Phase Synchronous Buck Converter with

High Order Output Filter

As was explained in Section 4.2.1, the RM technique cannot be implemented successfully by using the 1*
switching harmonic of a synchronous buck converter because vo.pc and Ay(t) cannot be controlled independently. In
order to solve that problem, the use of the 1% switching harmonic of a two-phase synchronous buck converter with high

order output filter is studied in this section.

4.2.2.1Summing Two Cosine Waveforms with Different Phases, the Cornerstone for controlling Av(t)

The decision to use a two-phase buck converter for implementing the RM technique is because of a mathematical

property that is explained in this section. Let us consider two cosine waveforms, vi(t) and v(t), that have the same
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amplitude (V) and frequency (fv). The phases of both cosine waveforms are different and they can change over time

(-2-7y1(t) and -2-m-y2(t), respectively). Hence, these two cosine waveforms can be written as follows:

vi(®)=V-cosQ-m-fy-t—2 1wy (b)), 4.9)

v,(t) =V -cos(Q-m-f,-t—2- -1 y,(t)). (4.10)

Although v(t) and y»(t) can vary within 0 and 1, as it will be justified later, the maximum difference allowed
between them is 0.5. In addition, it is assumed that y(t) is higher or equal to yi(t). It is known that the sum of these

two cosine waveforms is equal to a third cosine waveform that has the same frequency:

v3(t) = v () +v,(t) =2V -cos(m-a(t)) cos(2-m-f,-t—2 -7 B(L)), (4.11)

where a(t) is the phase-shift between v(t) and v»(t) divided by 2-x, and B(t) is the absolute value of the mean phase of
vi(t) and v»(t) divided by 2= (i.e., the mean value of yi(t) and y»(t)):

2.my(0) =2 -1y, (2)
2.1

a(t) = = 72(8) = 11 (O), (4.12)

2wy () + 2wy () va() v (t)
pt) = 2-(2-m) B 2 '

(4.13)

Note that both yi(t) and y2(t) can be expressed as a function of a(t) and B(t) by manipulating (4.12) and (4.13):

y1(6) = B(0) — @ (4.14)
Y2(8) = B(6) + ? (4.15)

According to (4.11), a(t) determines the amplitude of v3(t). When a(t) is O (i.e., the phase-shift is 0 radian), the
maximum amplitude (i.e., 2-V) is reached. On the other hand, when o(t) is 0.5 (i.e., the phase-shift is  radian), the
amplitude is 0 V. Then, the higher the phase-shift, the lower the amplitude of v3(t). It is important to note that when
a(t) is higher than 0.5 (i.e., the phase-shift is higher than & radians), the sign of cos(n-a(t)) changes. Therefore, it is

stablished that a(t) must range between 0 and 0.5 limits in order to avoid the phase modification.

Considering (4.11), B(t) determines the phase of vi(t). For instance, if the phases of vi(t) and v»(t) are -n/4
and -3-m/4, respectively (i.e., yi(t) and y2(t) are equal to 1/8 and 3/8, respectively), the phase of vi(t) is -n/2 (i.e., B(t) is
equal to 1/4). Note that B(t) can vary within 0 and 1.

Fig. 4.4(a) shows v3(t) for certain values of a(t) and B(t) (i.e., a(t) = 0.3 and B(t) = 0.3). Fig. 4.4(b) demonstrates
that the amplitude of v3(t) rises as a(t) falls. On the other hand, Fig. 4.4(c) shows that the phase of v3(t) falls as B(t)

increases.

As a conclusion, any cosine waveform whose amplitude and phase must be independently controllable can be
generated by summing two cosine waveforms with both the same amplitude and the same frequency. They key point

is that the phases of these two cosine waveforms must be controlled independently.
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Fig. 4.4. Sum of two cosine waveforms with both the same amplitude and the same frequency but different phases: (a) Initial conditions: a(t) = 0.3
and B(t) = 0.3. (b) Effect of decreasing a(t): a(t) = 0.06 and B(t) = 0.3. (c) Effect of increasing B(t): a(t) = 0.3 and p(t) = 0.75.

Using a phasorial representation is an interesting approach for studying the sum of v;(t) and vx(t). Both cosine

waveforms can be expressed as:
v, (t) = Ref{V - e/ 2m™/vt. g=i 211 (O} (4.16)
v,(t) = Re{V - e/ 2™Vt gmi2my2(D}, (4.17)

Therefore, the following two phasors can be defined to represent both cosine waveforms:
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Vi(t) =V -el2mn®) (4.18)
V,(t) =V -e ) 2mr®), (4.19)

Note that the frequency component is not included in the definition for the sake of simplicity. Therefore, the

relationship between the phasors and the cosine waveforms can be expressed as follows:
v, (t) = Re{Vy(¢) - e/ ™IV}, (4.20)
v,(t) = Re{V,(t) - e/ 2™/}, 4.21)
The phasor of v3(t) can be calculated by summing the V(t) and Va(t):
Vs(®) = V() + Vo (t) =V - (e /2710 4 = 2m712(0), (4.22)
Following (4.14) and (4.15), a(t) and B(t) can be used instead of y; (t) and y2(t) for calculating V;(t):

. a(t) : a(t)
V3(t) =V- <e_]'2-r[-[ﬁ(t)— 2 ] + e‘]'Z-n-[ﬁ(t)+ > > =V. e_j.z.n.ﬁ(t) . (ej'ﬂ"a(t) + e—j'”'a(t))
(4.23)

=2V -cos(m-a(t))e /2™,
The relationship between V3(t) and v3(t) can be expressed as follows:

v3(6) = v1(8) + v, (8) = Re{Vy(8) - 2™V} + Re{V, (8) - e/ 2™/}
= Re{V,(t) - &/ 2TIVE 1 V,(t) - e/ 2™V} = Re{[V,(t) + V, ()] - e/ 2™ /v't} (4.24)
= Re{V;(t) - e/ 2™ vt}

Fig. 4.5 shows the graphical description of the phasorial interpretation.

Vi)  Valt)  Vi(t)
M2

T —0

v ki

(5]

\%

Fig. 4.5. Phasorial interpretation of the sum of two cosine waveforms that have the same amplitude and frequency, but different phases.

4.2.2.2 Operating Principle of the Proposed HB-LED Driver

Fig. 4.6 shows the two-phase synchronous buck converter that is proposed for reproducing a SCM scheme by
using the 1% switching harmonic of the output voltage ripple. As in the case of the single-phase synchronous buck

converter that is explained in Section 4.2.1, the output filter passes not only the DC component, but also the 1%
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switching harmonic of the switch-node voltages (i.e., vs.i(t) and vs(t)). Therefore, fc must be higher than the 1%
switching harmonic and lower than the second one (i.e., fs < fc <2-fs).
N

Qu

Lig
+

(ijxs.l(t)

fs <fe < 2fs

L

L;
.
V:]—T C2| C4| Cu § YolD
i ol

Qz.ll!" u

} Lis o -

J:rrwn_
Q22 - T\ w3(t)
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Fig. 4.6. Two-phase synchronous buck converter with a high order output filter that passes the DC component and the 1™ switching harmonic of
both vs.(t) and vsa(t).

This approach also uses the PWPPM technique instead of the PWM technique to control the SMPC. In this case,
the duty cycle is the same for both phases of the converter (i.e., d(t)) while the phases (i.e., the pulses positions) are

modulated independently (i.e., yi(t) and ya(t)).

As will be seen in this section, the operation of the proposed two-phase synchronous buck converter is based on
the mathematical property detailed in Section 4.2.2.1. This strategy will allow us to control independently vo.pc, Av(t)
and ¢v(t). The equivalent circuits depicted in Fig. 4.7 will support the explanation of how Avy(t) and ¢v(t) can be
controlled by modulating the phases (i.e., the positions) of vs.i(t) and vsa(t). Since vs.i(t) and vs(t) are pulse voltage
waveforms determined by the MOSFETS states (Qi-1 and Qi-» in the case of vs.i(t), and Q1 and Q- in the case of

vs-2(t)), they can be considered as ideal pulse voltage sources (see Fig. 4.7(a)).

In order to facilitate the understanding, it is considered that d(t), yi(t) and y»(t) do not change over time (i.e.,
steady-state conditions). Then, the switch-node voltages can be expressed as a function of their harmonics by using the

Fourier analysis:

vs_1(t) =d(t) - Vg + Z Zklj: sin(k ST d(t)) . cos(k 2-mefsrt—k-2-m- yl(t)), (4.25)
k=1

vs_,(t) = d(t) - Vg + Z 2}{17/: sin(k m-d(®) cos(k-2-m fs-t—k- 21 y,(8)). (4.26)
k=1
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Fig. 4.7. Equivalent circuits of the two-phase synchronous buck converter for applying the RM technique: (a) Considering the switch-node voltages
as ideal pulse voltage sources. (b)-(c) Applying the superposition theorem. (d)-(e) Applying the Thevenin’s theorem.

The superposition theorem allows us to calculate vo(t) by analyzing the voltage contribution of each phase (see

Fig. 4.7(b)-(c)):
Vo () = vo-1(6) + o5 (0). (4.27)

where vo.i(t) and vo(t) are the voltages provided by phases 1 and 2, respectively. The circuits depicted in Fig.
4.7(d)-(e) can be obtained by considering that the phase inductors (i.e., Li.; and Li.,) are equal and by applying the
Thevenin’s theorem. These circuits consider the switch-node voltages divided by two and applied to a low-pass filter,
where the equivalent first inductor (L) is half the phase inductor (i.e., Li=0.5-Li.;). The voltage contribution of each
phase of the converter can be calculated by taking into account that the filter passes the DC component and the 1%

switching harmonic, the delay introduced by the filter and (4.25)-(4.26):

Vo1 (t + tpy) = d(t)z—VG + %sin(n d(®))-cos(2-m-fo-t—2-m-y. (1)), (4.28)
Voo (t + tpyp) = d(t)27VG + %si (m-d@®) cos(2-m-fs-t—2-my,(D)). (4.29)

Substituting (4.28)-(4.29) into (4.27) and using o(t) and B(t) instead of yi(t) and y»(t) allow us to expresses vo(t)

in the following way:

Vs sin(r - d(t)) - cos(m-at))-cos(2-m-fs-t—2-m-B(t)). (4.30)

Vo (t +tpy) = d(t) - Vg + p-
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Similarly to Section 4.2.2.1, o(t) and B(t) can be used to control the Ay(t) and the ¢v(t), respectively. Now, a(t)
is the dimensionless parameter that determines the phase-shift between the pulses (i.e., the position difference) and,
consequently, Ay(t). Moreover, B(t) determines the average phase of the pulses (i.c., the average position) and, as a

result, dv(t). Fig. 4.8 shows the main voltage waveforms involved in the process.

d(t)-T.
Avsi(0) A
VG__
) il ‘._‘_O-l(t'i'tFil)',"; 1
4 T A N —— -
0 ; i 2Lyt
—
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(@)
d(t)- T
AVsall) 4 © S.
VoT :
i . _‘\'(_,,_‘(H‘l;-”) .
S S
0; = BE 5 T,
—_—
¥a(t) Ts
(b)

AVo(tHte) Vo (tHte) Voo(ttts)
VeT a(t)-Ts
b+ '

o) —"1 | | T
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() Ts ,

B()-Ts dv(t)-Ts
V(1) Ts

©

Fig. 4.8. Main voltage waveforms of the two-phase synchronous buck converter conceived for applying the RM technique. Note that the output
voltage representations cancel the filter delay (i.e., tr) to facilitate the understanding: (a) Switch-node voltage of phase 1 and output voltage
component that it provides. (b) Switch-node voltage of phase 2 and output voltage component that it provides. (c) Graphical calculation of the
output voltage from the components provided by each phase.

As a conclusion, the RM technique implemented with a two-phase synchronous buck converter with high order
output filter fulfills all the requirements indicated in Section 4.2. This approach allows us to provide an output voltage
that is made up of'a DC component and an amplitude and phase modulated cosine waveform whose frequency is equal
to fs. Therefore, this approach can be used to reproduce SCM schemes in VLC. The following equations indicate the

key terms:

vo_pc(t) =d(t) - Vg, (4.31)
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Ay(t) = ;TVG sin(m - d(t)) - cos(m - a(t)), (4.32)
oy (t) = -2 -1 B(L). (4.33)

In order to exemplify the operation of the proposed two-phase synchronous buck converter, Fig. 4.9 shows the
main voltage waveforms for different d(t), o(t) and B(t) values that are indicated in Table IV.I. In Fig. 4.9(b), a decrease
of Av(t) is performed by increasing a(t). dv(t) is decreased in Fig. 4.9(c) by increasing B(t). Finally, vo.pc is increased
in Fig. 4.9(d) by increasing d(t). Note that in the last case, since d(t) also affects Av(t) (see (4.32)), a(t) must be

recalculated in order to not modify Av(t).

Vs.1(t) Vsoa(t) volt+te) Vs.1(t) Vsa(t) vo(t+te)
Ve Ve
< — ——- : : —
0 Ts 2Ty 0 Ts 2Ty
(a) (b)
A Vs-1(t) vsa(t) volt+tey) Vs1(t) Vsalt) Volt+te)
Vg i Vg
N ' 1 = AN
W | N o e
— | : -
0 Ty 2Tt 0 Ty 2Tt
(©) (d)

Fig. 4.9. Four examples of pulses situations: (a) Initial conditions. (b) Decrease of Ay(t). (c) Decrease of ¢y(t). (d) Increase of vo.pc. Note that these
examples aim to facilitate the understanding of the RM technique and that the values of the voltages and control parameters do not represent the
typical operation of the two-phase synchronous buck converter as a HB-LED driver for VLC, where Ay(t) must be low in comparison to vo.pc due
the HB-LEDs characteristics.

TABLE IV.I. MAIN PARAMETERS OF THE OPERATION EXAMPLE DEPICTED IN Fig. 4.9.

0] a(t) B® T1(t) 72(t) Vo-nc Av(t) dv(t)

Example 1 0.35 0.29 0.5 0.36 0.64 0.35-Vg  0.35-Vg -1
Example 2 0.35 0.48 0.5 0.26 0.74 0.35Vg  0.04-Vg T
Example 3 0.35 0.29 0.9 0.76 0.04 035Vg 035Vg -18m
Example 4 0.5 0.32 0.5 0.34 0.66 0.5-Vg  0.35-Vg -1

As in Section 4.2.2.1, using a phasorial representation is an interesting approach for studying the operation of the

proposed RM-SMPC. The phasorial analysis considers the AC components of vo.i(t) and vo.(t):

Vo_1-ac(t + tpy) = %sin(n . d(t)) . cos(Z ‘Mo fert—2-m- yl(t)), (4.34)

Vo—p_ac(t + tpy) = %sin(n d(t))-cos(2-m-fo-t—2-m-y,(1)). (4.35)

72



Chapter 4: The Ripple Modulation Technique

These terms can be expressed as:

v, . .
Vo_1-ac(t + try) = Re {?Gsin(n ~d(t)) - efrmist. e—ﬂ-”%(t)}, (4.36)

V, . :
Vo—z_ac(t + try1) = Re {?Gsin(n -d(t)) - efrmist. e"'z'”'”(t)}. (4.37)
At this point, two phasors can be defined to represent both cosine waveforms:

v, .
Vo 1oac(t) = ?Gsin(n -d(1)) - e 2N, (4.38)

V )
Voaoac(t) = ?Gsin(n -d(t)) - eI 2mr®), (4.39)

Note that the frequency component is not included in the definition for the sake of simplicity. Therefore, the

relationship between the phasors and the waveforms can be expressed as follows:
Vo-1-ac(t + tpg) = Re{Vo_1_sc(t) - €/ 27/st}, (4.40)
Vo—z2-ac(t + tpg) = Re{Vo_p_sc(t) - €/ Z™/s}, (4.41)

The phasor of vo-ac(t) can be calculated by summing Vo.i-ac(t) and Voa-ac(t):
Ve . —j-2-my (t —j- 2y, (t
VO—AC(t) = VO—l—AC(t) + VO—Z—AC(t) = ;Sln(ﬂ.’ * d(t)) N (e J TIYI( ) +e J 77.'}/2( )) (442)

Following (4.14) and (4.15), a(t) and B(t) can be used instead of y; (t) and y(t) for calculating Vo-ac(t):

. a(®) ; a(t)
Vo—ac(t) = %sin(n . d(t)) : (e_]'z‘n‘[ﬁ(t)_T] + e_]'z'n'[ﬁ(t)JrT])

= Esin(n . d(t)) e~ J2mB(t) (ej~n-a(t) + e—j~rr~a(t)) (4.43)
/s

2V, .
=— ¢ sin(r - d(t)) - cos(m - a(t))e ™/ 2™F®,

The relationship between Vo.ac(t) and vo-ac(t) can be expressed as follows:

Vo—ac(t + tpy) = Vo_1-ac(t + tpy) + Vo_z_ac(t + tpyr)
= Re{Vy_1_ac(t) - e/ 2 ™5t} + Re{Vy_p_nc(t) - e/ 27 st}
— Re(Vyync(6) - €I 2Tt 4 (F) - el 2T Fst)
= Re{[Vo_1-4c(t) + Vo—p—ac()] - e/ >/} = Re{Vy_nc (1) - /2753,

(4.44)

Fig. 4.10 shows Vo.i-ac(t), Vo-2-ac(t) and Vo ac(t) for the four examples depicted in Fig. 4.9.
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Fig. 4.10. Phasorial interpretation of the four examples of pulses situations: (a) Initial conditions. (b) Decrease of Ay(t). (¢) Decrease of ¢y(t). (d)
Increase of vo.pc.

4.2.2.3Low-Pass Filter Design

In order to exemplify the low-pass filter design process, the filter developed for the prototype detailed in Section
4.3 is explained in this section. The DC component and the 1% switching harmonic of vs.i(t) and vs.(t) constitute the
part of the spectrum that must be maintained at the output of the RM-SMPC. Therefore, the design target is to remove
the 2" and higher switching harmonics of vs.1(t) and vs.a(t). It is recommended to calculate first the equivalent low-pass
filter (i.e., the output filter of the circuits depicted in Fig. 4.7(d)-(e)) and, after that, design the low-pass filter with two
phases taking into account that the phase inductors are equal to 2-L;. The equivalent low-pass filter must be calculated

considering the equivalent switch-node voltage at its input:

ve_p(0) = 3 062 (8) + 15 O] 443)

Obviously, the equivalent low-pass filter must pass both the DC component and the 1 switching harmonic of
vs-g(t). Some considerations must be taken into account to evaluate the spectrum magnitude at the input of the filter
(i.e., [vs-e(f)]). Since Av(t) and ¢v(t) change over time (it is exemplified in Section 4.2.2.4), |vs.g(f)| differs from delta
functions centered at the switching harmonics. Therefore, |[vs.e(f)| depends on the modulation scheme that is being
reproduced. Fig. 4.11(a) shows the spectrum magnitude estimated by using Matlab when considering a 64-QAM
scheme and Tsy equal to 3-Ts. This means that a single symbol is represented by three carrier periods, which in this
case is equal to three switching periods. Since the DC component is a delta function at 0 Hz that does not jeopardize
the filter design, the DC component is removed from Fig. 4.11(a) and the result is normalized to the maximum value.

Fig. 4.11 also shows the magnitude (see Fig. 4.11(a)) and phase response (see Fig. 4.11(b)) of the filter.
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A|vsr(f)| [dB] Filter magnitude [dB] 4 Filter phase [°]
Y Slope =-2.97: 1071 %/Hz. (=827 ns)

(b)

Fig. 4.11. Estimated vs.g(t) spectrum magnitude and low-pass filter design. Note that the DC component of vs_g(f) is removed and the result is
normalized to the maximum value.

In order to avoid distortion, the magnitude of the filter must be constant and its phase must be linear with
frequency (this means a constant group delay) for all the desired frequency components [4.3]-[4.6]. In addition, it must
ensure enough rejection of the undesired frequency components. It is important to note that considering the proposed
two-phase buck converter, even harmonics are null when the d(t) is 0.5. This fact facilitates the filtering task and, as
|vs-e(f)| shows in Fig. 4.11(a), this potential benefit is used in the example. In any case, the method is also valid without
making use of this option. The filter design of the example is a sixth-order Butterworth filter with fc equal 1.5-fs. The
delay introduced by the filter (i.e., tri) can be estimated from the slope of the filter phase response for the desired

frequency components. The value for this example is around 827 ns.

4.2.2.4Reproducing SCM schemes by Modifying Dynamically Av(t) and ¢pv(t)

In order to reproduce a modulation scheme, both Av(t) and ¢v(t) must be changed over time and, consequently,
a(t) and B(t) must be updated. Hence, the generation of the amplitude and phase modulated cosine waveform can be
seen as a concatenation of different Pure Cosine Waveforms (PCWs) portions (i.e., cosine waveforms whose
amplitude, phase and frequency is constant over time). Obviously, each PCW portion has a specific amplitude and
phase. From a theoretical point of view, this fact is equivalent to have different PCWs available that have a certain
amplitude and phase according to the symbol that each one represents, and some parts of them are extracted in order
to build the desired waveform. The concatenation of different PCWs leads to a concatenation of Ay(t) samples (Av.1,
Av., ...) and ¢v(t) samples (¢v-1, dv-2, ...) that, in turns, are translated into a sequence of a(t) samples (a1, oo, ...) and
B(t) samples (B1, P2, ...). Fig. 4.12 shows an example in which three samples that are taken every 2-Ts are considered.
The desired amplitude and phase values (i.e., (Av-1, Av-2, Av-3) and (dv-1, Ov-2, dv-3)) are reproduced by calculating and
updating a(t) and B(t) (i.e., (a1, 02, a3) and (B1, B2, B3)) after 2-Ts. In the signal processing field it is equivalent to apply
a rectangular window to a cosine waveform of infinite time duration. This is the operation that causes the spectral

broadening of each harmonic that conditions the output filter design (see Fig. 4.11(a)).
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Fig. 4.12. Construction of an amplitude and phase modulated cosine waveform by applying the rectangular windows to three different PCWs: (a)
PCW for sample 1 with its rectangular window. (b) PCW for sample 2 with its rectangular window. (c) PCW for sample 3 with its rectangular
window. (d) Resultant sequence.
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4.3 Prototype 1: SCM Transmitter based on the RM Technique

In order to prove the ideas that have been presented in the previous sections of this chapter, a two-phase
synchronous buck converter with sixth-order Butterworth filter was built (see Fig. 4.13). The HB-LED driver supplies
six HB-LEDs (W42180 Seoul Semiconductor) connected in series as load and operates in open loop. fs is 500 kHz,
the maximum power is around 10 W and the power efficiency is around 86%. MOSFETs CSD88539ND are used
driven by LM5101AMX/NOPB ICs. The control signals are generated by a FPGA. The low-pass filter corresponds to
the design detailed in Section 4.2.2.3: sixth-order Butterworth filter with fc equal to 1.5-fs (i.e., fc = 750 kHz). Table
IV.II shows the ideal values of the passive components. The delay introduced by the filter is 672 ns. The difference
with respect to the value calculated in Section 4.2.2.3 (i.e., 827 ns) is due to the tolerance of the passive components.
A precision resistor (Rsen) of 0.25 Q is connected in series with the HB-LEDs in order to measure the output current
by measuring its voltage (vsen(t)). A biasing output voltage of 18.9 V is stablished to impose an average current of 440
mA flowing through the HB-LEDs at the operating conditions. The duty cycle is 0.5 to cancel the even harmonics of
vs.g(t) in order to make less restrictive the output filter design. To achieve all these specifications, the input voltage is

defined as 37.8 V.

Fig. 4.13. Prototype of the two-phase synchronous buck converter that applies the RM technique for reproducing SCM schemes.

TABLE IV.II. THEORETICAL VALUES OF THE SIXTH ORDER BUTTERWORTH FILTER.

Lu(H) Li@H) G@F)  LipH) C@F) LiuH)  CinF)

439 4.39 56 22 38.25 1.07 8.24

4.3.1 QAM Scheme Demonstration

In order to proof the concept, an example of a 64-QAM scheme is implemented by using the aforementioned
prototype. 8 different amplitudes and 8 different phases are stablished. Table IV.III shows the different current
amplitudes (Iamp) and phases with the bit code that identifies each one. There are 64 possible symbols and, as a
consequence, each symbol transmits 6 bits. The codification example is defined as follows: the 3 bits that identify a

certain amplitude are interpreted as the 3 most significant bits of the symbol and the 3 bits that identify a certain phase
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are interpreted as the 3 least significant bits of the symbol. Fig. 4.14 shows the constellation diagram (dots in red) of
the reproduced 64-QAM scheme. It is important to note that Tsy is equal to 3-Ts (i.e., 3 periods of the carrier) and that
the bit rate is 1 Mbps.

TABLE IV.III. AMPLITUDES AND PHASES DEFINITION FOR THE 64-QAM SCHEME.

Amplitudes Phases
ID Lsmp(mA) Bit code 1D Phase (°) Bit code
Ay 104.57 000 Py 0 000
A, 159.86 001 P, -45 001
As 203.13 010 P; -90 010
Ay 254.81 011 Py -135 011
As 296.88 100 Ps -180 100
Ag 349.76 101 Ps -225 101
Ay 405.05 110 P, -270 110
As 440 111 Pg -315 111
Q
w o
" o
w o
» o
» o
» o
| -
| -
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o o
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o |
- ||
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Fig. 4.14. Constellation diagram of the reproduced 64-QAM scheme (dots in red). The received symbols of the example shown in Fig. 4.15 are
also included (dots in blue).

Fig. 4.15(a) shows a part of a 64-QAM sequence in which four symbols can be identified. Note that vsen-pc is the
DC component of vsen(t) and it is related to the average current that flows through the HB-LEDs. The received symbols
of this example are included in Fig. 4.14 (dots in blue). Fig. 4.15(b) shows the fast transition achieved when a change
in the amplitude is performed. It can be seen that the transition instant at the output (i.e., vo(t) and vse(t)) is delayed
tri with respect to the transition instant at the input of the filter (i.e., vs.i(t) and vsa(t)). Regarding the accuracy
achieved, it can be seen that the maximum error appear during the transition. This is the part where the highest
difference between the experimental (yellow solid line) and the theoretical (yellow dashed line) appears. Fig. 4.15(c)

shows a part of a sequence where all the possible amplitudes are generated. Note that in this example, Tsy is equal to
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6-Ts. Fig. 4.15(d) shows the results obtained when a phase transition is performed. The phase step is equal to -90°. As

in the previous case, the maximum error appears during the transition.

VScn(ﬂ = = Vsen-DC

vs.i(l)

il 505/ @ 500V/ 50.0V/ 500V/ & -1255¢ 25004/ Stop § H 625V

— “"Seu(l) = == VsenDC

| Transition at filter output

500V/ 5= 14705 1080/ Stop § M 138V
|
|
: trir |
: tg(672ns) T_T
: |

Symbol 3 ;| Symbol 4
[Ag Ps] [As Py [A; Ps] [As P4]
[111010] [111011] [001010] [100011]

Transition at filter input Theoretical waveform

(b)
e \\en(l) — e==VSen-DC
vs.a(t)

50 mV/ 10 V 5\ 1.44 us/
; T ; ;

> (t) — = VSen-DC

To/2 Theoretical { “3+T /4
— ' \\faﬂaﬁl;on'n )

i
. Ll J Transition at filter output

| Transition at filter input

(d)

Fig. 4.15. Main experimental waveforms of the prototype that reproduces SCM schemes by using the RM technique: (a) Portion of the experimental
64-QAM sequence where four symbols are highlighted. (b) Detail of a transition when a change in the amplitude is performed. Instants in which the
transition occurs at the output and at the input of the filter are highlighted. (c) Sequence where all the possible amplitudes are generated. Note that in

this case, the amplitude keeps constant during 6-Ts. (d) Detail of a transition when a change in the phase is performed. The phase step is equal
to -90°. Instants in which the transition occurs at the output and at the input of the filter are highlighted.

Finally, the VLC system is evaluated by receiving the transmitted signal using the setup shown in Fig. 4.16(a).
The commercial receiver PDA10A-EC is utilized during the tests. The distance between the VLC transmitter prototype
and the receiver is around 60 cm. Fig. 4.16(b) shows the main waveforms involved in the test when a sequence is

transmitted and received. Note that vrx(t) is the signal at the receiver.

79



Chapter 4: The Ripple Modulation Technique

Receiver

0 s/ @ B 500v/ @ 1009/ s 2407% 25004 Swp § @ 00V

60 cm

Transmitter

(b)
Fig. 4.16. VLC link: (a) Setup. (b) Main waveforms involved in the test of the VLC system.
4.3.2 Evaluation of the Communication Capability

In order to test the communication capability, the received signal is demodulated with Matlab. At this point, the
definition of the in-phase and quadrature components is necessary. In the theoretical explanations of this dissertation,

the symbols are described according to the polar coordinates (i.e., a combination of a certain amplitude with a certain

phase):
V() =Ay(t) - edPv®, (4.46)

However, the traditional architecture of the QAM demodulator (see Fig. 4.17) is based on the Cartesian

coordinates:
V(t) = Ay(t) - cos(gy () +j - Ay(t) - sin(py (t)). (4.47)
fe<<fy
Vrxaclt Vrx.10(t X | vrya(t)
rx-ac(t) RX-0 ): oo rx-I( o sen
Y
fy 2-cos(2mist) 1 Bit
vex(t) | ¢ el stream
RX 2214 Decision
~ T Maker
T
= fe<<fy
XK

\.RX-AC(U_»®\'RX,Q,()(U> % "VRX-Q(U‘; S&H

Fig. 4.17. Diagram of the QAM demodulator implemented in Matlab.

Thus, the in-phase component (i.e., horizontal component in Fig. 4.14) is:

Vi(t) = Ay (1) - cos(¢py (1)) (4.48)
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Similarly, the quadrature component (i.e., vertical component in Fig. 4.14) is:

The expression of the voltage at the output of the transimpedance amplifier is:

Vrx (t) = Vgx_pc + Arx(t) - cos(2 -1 - fs - t + Ppx(t)). (4.50)

where Arx(t) and ¢prx(t) are the received amplitude modulation and phase modulation, respectively. Since vrx.pc does
not provide any information related to the communication, it is removed with a pass-band filter. Then, this signal is
processed through two different paths. In the upper one, vrx-ac(t) is multiplied by the local oscillator, whose frequency

is equal to fs:

Vrx—1-0(t) = Vrx-ac(t) - 2-cos(2-m- fs-t)

(451
= Apx(t) - [cos(prx(t)) + cos(4 -1 fs -t + Prx(t))].

After that, the frequency component at 2-fs is removed with a low-pass filter, obtaining the in-phase component

of the received signal:

Vrx—1(t) = Agx(t) - cos(¢gx(t)). (4.52)

In the lower path, vrx-ac(t) is multiplied by the local oscillator with a phase-shift of 90°:

T
VRX—Q—O(t) = Vgx—ac(t) - 2 - cos (2 T fs ot E)

= Apx(t) - [sin(prx(t)) — sin(4 -7 - fs - t + Py (t))].

(4.53)

After that, the frequency component at 2-fs is removed with a low-pass filter, obtaining the quadrature component

of the received signal:
Vpx—q () = Agx(t) - sin(¢rx(t)). (4.54)

Both vrx.i(t) and vrx-o(t) are sampled and sent to the decision maker block, which estimates that the received
symbol is the closest one considering the constellation diagram depicted in Fig. 4.14. Fig. 4.18 exemplifies the

demodulation process using the sequence portion shown in Fig. 4.15(a).
Finally, to measure the accuracy of the communications system, the error vector (i.e., €) is employed:

G=W -7, (4.55)

where W is the received symbol and V is the ideal symbol (see Fig. 4.19).

The Root Mean Square value of the Error Vector Magnitude (i.e., EVMRgus) is a widely used figure-of-merit that
evaluates the performance of the communication system. EVMzgus is based on calculating € for a sequence symbols,

considering the average power of the involved symbols:
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Fig. 4.18. Demodulation process example.
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Fig. 4.19. Graphical interpretation of the error vector.

roy 1€x|?
EVMgys = —Z,"V;l'_"'z, (4.56)
w21 Vil

where NS is the number of symbols considered for the calculation.

The measured EVMgus of the implemented communication system is 14.6% when considering the sequence of
four symbols (i.e., 24 bits) depicted in Fig. 4.18. Typically, EVMgus is evaluated for longer sequences and a value

around 5%-15% is usually required to fulfill the requirements of wireless communication systems [4.6].
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4.4 Evaluating the Output Voltage Accuracy

As was explained in Section 2.1, the high output voltage accuracy is one of the most challenging requirements
for driving the HB-LEDs of a VLC transmitter. In the case of a RM-SMPC, the output voltage accuracy must be
evaluated by means of the minimum voltage amplitude change (AAv) and minimum voltage phase change (A¢v) that
can be performed. According (4.32), AAv of a two-phase buck converter based on the RM technique can be calculated

as follows:

A4y = |Ay((agp + Aa), dop) — Av(aop, dop)|

2.V (4.57)
G .
= ~sin(m - dop) - |cos(7‘t (agp + Aa)) —cos(m - aop)|,

where aop and dop are the o(t) value and the d(t) value in the operating point, respectively. Moreover, Aa is the
minimum change of a(t) that can be performed. It is important to note that Aa depends on the minimum change of a

pulse position that can be carried out (Ay), which can be calculated by considering the temporal resolution (i.e., At) of

the RM-SMPC control system:
Ay = fs - At. (4.58)

In order to perform a phase-shift change without modifying the average phase, the distance of the pulses position
change of each phase of the buck converter must be the same, but they must be moved in opposite direction. Therefore,

Aa can be calculated as follows:
Aa=2-Ay=2-fs - At. (4.59)
Substituting (4.59) into (4.57) leads to:

Z'VG

AAy = -sin(m - dop) - |cos[m(app + 2 - fs - At)] — cos(mayp)|. (4.60)

The loss of accuracy for reproducing Av(t) (i.e., the increase of AAy) with the increase of At is shown in Fig.
4.20(a). According to (4.60) and as Fig. 4.20(a) shows, AAvy depends on the operating point. It can be seen that accuracy
for reproducing Av(t) rises if aop and dop are far from 0.5. However, this strategy has some drawbacks, such as an

increase of the distortion caused by the second switching harmonic.

According to (4.33), Adv of a two-phase buck converter based on the RM technique can be calculated as follows:

Apy = |py (Bop +AB) — Py (Bop)| = 2 -1 - AP, (4.61)

where A is the minimum change of B(t) that can be performed. AP also depends on Ay, but in this case, both the
distance and the direction of the pulses position change of each phase of the buck converter must be the same to perform

a change of the average phase without modifying the phase-shift. Hence, AP can be calculated as follows:

AB = Ay = f; - At. (4.62)
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dop=0.5 dop=0.35 0r 0.65 dop=0.20r 0.8
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Fig. 4.20. Evaluation of the output voltage accuracy when the RM technique is implemented with a two-phase synchronous buck converter. (a)
Accuracy of the voltage amplitude modulation. (b) Accuracy of the voltage phase modulation.

Substituting (4.62) into (4.61) leads to:
Apy =2 -1 fg - At. (4.63)

Fig. 4.20(b) shows the loss of accuracy for reproducing ¢v(t) (i.e., the increase of A¢y) with the increase of At.

Note that in this case, the accuracy does not depend on the operating point.

4.5 Evaluating the Improvement of the RM Technique

As was indicated in Section 4.1, the RM technique was developed to reduce the ratio between the required fs and
the maximum frequency that can be reproduced. In other words, the target is to provide a given bit rate by using a
lower fs value in the power stage of the HB-LED driver. Thus, improving the power efficiency and facilitating the
practical implementation. The bit rate achieved by a VLC transmitter divided by fs of the HB-LED driver is a suitable
figure-of-merit to evaluate and to compare different approaches. In this section, the main VLC transmitters based on
the use of SMPCs that have been reported in the literature are compared. The comparison includes the drivers based
on switching on and off the HB-LEDs that are reported in [4.7] and [4.8], the driver based on PWM-SMPCs that are
reported in [4.9] (Chapter 3 approach) and [4.10] (described in Chapter 3) and the RM-SMPC described in Section 4.3.

It is important to note that the bit rate achieved by each approach can be evaluated as follows:

N -log,(NS
Bit rate = —92( ),

(4.64)
Tsy

where N is the number of carriers (1 if the modulation scheme is not a MCM scheme) and NS is the number of symbols
of the modulation scheme. Table IV.IV includes all the data of the comparison. It can be seen that the proposed
RM-SMPC provides the highest ratio between bit rate and fs. The achieved ratio is 20 times higher than that of the
approaches reported in [4.7] and [4.9]. The improvement with respect the solution reported in [4.8] and [4.10] is lower.
However, it is important to note that communication error should be taken into account. According to (4.64), the higher
the NS value, the higher the bit rate because each symbols transmits more bits. Moreover, the lower the Tsy, value, the
higher the bit rate because less time is spent transmitting each symbol. The maximum NS value and the minimum Tsy
that can be used in practice are determined by the error of the communication link. In general, the error rises if NS is

increased or/and if Ty is decreased. In the case of the RM-SMPC prototype, the bit rate achieved is 1 Mbps because a
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64-QAM scheme (i.e., NS is 64) is reproduced and Tsy is equal to 6 ps (i.e., 3-Ts). According to Section 4.3.2, the
communication error is low enough in these conditions. As was explained in Section 3.3.5.3, the PWM-SMPC
prototype reported in [4.10] needs to reduce the bit rate from 17.4 Mbps to 7.5 Mbps to accomplish with most extended
communication standards. Therefore, its practical ratio between bit rate and fs is 0.75. Moreover, the communication
error of [4.8] is not evaluated and, consequently, its figure of merit is not very representative from a practical point of

view.

TABLE IV.IV. COMPARISON BETWEEN VLC TRANSMITTERS BASED ON THE USE OF SMPCS.

Modulation Bit rate Bit rate/fs

fs (MHz) scheme NS Tsy (Mbps) (bps/Hz)

Driver based on switching on

and off the HB-LEDs that is 05 VPPM 2 10°Ts 0.05 01
reported in [4.7]

Driver based on switching on

and off the HB-LEDs that is 2 VPPM 2 Ts 2 1
reported in [4.8]
PWM-SMPC reported in [4.9] 45 16-QAM 16 36 Ts 05 0.1111
(Chapter 3 approach)

PWM-SMPC reported in [4.10] 10 64'Q§1\f'209FDM 64 100-Ts 17.4 174
(described in Chapter 3) (N=29)
RM-SMPC described in 0.5 64-QAM 64 3T 1 B

Section 4.3

4.6 Using the Ripple Modulation Technique for Reproducing MCM Schemes

As is explained in the previous sections, the RM technique provides interesting characteristics: the power stage
is quite simple and the required fs is much lower than in the case of PWM-SMPCs, which reduces the impact of the
switching losses. However, it has an important drawback: the RM technique was proposed for reproducing SCM
schemes and it has not been reported how to reproduce MCM schemes (i.e., the most recommended modulation
schemes for VLC) [4.1]-[4.2]. As was shown in Section 4.2.2, reproducing SCM schemes by means of a the RM
technique is straightforward: equation (4.1) (i.e., the voltage waveform that is required for reproducing a SCM scheme)
can be compared to (4.30) (i.e., the voltage waveform provided by a two-phase buck converter based on the RM

technique) in order to identify terms.

The analysis for MCM schemes is not as trivial as in the case of SCM schemes. Since MCM schemes are made
up of several cosine waveforms with different frequencies (check equations (1.15)-(1.16)), identifying the references
that Ay(t) and ¢v(t) must track for reproducing such schemes is not straightforward. The voltage waveform that is

required for reproducing a MCM scheme can be expressed as follows:
L&
Vo-mem (£) = Vo_pc + Nz Ay_mem-x (@) - cos(2 -+ fyucm—k - t + Pv-mem—i (), (4.65)
k=1

where Av.mcmk(t) and dv.memk(t) are the voltage amplitude modulation and the voltage phase modulation of the k'
carrier, respectively. Each component can obtained from the light intensity amplitude modulation and light intensity

phase modulation of the k™ carrier:
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As_mem—k (£)
Ay_yem-1(8) = T K, (4.66)

Sv-mcm-k () = ds_mcm-k (0. (4.67)

As can be seen, a comparison between (4.65) and (4.30) does not allow us to identify the references that Av(t)
and ¢v(t) must track. In order to obtain those references, (4.65) must be manipulated to reach an expression where only
a single cosine waveform changes the amplitude and the phase over time. The first step is to calculate the center

frequency of the MCM:

N
1
fucw =5 D fucui (4:68)
k=1

After that, the difference between fmcem and the frequency of each cosine waveform can be expressed as follows
(see Fig. 4.21):

AfMCM—k = fMCM—k - fMCM- (4.69)
Alsvem(D)] N modulateld simsoids
/L ~ Afyiene P N

~ Afviema ., Afvemn

< 7 L

AfMCM 3 AfMCM (N 1)

f\f\{\ f\f\

) fMCM 1 fMCM 2 chm 3 fJ\ILM fMCM N-1) [MCM

Fig. 4.21. MCM scheme in the frequency domain.

Taking into account (4.69), the k' voltage carrier can be expressed as:

Vo-mem—-k(t) = Ay_yem—i (L) - COS(Z 10 (fmem + Afmem—i) -t + ¢S—MCM—k(t))
= Ay_mem—x () - €052 -7+ fyem - 1) - c0S(2 - Afem—i - t + Ps_mem-x () (4.70)

— As—mem—-(t) - sin(2 -1« fyem - ) - sin(2 10 Afmem-r -t + ¢S—MCM—k(t))-
Substituting (4.70) into (4.65) leads to:
Vo—mem () = Vo—pc + Vo-mcm-1(t) - €0S(2 -1 fyem * t) — Vo-mem—o(t) - SIN(2 - T - fyem - 1), 4.71)

where vo-mem-1(t) and vo-mem-o(t) are the in-phase and quadrature component of the MCM scheme with respect to a

cosine waveform whose frequency is fucm. These two components are formulated as:

1
Vo-mcm-1(t) = NZ Ay_mem—k(t) - COS(Z T Afyem—-r -t + ¢V—MCM—k(t)): (4.72)

k=1
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N
1
Vo-mcm-o(t) = Nz Ay _mem-k () - sin(Z 10 Afmem-k -t + ¢V—MCM—k(t))- (4.73)
k=1

Finally, the MCM signal can be expressed as a function of a single cosine waveform that changes the amplitude

and the phase over time:

Vo-mcm(t) = Vo_pc + Ay_mem (t) - 005(2 T fuem -t + Gv_mem (t)): (4.74)

Ay_yem(t) = \/UO—MCM—I(t)Z + Vo—_mcm-o(£)% (4.75)

M) (4.76)

Vo-mcm—1(t)

dy-mem(t) = tan™? <

It is important to note that Av-mcm(t) and dv-mcm(t) are the envelope and the instantaneous phase of the pass-band
signal considering a cosine waveform with frequency equal to fmcwm as the carrier (see Fig. 4.22) [4.11]. The relationship
with a(t) and B(t) is explained in Section 4.7.2 and Section 4.7.3, respectively.

Avomem(t) Av.mem(D+vone

»
0 t
(@)
Ovmem(t)
2n
!
0 t
(b)

Fig. 4.22. References that must be tracked in order to reproduce a MCM scheme with the RM technique: (a) Ay(t) must track the envelope of the
communication signal. (b) ¢v(t) must track the instantaneous phase of the communication signal.

As a conclusion, the RM technique can be used to reproduce MCM schemes. In this case, fs must be equal to
fmem, Av(t) must track the envelope of the MCM signal and ¢v(t) must be equal to its instantaneous phase. The process
described from (4.70) to (4.73) is analogous to the low-pass equivalent of a band-pass signal [4.11]. In fact, the process
described in (4.75) and (4.76) is the polar representation of the I-Q components of the MCM scheme. Moreover, the
method can be used to reproduce any band-pass communication signal. Note that any signals can be used in (4.75) and
(4.76) instead of the I-Q components of a MCM scheme. Then, a(t) and B(t) can be calculated following the process
described in Section 4.7.2 and Section 4.7.3. In this way, a carrier whose frequency is fs of the RM-SMPC would be
modulated by an arbitrary waveform defined by the arbitrary signals used in (4.75) and (4.76).
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4.7 Control System of a Two-Phase Synchronous Buck Converter with High
Order Output Filter Based on the RM Technique

As previously explained, the RM technique is based on the PWPPM technique. It implies that the control system
aims to control not only the width of the voltage pulses at the input of the filter (i.e., the duty cycles of vs.i(t) and
vs2(t)), but also their phases. As a consequence, the control system of the proposed two-phase buck converter based
on the RM technique is very different from that of PWM-SMPCs. Fig. 4.23 shows the power stage and the main blocks
of the control system. The inputs are the voltage envelope reference (Av-ref(t)) and the instantaneous phase voltage
reference (¢pv-rer(t)) that must be tracked by Av(t) and ¢v(t), respectively; the measurement of the current that flows
through the HB-LED:s (i.e., io(t)) and the DC current reference (i.e., io-pc-rer), Which, in turns, determines the lighting
level. The outputs of the control system are the pulse voltage waveforms that feed the gates of the MOSFETSs: vgi-1(t),
vGi12(t), vaa-1(t) and vgoa(t) for Qrai, Qi-2, Q21 and Qa-, respectively. A general description of the main blocks can be

found below.

Complementary v QL. 1
sigual VGi- a(t)

generation
Ve.1(D) fs < fc < 2fs
1
+
CMI 12‘.
0 i |Volt)
Complementary M l l l 2!
Rt Sigﬂﬂl Vg Z(t)
generation
\ s-2( ) l()(t)
- dO | d A
calculator | IO’DC’Recf
fes re-bl(l} L reAal(l)
vai(l) r i’ J
€ PWPPM aam
< fen(® Definitive :f"'“m Provisional
d d _oft) o(t)
L rebe(t) LHses ‘l‘c-al(t) Hges - calculator AV-Ref(t)
Vealt) < calculator [* calculator [
— PWPPM
‘fe-bl(t) ‘fe—al(l)

Q) B0 Pv-ree(l)
calculator

Fig. 4.23. Power stage and blocks diagram of the control system used to apply the RM technique.

4.7.1 d(t) Calculator

This block calculates the d(t) value that is required for properly biasing the HB LEDs (see Fig. 4.24). io(t) is
sensed and filtered to measure io-pc. Since this value determines the lighting level, io-pc_rer is compared to io.pc. After

that, the EA provides the d(t) value that ensures the desired lighting level.
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d(t) calculator
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Fig. 4.24. d(t) calculator block.

4.7.2 a(t) Calculator

The calculation that the block must carried out can be obtained following (4.32):

B 1 - AV—REf(t) 477
a(t) =7~ cos (2 Vg - sin(d(t) '”))' o

As can be seen, the a(t) calculation is not straightforward because the expression is quite complex and it depends
not only on Avref(t) (i.e., the amplitude of the cosine waveform that must be tracked), but also on the current d(t)

value. As a consequence, both Av_re(t) and d(t) must feed the a(t) calculator block (see Fig. 4.23).

Fortunately, (4.77) can be simplified since, in practice, Av(t) is much smaller than V. This is because of the
relationship between the light intensity emitted by a HB-LED, the current that flows through it and the applied voltage.
As is explained in Section 2.1, once the HB-LED is properly biased, small voltage changes lead to both big current
changes and big light intensity changes. As Fig. 4.25 shows, the relationship between a(t) and Av(t) is almost linear

when Avy(t) << Vg and, consequently, the following approximation is quite accurate:
a(t) = ag —mp(d(t)) - Ay_ges (0. (4.78)

Ao(t) )
0.51 d3035  g=040r06

d=030r0.7

d=02o0r08

d=0.10r09

[

0 0.1Vg Av(D)

Fig. 4.25. a(t) versus Ay(t) when Ay(t) << Vg.

Note that 0o is the a(t) value when Av(t) is 0 V, and mo(d(t)) is the derivate of a(t) with respect to Av(t) and

evaluated in Ay(t) =0 V:

ap = 0.5, (4.79)

mo(d(1)) = =~ Ve s(d(D) 1) (4.80)
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Since mo(d(t)) depends on d(t) and the function is not trivial, it is calculated by means of a look-up table (see Fig.
4.26).

a(t) calculator

fa(t)

o >»E—+—>
X
Look-Up Table
: dg—Prmy
d,—rm, ; :

o dit) W e o 1 oo mp(d(t)) R
i
d,—Prm,,

CAV-Ref(_t) '

Fig. 4.26. o(t) calculator block.

4.7.3 B(t) Calculator

Differently form the a(t) calculation, the B(t) calculation is straightforward following (4.33) (see Fig. 4.27):

—dy(t)

2-m

B(t) = (4.81)

[3(t) calculator
I3

(beRef{t)E! -1 5| 3(t) ,

Fig. 4.27. B(t) calculator block.

4.7.4 Provisional Edges Positions Calculator

Once a(t), B(t) and d(t) are calculated, the generation of the pulses can be addressed. In the particular case of the
two-phase buck converter, both vs.i(t) and vs.»(t) are proportional to the gate signals that feed Q.1 and Q».;. Obviously,
the gate signals that feed Q> and Q»., are the complementary ones. Therefore, and as will be shown below, the
remaining part of the control system is focused on generating the gate signals that feed Qi.; and Q..1. As Fig. 4.23

shows, the last stage of the control system is the generation of the complementary gate signals that feed Q.2 and Q>-».

The first step is to calculate the provisional rising and falling edges positions of the pulses. The reason that
explains why they are provisional values is detailed in Section 4.7.5. The provisional edges positions can be calculated

as follows (see Fig. 4.28):

Te—a1 @®) = ﬁ(t) - ? - ?' (4.82)
foeaa(® = B0~ 2+ 20 @89
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remaa® = @ + 52 - 5, (4849
fomaa® = 0 + 52 4 XD, (4:85)

where re.qi(t), fe-a1(t), re-a2(t) and fe-a2(t) are the provisional rising edge position of phase 1, the provisional falling edge
position of phase 1, the provisional rising edge position of phase 2 and the provisional falling edge position of phase
2, respectively (see Fig. 4.29(a)).

Provisional edges positions

calculator
d 1 i
2 - T 5 l'e—al(t,)‘
¥
o(t) l LN~
2ITPY T L
é i‘,‘-q- E fe-a](t)‘
(D ) TN "
E N =T S re-al(t)‘
| %
a sl [
: i 2 .
s Fon i L)
H A " l

Fig. 4.28. Provisional edges positions calculator block.

4.7.5 Definitive Edges Positions Calculator

The aforementioned rising and falling edges positions are provisional values because they are only valid if the
pulse that must be generated does not exceed the limits of its switching period. Note that if a provisional edge positions
is lower than 0 or higher than 1, it means that the pulse exceeds its switching period. Considering the maximum and

minimum values of a(t), B(t) and d, there are five possible situations:

Situation 1: req(t)>0 and f...(t)<I. The pulse does not exceed its switching period (see Fig. 4.29(a)). In this

situation, the definitive rising and falling edges positions (re-(t) and fe.(t)) are equal to the provisional ones:
Te—p(t) = To—q (1), (4.86)
fe-p(t) = fo—a(t). (4.87)

Situation 2: ve.a(t)<0 and fe.o(t)<I. The pulse exceeds its switching period and a part of it tries to invade the
previous one (see Fig. 4.29(b)). In this situation, the part of the pulse that tries to appear in the previous switching

period must be moved to the end of the correct one:
re—b(t) = 7"e—a(t) + 1’ (488)

feb(©) = fe—a(D). (4.89)
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Situation 3: req(t)<lI and f..o(t)>1. The pulse exceeds its switching period and a part of it tries to invade the next

one (see Fig. 4.29(c)). In this situation, the part of the pulse that tries to appear in the next switching period must be

moved to the beginning of the correct one:
Te—p(t) = To_q(t), (4.90)
fe-b(®) = fe—a(t) — 1. (4.91)

Situation 4: req(t)<0 and fe..(t)<0. The pulse exceeds its switching period and tries to invade completely the

previous one (see Fig. 4.29(d)). In this situation, the pulse must be moved to the correct switching period:
Tep(t) =Too(8) + 1, (4.92)
fe-p () = fo—a(t) + 1. (4.93)

Situation 5: req(t)>1 and f..o(t)> 1. The pulse exceeds its switching period and tries to invade completely the next

one (see Fig. 4.29(e)). In this situation, the pulse must be moved to the correct switching period:

Tep(t) = Toq() — 1, (4.94)
fe-bp () = fe—a(t) — 1. (4.95)
1, S P

re-a(t ) : TS fe-a(t ) : TS

re—b(t) ’ TS fe»b(t) ) TS

(@)
E_‘ ; ; fe-a(l)' TS
. | RN
1

1 [ 1
s o 1 Ts 2T t L8 oT : 9Tk
foalTs  ren()Ts o) Ts  rea(t) Ts
fe(t) Ts Tep(t) Ts
(b) ©

iy T 0 4 A i, st -Ts 04 4 Ts Tz'Ts 1
fe-a( t) % TS fe—b(t) i TS fe—b(t) ’ TS fe—a(t) ' TS
re—a(t) 'TS l-e—b(t) 'TS re:-b(t) 'TS rt:-ﬁ(t) 'TS
(d) (e)

Fig. 4.29. Situation that could appear according to the possible values of the provisional rising and falling edges positions: (a) Situation 1, (b)
Situation 2. (¢) Situation 3. (d) Situation 4. (e) Situation 5.
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Fig. 4.30 shows the definitive edges calculator block.

Definitive edges positions calculator

a_rPr
]

fe-a2(t)§

Fig. 4.30. Definitive edges positions calculator block.

4.7.6 Pulse-Width and Pulse-Phase Modulation (PWPPM)

The PWPPM block is responsible for generating the gate pulses of Qi.; or Q2.1 by knowing their definite rising
and falling edges positions. As in the case of the PWM technique, the pulse generation is performed by making a
comparison with a sawtooth signal (sw(t)) whose frequency is fs and whose maximum and minimum values are 1 and
0, respectively. However, in the case of the PWPPM technique, sw(t) is compared to two references: the definitive
rising (re(t)) and falling edges (fe-s(t)). In addition, the output depends on the aforementioned situations. When the
situation is 1, 4 or 5 (see Fig. 4.31(a)); fe.v(t) is higher than re.,(t) and the output is (note that is a logical equation):

v6(6) = (50(0) > Te_p (D))AND (5, (1) < foup (D). (4.96)

On the other hand, when the situation is 2 or 3 (see Fig. 4.31(b)); fe-s(t) is lower than re(t) and the output is:

v6(8) = (5(1) > Teop () OR (5,,(1) < foup (D). (4.97)

The PWPPM block can be implemented by defining the following logical variables:
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Asw(t)
1T A A fenlD)
/ / e (0)
0 5 N {OTs o
AGate signal : :
1 1 g
0 h A 1:S 1r A 2:Fs ’t
ep(t) Ts (ren(O+1)-Ts
fou()Ts (fern(O+1) T

@

Asu(b)
1T A A Ten(1)

/ /; feu(t)
0 : PT {OTs t
AGate signal '
1 '
0 ) e ot

fe—b(t) 'TS (fe—b(t)"_l )Tb
Tep(t) Ts (rep(D)+1)-Tg

(b)

Fig. 4.31. Output of the PWPPM block depending on the situation: (a) Situation 1, 4 or 5. (b) Situation 4 or 5.

A= Sw(t) < fe—b(t)'

B = Sw(t) > re—b(t):

C= fep(t) > 1e_p(0).

Following (4.96)-(4.97), va(t) can be calculated as:

ve(®)=(@A-B-C)+ (A+B)-C.

Fig. 4.32 shows the scheme of the PWPPM block.
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Fig. 4.32. Scheme of the PWPPM block.
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4.8 Prototype 2: MCM Transmitter based on the RM Technique

A two-phase synchronous buck converter with 10" order Butterworth filter (fc = 650 kHz) was built in order to
validate the proposed technique (see Fig. 4.33). The increase of the filter order with respect to the SCM transmitter
based on the RM technique reported in Section 4.3 is performed to enable d(t) values different from 0.5. In this way,

the higher rejection of the filter compensates the increase of the second switching harmonic.

Fig. 4.33. Prototype of the MCM transmitter based on the RM technique.
The RM-SMPC supplies a string of five HB-LEDs (W42180 Seoul Semiconductor). The switching frequency is
500 kHz, the input voltage is 30 V and the maximum power is around 10 W. SSM3K361R MOSFETs are used driven
by EL7156 ICs. Fig. 4.34 shows that the efficiency of the proposed RM-SMPC ranges between 95% and 96.5%
depending on the dimming level. It must be pointed out that the efficiency is quite independent of Avy(t).

Efficiency |%]
97

96.5

96

95
300 400 500 600
io.pc [MA]

Fig. 4.34. Efficiency versus dimming level.

4.8.1 Main Experimental Waveforms

Fig. 4.35 shows the main experimental waveforms of the RM-SMPC in steady-state conditions (i.e., constant
Av(t) and ¢v(t)) in two situations: Av(t) is much higher in Fig. 4.35(a) than in Fig. 4.35(b). As can be seen, the cosine
waveform is reproduced with high accuracy in both cases. As was indicated in Section 4.7.2, the high output voltage

accuracy demanded by the VLC application is translated into high a(t) accuracy: the control system uses a(t) values
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that are very close to 0.5 because Av(t) << V. Note the small difference between the phase-shift in Fig. 4.35(a) and
that of Fig. 4.35(b); and that both values are close to 180°.

/s-1(t)
400 ns/ 20 V/

(b)

Fig. 4.35. Main experimental waveforms of the HB-LED driver for VLC in steady-state conditions (i.e., constant Ay(t) and ¢y(t)) for two Ay(t)
values: (a) High Ay(t) value. (b) Low Ay(t) value.

In order to evaluate the capability to reproduce a MCM scheme, a signal that is made up of six carriers is
reproduced. Each carrier keeps its amplitude, phase and frequency constant over time. Table IV.V shows the
characteristics of each carrier (c1, ¢2, ..., C¢). Note that the amplitude information is normalized: parameter A depends
on the communication signal power that is used for performing the transmission.

TABLE IV.V. MAIN PARAMETERS OF THE MCM SCHEME.

€1 C2 C3 C4 Cs Co
Frequency (kHz) 475 485 495 505 515 525
Amplitude I-A 4-A 2:A 1-A 3A 2-A
Phase (rad) w2 0 T n/2 372 0

As in Section 4.3, the commercial receiver PDA10A-EC provides vrx(t). Fig. 4.36(a) shows the main waveforms
of the VLC setup in the time domain when the aforementioned MCM scheme is reproduced. Fig. 4.36(b) the magnitude
of vrx(t) in the frequency domain. As in any transmission system, the received signal is made up of the information
(i.e., the modulated carriers) and noise that damages the communication. At this point, it is very important to study the
robustness of the communication link by evaluating the error of the waveforms and by analyzing how that error

damages the communication capability.

Fig. 4.36. Main experimental waveforms of the VLC link (distance: 40 cm): (a) Time domain. (b) Frequency domain.
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4.8.2 Analysis of the Communication Link Error

The evaluation of the VLC link robustness starts by analyzing how accurately vo(t) is reproduced. As a first step,
the accuracy of the proposed HB-LED driver for VLC is evaluated by studying Av(t) and ¢v(t) with Matlab. Fig.
4.37(a) shows the envelope of the theoretical signal (Atn-nor(t)) and the envelope of vo.ac(t) (Avano(t)). In order to
enable a comparison, both waveforms are scaled to have a communication signal with energy equal to 1 J. Both the
instantaneous phase of the theoretical signal (¢prn(t)) and dv(t) can be seen in Fig. 4.37(b). As a conclusion, Av(t) and
¢ov(t) track quite well their references. However, it is important to note that the error that appears at this point is very

important because it will be propagated during the rest of the link.

_ATh-Nor(t) [VJ _A\.’-Nor(t) |_VJ

t

0 50 100 150 200 t [ps]
(@)
erA — d(t) [rad] — () [rad]
1.5
T -
0.57-
0 50 100 150 200 t [us]

(®)

Fig. 4.37. Accuracy evaluation of the proposed HB-LED driver for VLC: (a) Comparison between the theoretical envelope and the envelope of
vo-ac(t) when they are scaled to have a communication signal with energy equal to 1 J. (b) Comparison between the theoretical instantaneous
phase and the instantaneous phase of vo.ac(t).

The next step is to evaluate the conversion between voltage and light intensity that is performed by the HB-LEDs.
Fig. 4.38 shows the comparison between the envelopes and the instantaneous phases of both vo.ac(t) and vrx-ac(t).
Note that as in the previous case, the envelopes are normalized in order to have a communication signal with energy

equal to 1 J. As is indicated in Section 2.1, the relationship between the vo.ac(t) and sac(t) is quite linear and,

consequently, the conversion between voltage and light intensity does not add a remarkable error.
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_‘_ _AV—Nor(t) [VJ """" ARX—Nor(t) IV]

0 30 100 150 200 t[ps]

""" drx(t) [rad]

i

0 50 100 150 200
(b)

Fig. 4.38. Conversion from voltage to light intensity (link distance: 20 cm): (a) Comparison between the envelope of vo.ac(t) and the envelope of
Vrx-ac(t) (both waveforms are normalized in order to have a signal with energy equal to 1 J. (b) Comparison between the instantaneous phase of
Vo-ac(t) and the instantaneous phase of vrx-ac(t).

t

[1s]

As in any communication system, the increase of the link distance leads to an increase of the error. As an example,

Fig. 4.39 shows how Arx(t) and ¢rx(t) are deteriorated when the link distance rises from 20 cm to 100 cm.

A — Apxvor20(D) [V]  ——ArxNor-100(t) [V]

0 50 100 150 200 t[ps]
(@)
—(rx-100(t) [rad]

1 I i

t

T L) L)
0 50 100 150 200 t[ps]
(b)
Fig. 4.39. Deterioration of the signal with the link distance rises from 20 cm to 100 cm: (a) Envelope of vrx.ac(t). (b) Instantaneous phase of
VRX-AC(t)-

In order to evaluate the error taking into account both the amplitude and the phase error, the following normalized

temporal error vector is used:
nor(t,Lp) = App(t) - €79Th® — Apy o (8, L) - e PRXELD), (4.102)

where Lp is the link distance.

At this point, the energy of the normalized temporal error vector allows us to evaluate the deterioration of the

communication signal. That energy can be calculated as follows:
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T
1
Ee(lo) = 7 f lewor (6, Lp) 2, (4.103)

t=0

where T is the period of the signal (200 ps in our case).

Fig. 4.40 exemplifies the calculation of E¢(Lp) when Lp is 20 cm or 100 cm. Moreover, Fig. 4.41 shows the E¢(Lp)
when Lp is 20 cm, 40 cm, 60 cm, 80 cm and 100 cm. As espected, Ec(Lp) rises with Lp. It is important to note that
according to Fig. 4.37 and to Fig. 4.38, Ec(Lp) is mainly the error caused by the non-perfect reproduction of the target
vo-ac(t) (i.e., the error caused by the HB-LED driver).

— [enoe(t. Lp=20em) [V?]  Eo(Lp=20cm)=30.1 mJ
— xos(t. Lp=100cm)f* [V?]  Eu(Lp=100cm)=75mlJ

0 50 100 150 200 t[us]
Fig. 4.40. Example of the error calculation when Lp is 20 cm or 100 cm.

A E.(Lp) [m]]
80 1

o0+

.-“"-
104 :

[

20 } t : " " >
0 20 40 60 80 100 Lp [cm]

Fig. 4.41. Increase of E«(Lp) with Lp. Note that the error definition considers signals with energy equal to 1 J.

E¢(Lp) allows us to evaluate the error in a general way because its definition is valid for any kind of
communication signal. However, as was indicated before, it is important to analyze how that error damages the
communication capability. In the particular case of a MCM scheme, that analysis is translated into the study of how
the error affects the different carriers. In order to address that point, vrx(t) is demodulated and the amplitude and phase
of each carrier is evaluated. Fig. 4.42 shows the demodulator implemented in Matlab. It is derived from the QAM
demodulator explained in Section 4.3.2 and it is based on obtaining the in-phase component (vo-mcm-1-k(t)) and the
quadrature component (Vo-mcm-ok(t)) of each carrier. Then, these components are used to calculate the amplitude and

the phase of each carrier (i.e., Av-mem-k(t) and dpv-memi(t)).
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Fig. 4.42. Diagram of the MCM demodulator implemented in Matlab.
Fig. 4.43 shows the amplitude and the phase of the received modulated carriers for the different link distances
(i.e., from 20 cm to 100 cm). Note that the results are given in polar form with the amplitude normalized to have a
communication signal with energy equal to 1 J. As can be seen, the error causes that the amplitude and the phase of
the received carriers do not match perfectly with the theoretical ones. Basically, it determines how many symbols can
be distinguished by the receiver: the lower the error, the closer the symbols can be placed and, consequently, a higher

number of symbols can be considered. Note that the bit rate rises with the number of symbols (see (4.64)).

Alm Theoretical
1 20 cm
T 40 cm
60 cm
100 cm
C1.7

A

-1 & s o I Re
C4
b
Cs
T1

Fig. 4.43. Polar representation of the demodulated carriers normalized to have a signal with energy equal to 1 J. Note that the results of C4 are
3-7/4 phase-shifted in order to avoid the overlap with the results of C;.

In this case, a normalized temporal error vector can be calculated for each carrier an for each Lp:

Ek—nor (t, Lp) = Ap_rp(t) - e/ Pe=mh® — Ay by jor (8, Lp) - eF Pre-rx(tlD), (4.104)
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where Axn(t) is the theoretical amplitude of the k™ carrier when the communication signal is normalized to have
energy equal to 1 J, ¢x-a(t) is the theoretical phase of the k™ carrier, Ax.rx-Nor(t, Lp) is the amplitude of the received k™
carrier when the communication signal is normalized to have energy equal to 1 J and ¢rrx(t, Lp) is the phase of the

received k' carrier. Then, the energy of the normalized temporal error vector can be evaluated as follows:

Ee_mem-1(Lp) = |€x—nor(Lp)|*. (4.105)

Finally, the average energy of the normalized temporal error vector per carrier can be calculated as follows (see

Fig. 4.44):

6
1
Ee_mem(Lp) = gz Ee—mem-x(Lp). (4.106)
k=1

A Ecavion(Lp) [mJ]

6+
----- @
4 1 i o
2 oo 5
t t t + t >

0 20 40 60 80 100 Lp [cm]

Fig. 4.44. Average energy of the normalized temporal error vector per carrier versus Lp. Note that the error definition considers signals with
energy equal to 1 J.

4.9 Conclusion

The RM technique allows us to reproduce a communication signal by using the output voltage ripple of a SMPC.
Hence, it is an interesting approach to be used for driving the HB-LEDs of a VLC transmitter. In this chapter, a
two-phase synchronous buck converter with high order output filter is proposed to implement the RM technique. In
particular, this RM-SMPC is based on controlling the amplitude and the phase of the first switching harmonic of the
output voltage ripple. The proposed HB-LED driver for VLC offers two main benefits with respect to the approaches
based on the use of PWM-SMPC:s (i.e., the approaches described in Chapter 2 and Chapter 3). The first one is that the
fs required for reproducing a given modulation scheme is lower. In this way, the impact of the switching losses is
mitigated and the problems derived from operating with high fs values, such as the generation of the gate signals, are
alleviated. The second benefit is that the power stage is quite simple in comparison to the PWM-SMPC reported in
Section 3.3. However, this benefit is not so clear when the RM-SMPC enables d(t) values different from 0.5. In that

case, the increase of the second switching harmonic must be compensated with an increase of the filter order.

The key points of the RM technique are described in this chapter: the operating principle of the proposed
RM-SMPC, how Av(t) and ¢v(t) can be controlled, how to reproduce SCM schemes and MCM schemes, description
of the control system, etc. However, since it is a very recent idea, there a lot points that, according to the early results,
should be studied in the future: implementation of the RM technique with other topologies, use of the second or higher

switching harmonics, maximum communication bandwidth achievable, optimization of the output filter, etc.
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Chapter 5:

Conclusions, Contributions and Future Work

The main conclusions of the dissertation are included in this chapter. Moreover, the contributions of the research
are also described. Finally, different points that could be studied in the future are explained in order to stablish a

possible roadmap to continue the research line.
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5.1 General Conclusions

VLC has gained relevance recently because of the saturation of wireless communication systems that is predicted
for the upcoming years. Unfortunately, this technology has several weak points that are slowing down its
implementation. One of the major bottlenecks is the low power efficiency achieved by the HB-LED drivers that have
been proposed for providing high data rates. Reproducing advanced modulation schemes, such as SCM and MCM
schemes, is mandatory for enabling the massive data traffic predicted for the future. This dissertation aimed to
developed power efficient solutions that are able to reproduce such modulation schemes by means of designing
HB-LED drivers for VLC that are fully-based on the use of SMPCs. However, this target is not trivial because driving
the HB-LEDs of VLC transmitters leads to very challenging requirements. Providing a bandwidth of units to tens of

MHz and the capability to perform very small voltage changes are two critical points.

From a theoretical point of view, a buck converter can be used to drive the HB-LEDs of the VLC transmitter.
However, it has several drawbacks that limit its employment. The high fs required for providing a bandwidth high
enough for reproducing the communication signals makes the practical implementation very difficult because of the
high switching losses, the difficulty of driving the MOSFETs, etc. Moreover, the capability to perform very small
voltage changes with a SMPC falls with fs. Regulating io.pc with a feedback loop instead of ip(t), and reproducing the
communication signal in open loop is an interesting approach for reducing the required fs. However, the required fs
keeps being unaffordable and, as a consequence, more complex PWM-SMPCs were explored. The multi-phase
structure, the floating structure and the high order filter are three buck-derived converters that have very interesting
features for driving the HB-LEDs of VLC transmitters. They reduce the required fs with respect to a conventional buck
converter, which increases the power efficiency and facilitates the practical implementation. Moreover, the floating
structure minimizes the power processed with high fs, which increases the power efficiency even more. In addition,
this structure also facilitates the reproduction of the communication signal since it increases the operating range of the

duty cycle with respect to a conventional buck converter.

Therefore, using PWM-SMPCs is an interesting approach for driving the HB-LEDs of a VLC transmitter avoiding
the use of a power inefficient LPA. However, the recommended topologies for enabling an affordable fs and for
fulfilling the required output voltage accuracy lead to quite complex designs. The RM technique is a method specially
conceived for VLC that reproduces the communication signal by using the output voltage ripple of a SMPC. This
technique can be implemented by means of a two-phase synchronous buck converter with high order output filter that
passes not only the DC component, but also the 1% switching harmonic of the switch-node voltages. The RM-SMPC
controls the amplitude and the phase of the first switching harmonic of the output voltage ripple by using the PWPPM
technique in each phase of the converter. The RM technique offers two main benefits with respect to the approaches
based on the use of PWM-SMPCs: the required fs is lower, which mitigates the impact of the switching losses and

alleviates the problems derived from operating with high fs values; and the power stage is quite simple.
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5.2 Contributions

The contributions of the work can be summarized as follows:

e Studying the role that power electronics can play in VLC in order to maintain the high efficiency of HB-LED
lighting. The power inefficient HB-LED driver that is based on the use of a LPA can be replaced by different
solutions that are fully or partially based on the use of SMPCs.

o Identifying the requirements for driving the HB-LEDs of a VLC transmitter and the main design challenges that
appear when a SMPC is designed to fulfill that task. It is concluded that both the high bandwidth and the high
output voltage accuracy that is required for reproducing properly the communication signal are the two main
design challenges.

e Studying design strategies for reducing both the required fs and the required duty cycle accuracy when using
PWM-SMPCs. The use of multi-phase structures, floating structures and high order filters are interesting
approaches for addressing the aforementioned design challenges.

e Proposing a method for reproducing SCM schemes by using the output voltage ripple of a SMPC in order to
reduce the required fs and the complexity of the power stage.

e Extending the previous method in order to reproduce MCM schemes (i.e., the most recommended modulation

schemes for VLC) by using the output voltage ripple of a SMPC.

As the outcome of this dissertation, several scientific papers have been published in international journals,
international conferences and national conferences (see Section 5.2.1, Section 5.2.2 and Section 5.2.3). Moreover,
other contributions to the power electronics field have been made during the development of the work (see Section

5.2.4, Section 5.2.5 and Section 5.2.6).
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in IEEE Transactions on Power Electronics, vol. 33, no. 9, pp. 7994-8010, Sept. 2018.

[4] J. Rodriguez, D. G. Lamar, P. Fernandez Miaja, D. G. Aller and J. Sebastian, “Power efficient VLC
transmitter based on pulse-width modulated DC-DC converters and the split of the power,” in IEEE Transactions on

Power Electronics.

5.2.2 Contributions of the Dissertation that Are Published in International Conferences

[5] J. Rodriguez, D. G. Lamar, J. Sebastian and P. F. Miaja, “Taking advantage of the output voltage ripple of a
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Applied Power Electronics Conference and Exposition (APEC), Tampa, FL, 2017, pp. 2116-2123.
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on visible light communication,” 2017 IEEE Applied Power Electronics Conference and Exposition (APEC), Tampa,
FL, 2017, pp. 2420-2427.
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(SAAEI’17), Valencia (Spain), 2017.

[12] D. G. Aller, J. Rodriguez, J Sebastian y D. G. Lamar, “Desarrollo de un transmisor para comunicaciones en
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Electronica Industrial e Instrumentacion 2017 (SAAEI’17), Valencia (Spain), 2017.
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Electronica Industrial e Instrumentacion 2018 (SAAEI’18), Barcelona (Spain), 2018.
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5.2.5 Other Contributions that Are Published in International Conferences

[17] J. Rodriguez, A. Rodriguez, D. G. Lamar, J. Roig and F. Bauwens, “Modeling the switching behaviour of
superjunction MOSFETS in cascode configuration with a low voltage silicon MOSFET,” 2016 IEEE 17" Workshop
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5.3 Suggestions for Future Work

There are several points that could be addressed in the future in order to continue the research line of this

dissertation:

e Evaluating the use of a PWM-SMPC for performing envelope tracking with the LPA of the conventional HB-LED
driver proposed for VLC.

e Replacing the LPA of the conventional HB-LED driver proposed for VLC by a switching-mode power amplifier.

e Improving the implementation of the RM technique that is proposed in this dissertation by considering other

topologies, the use of the second or higher switching harmonics, the optimization of the output filter, etc.
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Capitulo 5:

Conclusiones, Contribuciones y Trabajo Futuro

Las principales conclusiones de esta tesis doctoral se recogen en este capitulo, ademas de una descripcion de
las contribuciones logradas por la investigacion que se ha llevado a cabo. Finalmente, se explican diferentes puntos

que pueden ser estudiados en el futuro para continuar con la linea de investigacion.
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5.1 Conclusiones Generales

La saturacion de los sistemas de comunicacion inalambricos que se prevé para los proximos afios ha aumentado
el interés por VLC. Desafortunadamente, esta tecnologia presenta varios puntos débiles que estan ralentizando su
implantacion. Uno de los mayores cuellos de botella es el bajo rendimiento energético de los drivers de HB-LEDs que
han sido propuestos para ofrecer altos valores de bit rate. Para posibilitar las enormes tasas de trafico previstas para
los proximos aflos es imprescindible reproducir esquemas de modulacion avanzados, como los esquemas SCM y
MCM. Esta tesis doctoral se ha centrado en desarrollar soluciones eficientes energéticamente que sean capaces de
reproducir dichos esquemas de modulacion. Para ello, se ha optado por el disefio de drivers de HB-LEDs para VLC
basados exclusivamente en el uso de SMPCs. Sin embargo, este objetivo no es trivial puesto que gobernar los HB-LEDs
de un transmisor VLC implica cumplir una serie de requisitos muy exigentes. Los dos puntos criticos son la necesidad
de proporcionar un ancho de banda de unidades o decenas de MHz y tener la capacidad de realizar cambios muy

pequeftios de la tension sobre los HB-LEDs.

Desde un punto de vista teorico, se podria utilizar un convertidor reductor para gobernar los HB-LEDs del
transmisor VLC. Sin embargo, esta opcidon presenta varios inconvenientes que limitan su uso. Uno de los mayores
problemas es la elevada frecuencia de conmutacion requerida para proporcionar un ancho de banda suficientemente
grande como para reproducir las sefiales de comunicacion, lo que dificulta enormemente la implementacion debido a
las altas pérdidas de conmutacion, la dificultad para gobernar los MOSFETsS, etc. Ademas, la capacidad de realizar
cambios muy pequeilos de la tension de salida de un SMPC disminuye al aumentar la frecuencia de conmutacion. Un
método interesante para reducir la frecuencia de conmutacion requerida es regular el valor medio de la corriente que
circula por los HB-LEDs en lugar de toda la corriente de salida, y reproducir la sefial de comunicacion en lazo abierto.
Sin embargo, la frecuencia de conmutacion requerida sigue siendo demasiado elevada y, como consecuencia, se opto
por explorar PWM-SMPCs mas complejos. La estructura multi-fase, la estructura flotante y los filtros de alto orden
son tres variantes del convertidor reductor cuyas caracteristicas hacen que estos convertidores sean muy interesantes
para ser utilizados como drivers de HB-LEDS para VLC. Las tres opciones permiten reducir la frecuencia de
conmutacion con respecto a un convertidor reductor convencional, lo cual conlleva un aumento del rendimiento
energético y facilita la implementacion practica. Ademas, la estructura flotante minimiza la potencia procesada a alta
frecuencia, incrementando el rendimiento energético ain mas. Por otro lado, esta estructura también facilita la
reproduccion de la senal de comunicacion dado que incrementa el rango de operacion del ciclo de trabajo con respecto

a un convertidor reductor convencional.

Por tanto, el uso de PWM-SMPCs es una opcion interesante para gobernar los HB-LEDs de un transmisor VLC
evitando el uso de LPAs, los cuales ofrecen bajos rendimientos energéticos. Sin embargo, las topologias recomendadas
para poder operar con una frecuencia de conmutacion asumible (es decir, suficientemente baja) y tener la capacidad
de hacer cambios en la tension de salida suficientemente pequefios son muy complejas, lo que dificulta su implantacion.
La técnica de RM es un método especialmente concebido para VLC que reproduce la sefial de comunicacion a partir
del rizado de la tension de salida del SMPC. Esta técnica puede ser implementada por medio de un convertidor reductor
de dos fases con un filtro de alto orden que permite el paso tanto de la componente continua como del primer armonico
de conmutacion de las tensiones en los nodos de conmutacion. E1 RM-SMPC logra controlar la amplitud y la fase del

primer arménico de conmutacion del rizado de la tension de salida aplicando la técnica PWPPM en cada fase del
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convertidor reductor. La técnica RM ofrece dos grandes ventajas con respecto a la opcion basada en el uso de
PWM-SMPCs: la frecuencia de conmutacion requerida es menor, lo que reduce el impacto de las pérdidas de
conmutacion y alivia los problemas derivados de operar con frecuencias de conmutacion muy elevadas; y la etapa de

potencia es bastante simple.

5.2 Contribuciones

Las contribuciones de este trabajo se resumen a continuacion:

e  Estudiar el papel que la electronica de potencia puede jugar en VLC para mantener el alto rendimiento energético
de la iluminacion HB-LED. Los drivers para HB-LEDs basados en LPAs ofrecen un bajo rendimiento energético,
pero pueden ser reemplazados por drivers basados total o parcialmente en el uso de SMPCs.

e Identificar los requisitos para gobernar los HB-LEDs de un transmisor VLC y los mayores retos de disefio que
surgen cuando se plantea el uso de un SMPC. Se ha concluido que el elevado ancho de banda demandado y la
alta precision requerida para reproducir la forma de onda de tension que se debe aplicar a los HB-LEDs son las
dos mayores dificultades.

e Estudiar estrategias de disefio que permitan reducir tanto la frecuencia de conmutacién requerida como la
precision necesaria en el ciclo de trabajo al emplear PWM-SMPCs. El uso de estructuras multi-fase, estructuras
flotantes y filtros de alto orden son tres opciones interesantes para afrontar estos dos retos de disefio.

e  Proponer un método para reproducir esquemas SCM utilizando el rizado de la tension de salida de un SMPC con
el objetivo de reducir la frecuencia de conmutacion requerida y la complejidad de la etapa de potencia.

e Extender el método anterior para reproducir esquemas MCM (es decir, los esquemas de modulacion mas

recomendados para VLC) utilizando el rizado de la tension de salida de un SMPC.

Como resultado de esta tesis doctoral se han publicado varios articulo cientificos en revistas internacionales,
congresos internacionales y congresos nacionales (ver Seccion 5.2.1, Seccion 5.2.2 and Seccidn 5.2.3). Ademas, se
han realizado otras contribuciones al campo de la electronica de potencia durante el desarrollo de este trabajo (ver

Seccidn 5.2.4, Seccion 5.2.5 and Seccion 5.2.6).

5.2.1 Contribuciones de la Tesis Doctoral Publicadas en Revistas Internacionales

[17J. Sebastian, D. G. Lamar, D. G. Aller, J. Rodriguez and P. F. Miaja, “On the role of power electronics in

visible light communication,” in IEEE Journal of Emerging and Selected Topics in Power Electronics.

[2] J. Rodriguez, D. G. Lamar, D. G. Aller, P. F. Miaja and J. Sebastian, “Efficient visible light communication
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Power Electronics.
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5.3 Sugerencias para el Trabajo Futuro

Existen varios puntos que pueden ser estudiados en el futuro para continuar la linea de investigacion de esta tesis

doctoral:

e Evaluar el uso de un PWM-SMPC para realizar seguimiento de envolvente con el LPA utilizado en el driver
convencional de HB-LEDs de un transmisor VLC.

e Remplazar el LPA del driver convencional de HB-LEDs de un transmisor VLC por un amplificador conmutado
de potencia.

e Mejorar la implementacion de la técnica RM propuesta en esta tesis doctoral explorando el uso de otras
topologias, el aprovechamiento del segundo y superiores armonicos de conmutacion, la optimizacion del filtro de

salida, etc.
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Appendices

A.1 From the Buck Converter to the Floating Multi-Phase Buck Converter

The process to obtain the floating multi-phase buck converter (i.e., the HB-LED driver that is proposed in Section
3.3) from a buck converter could be not trivial. This appendix describes the methodology followed by the author of

the dissertation. For the sake of simplicity, two phases and a fourth order filter will be considered in the explanation.

Fig. A.1.1 shows three different ways of implementing a buck converter. In the conventional buck converter (see
Fig. A.1.1(a)), the current that flows through the MOSFET (ig(t) in the high side) is equal to the current that entries
through the negative terminal of Vg (ig(t) in the low side). Hence, the MOSFET can be connected between the anode
of D and the negative terminal of Vg instead of between the positive terminal of Vg and the cathode of D (see Fig.
A.1.1(b)). Obviously, in practice, there is a capacitor in parallel with Vg in order to filter ig(t), but the reasoning is
similar. The schematic depicted in Fig. A.1.1(b) allows us to supply the driver of Q with Vg since both Vg and Q are
referred to the same point. The drawback is that the negative terminal of the load (i.e., ground) must be isolated from

the negative terminal of V.

«— «—
Io(D) 15(0)
(©

Fig. A.1.1. Different implementations of a buck converter: (a) Conventional buck converter. (b) Buck converter with the MOSFET source

connected to the negative terminal of the input voltage. (¢) Buck converter with the MOSFET source connected to the negative terminal of the

input voltage and with the inductor connected between the switch-node and the negative terminal of the load (ground).
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Similarly to the previous reasoning, the current that flows from the cathode of D to the positive terminal of the
load (is(t) in the high side) is equal to the current that flows from the negative terminal of the load to the anode of D
(is(t) in the low side). Therefore, the inductor can be connected between the negative terminal of the load and the anode
of D instead of between the cathode of D and the positive terminal of the load (see Fig. A.1.1(c)). Note that this

modification does not have any major benefit or drawback.

Fig. A.1.2 shows the two-phase version of the buck converter depicted in Fig. A.1.1(c). Obviously, the connection
of the phases is carried out by using the phase inductors. Similarly to the reasoning related to the inductor position of
Fig. A.1.1(c), a fourth order filter can be implemented having two possible positions of the additional inductor (see L3

in Fig. A.1.3).
ig.g(t)
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Fig. A.1.2. Two-phase version of the buck converter depicted in Fig. A.1.1(c).
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Fig. A.1.3. Two possible implementations of a two-phase buck converter with fourth order output filter: (a) L; is connected in the low side. (b) Ls is
connected in the high-side.

Finally, a constant voltage source can be connected between the output of the converter and the load to implement
a floating two-phase buck converter with fourth order filter (see Fig. A.1.4). Obviously, this constant voltage source

can be the output of another SMPC (as in the case of the topology proposed in Section 3.3 of Chapter 3).
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Fig. A.1.4. Floating version of the converter depicted in Fig. A.1.3(a).
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