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Abstract— A DC-DC power converter based on a two-
phase synchronous buck converter that reproduces single-
carrier digital modulation schemes by controlling the first
switching harmonic of the output voltage ripple is presented
in this work. The DC-DC power converter carries out both
the lighting and the transmission functionalities of Visible
Light Communication (VLC) transmitters. Control of both
the amplitude and the phase of sinusoidal currents injected
towards High-Brightness LEDs (HB-LEDs) enables the use
of efficient modulation schemes such as Quadrature
Amplitude Modulation (QAM), Carrier-less Amplitude and
Phase modulation (CAP), Amplitude-Shift Keying (ASK)
and Phase-Shift Keying (PSK). These modulation schemes
achieve higher spectral efficiency (i.e., more data can be
transmitted using the same bandwidth) than previously
proposed modulation schemes performed by VLC
transmitters based on the use of DC-DC power converters.
To the author’s knowledge, the ratio between the bit rate
achieved and the switching frequency of the DC-DC power
converter presented in this paper is the highest that can be
found in literature.

Index Terms— Two-phase buck converter, Quadrature
Amplitude Modulation (QAM), Carrier-less Amplitude and Phase
modulation (CAP), Amplitude-Shift Keying (ASK), Phase-Shift
Keying (PSK), high frequency, output voltage ripple, Visible Light
Communication (VLC), High-Brightness LED (HB-LED).

I. INTRODUCTION

OWADAYS, the use of wireless communication systems
is essential to fulfill the massive connectivity demand. For
instance, the mobile data traffic has grown exponentially during
last decade and it is expected that it keeps growing by 2021 [1].

Another example is that the Internet of Thing (IoT) is becoming
a mainstream tend. The idea consists in using wireless
communication systems to connect different kinds of items
such as clothes, cars, city lighting and home appliances [2]-[3].
Although all these ideas seem to be interesting, there is an
important problem that need to be solved to enable them: the
Radio Frequency (RF) spectrum is limited and alternative
solutions are needed in order to avoid the congestion predicted
for upcoming years.

Visible Light Communication (VLC) could be one of these
solutions [4]-[7]. It is a wireless communication system that
uses the wide and unlicensed visible light spectrum (430-750
THz) instead of the RF spectrum (3 kHz -300 GHz) to transmit
information. The strength of this approach arises when the
communication is combined with the lighting functionality of
High-Brightness LED (HB-LED) bulbs. Thus, the exiting
lighting infrastructure can be partially modified to incorporate
the communication capability.

Since its introduction in 2004 [8], VLC has been mainly
studied by research groups from the communication field,
focusing their efforts on increasing the bit rate. However, there
are some bottlenecks that barely have been improved since
then. One of them is particularly interesting for power
electronics researchers: the low power efficiency achieved by
the HB-LED driver of the VLC transmitters that reproduce
advanced modulation schemes. This paper aims to alleviate this
problem by proposing a technique that enables the reproduction
of certain advanced modulation schemes with a DC-DC power
converter.

The paper is organized as follows. The fundamentals of VLC
are described in Section II. The modulation schemes that can be
reproduced by using the method presented in this paper are
listed and explained in Section III. The requirements and two
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initial approaches for reproducing these modulation schemes
with DC-DC power converters are detailed in Section IV. The
definitive method is presented in Section V. The experimental
results are given in Section VI and finally, the conclusions are
gathered in Section VII.

II. FUNDAMENTALS OF VLC

This section introduces the VLC application, highlighting the
major achievements and the limitations. It will help readers to
understand the objective of this research and its contribution.
More detailed VLC reviews can be found in [5]-[13].

A. Operating Principle of VLC

In VLC, the information transmission is achieved by
modulating the light intensity, technique that is referred as
Intensity Modulation/Direct Detection (IM/DD) [14]. This
modulation must be fast enough to be unappreciable to the
human eye (i.e., above 100 Hz approximately [15]-[16]). The
Direct Current (DC) bias of the HB-LEDs sets the lighting
level, whereas the Alternating Current (AC) component is
responsible for the information transmission. Fig. 1 shows the
schematic of the ideal VLC transmitter. At the receiver (Fig. 2),
a photodiode converts the optical input power into a current
signal that is transformed into a voltage signal by a
transimpedance amplifier (TIA). The rest of the receiver stages
depends on the modulation scheme but, in general, a band-pass
filter and a demodulator are included.

B. Light Emitting Diodes for VLC

VLC was initially proposed for taking advantage of the HB-
LEDs of lighting applications. The preferred approach for
designing such HB-LEDs consists in using a blue Gallium
Nitride (GaN) HB-LED that excites a yellow inorganic
phosphor. The combination of the blue light with the yellow
coating generates white light. However, this phosphor is
optimized for color conversion, but not for achieving a very
rapid response to the light intensity changes. In fact, it limits the
HB-LED bandwidth to a few MHz (3-5 MHz) [17]-[18]. 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 [19]. In any case, since the available bandwidth is
quite limited, achieving high data rates is a challenging task.

C. Techniques for Enhancing the Available Bandwidth

During last years, several techniques have been proposed to
increase the available bandwidth:

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 [17].

Post-equalization: A post-equalizer is a band-pass filter
placed in the receiver that boosts a certain frequency band. In
VLG, it is frequently used for compensating the attenuation
introduced by the HB-LEDs in the tens of MHz range (i.e., just
above the available bandwidth). In combination with the blue
light filtering technique, it is a solution that enables a bandwidth
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Fig. 2. General VLC receiver scheme.

above 50 MHz [18]-[19].

Color exploitation: The transmitter bandwidth also can be
improved by taking advantage of the light color. However, this
feature is only possible when using RGB HB-LEDs. 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 [20]-
[25]. 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 [26]-[28].

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, cost, maturity and reliability of widely
adopted HB-LEDs. The researches that study this strategy are
mainly focused on a technology referred as u-LEDs, which
consists in reducing the HB-LED size to increase the bandwidth
[29]-[31]. Obviously, the amount of optical power that each
device can deliver also decreases and, therefore, p-LEDs arrays
must be employed.

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 so each bulb
can be split into smaller VLC transmitters. However, since all
the communication channels are using the same frequency
band, the difficulty is differentiating the data streams of each
channel at the receiver. The MIMO technique exploits this idea
considering n transmitters and » receivers [32]-[35]. 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 n.

D. Modulation Schemes and Proposed HB-LED Drivers

One of the cornerstones of VLC 1is the practical
implementation of the transmitter according to the modulation
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scheme that is going to be reproduced. The straightforward
method for transmitting information consists in generating light
pulses by turning-on and off the HB-LEDs at high speed (i.e.,
pulse-based modulation schemes). Fig. 3 shows the two most
extended approaches for performing that method: using a
MOSFET in series [36]-[37] or in parallel [38]-[40] with the
HB-LED string. In these methods, the data rate is determined
by the pulse waveform frequency, which is strongly limited by
the HB-LED bandwidth.

There are two options for increasing the bit rate. The first way
is to apply one or more of the techniques for increasing the
bandwidth that are described in section II.C [17]-[20]. The
second way is to replace pulse-based modulation schemes by
advanced modulation schemes that provide high efficiency
from the communication perspective. This high communication
efficiency, which is evaluated in terms of spectral efficiency
[41], implies that more data can be transmitted using the same
bandwidth. For instance, a sinusoidal waveforms that changes
both the amplitude and the phase to transmit the information is
more efficient than the mentioned pulse-based modulation
schemes. Obviously, the techniques for increasing bandwidth
can be used in a VLC transmitter that reproduces efficient
modulation schemes. The key point is that considering the use
of the same bandwidth enhance techniques for both pulse-based
and efficient modulation schemes, the last ones achieve higher
bit rates. The combination of efficient modulation schemes and
different techniques for enhancing the available bandwidth can
be found in [21]-[25] and [42]-[45].

In order to reproduce the waveforms of efficient modulation
schemes, two HB-LED drivers have been widely used. The first
one [Fig. 4(a)] consists in a MOSFET operating in linear mode
and, therefore, acting as a current source controlled by the gate
voltage [46]-[47]. Note that the notation used for describing the
operating modes of the MOSFET is the one employed when the
transistor is conceived as an amplifier. In the second solution, a
Linear Power Amplifier (LPA) delivers the AC signal whereas
a DC-DC power converter provides the DC bias component.
Then, the AC signal is combined with the DC component with
a bias-T [Fig. 4(b)]. The use of this kind of HB-LED driver for
VLC is reported in [7], [13], [21]-[25] and [42]-[45]. The
problem is that both HB-LED drivers jeopardize one of the
main advantages of HB-LED lighting: the high power
efficiency. This issue has been pointed out as one of the major
bottlenecks of VLC in [7], [10] and [47]. Note that LPAs such
as class A or B hardly reach an energy efficiency 40% when
reproducing modern modulation schemes.

E. Power Electronics Role and Objective Definition

Once the fundamentals of VLC have been introduced, it is
clear that it is an application with great potential. Using efficient
modulation schemes instead of pulse-based waveforms is the
preferred approach due to the high data rates achieved.
However, the low power efficiency provided by the VCL
transmitters that reproduce such schemes jeopardizes the
deployment of this technology. It is task of power electronics to
make VLC viable in terms of power efficiency [48].

This paper aims to alleviate the trade-off between power and
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Fig. 3. HB-LED drivers for reproducing pulse-based modulation schemes: (a)
MOSFET in series with the HB-LED string. (b) MOSFET in parallel with the
HB-LED string.
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Fig. 4. VLC drivers for efficient modulation schemes: (a) MOSFET operating
in linear mode. (b) Approach based on the use of a LPA.

communication efficiency by reproducing single-carrier digital
modulation schemes with a DC-DC power converter [49], thus
avoiding the use of power inefficient HB-LED drivers
employed for VLC so far (i.e., circuits depicted in Fig. 4). This
modulation family has already been proposed for VLC and their
benefits have been demonstrated in [23] and [50]-[57]. Since
the method presented in this work is fully based on the use of
DC-DC power converters (i.e., power efficient approach), the
target is to improve the results achieved in [37] and [39] (i.e.,
power efficient approach reproducing an inefficient modulation
scheme).

III. SINGLE-CARRIER DIGITAL MODULATION SCHEMES

Single-carrier digital modulation schemes are a family of
efficient modulation schemes that are based on the use of a
sinusoidal waveform (i.e., the carrier) to transmit information.
In the particular case of VLC, the light intensity signal (s(t)) is
made up of a sinusoidal waveform (sac(t)) and a DC component
(spc) that fulfill the communication and lighting functionalities,
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respectively:

s(€) = s4c(t) + spc = (1)
Ag() - cos(2mfot + (1)) + spc,

where fo is the carrier frequency. There are two parameters
of sac(t) that can be changed dynamically to transmit
information: the amplitude (As(t)) and the phase (¢s(t)). When
the amplitude keeps constant and the phase changes, the
modulation scheme is called Phase-Shift Keying (PSK). On the
other hand, when the amplitude changes and the phase keeps
constant, the modulation scheme is called Amplitude-Shift
Keying (ASK). In order to increase the amount of transmitted
information, a hybrid modulation scheme can be reproduced:
Quadrature Amplitude Modulation (QAM). This modulation
scheme transmits information both in the amplitude and in the
phase by changing these two parameters independently.
Carrier-less Amplitude and Phase modulation (CAP) is another
single-carrier digital modulation scheme that sends information
both in the amplitude and in the phase. In practice, it is closely
similar to QAM because the only difference is the interpretation
of the in-phase and quadrature components [58]. Therefore,
although it can be reproduced using the method presented in
this work, it will not be mentioned along the rest of the paper.
In addition, PSK and ASK are particular cases of QAM. Then,
the rest of the paper is focused on reproducing the last one.

It is important to note that PSK, ASK and QAM have a higher
spectral efficiency than the Variable Pulse Position Modulation
(VPPM) scheme reproduced in [37] and [39]. Therefore, these
single-carrier digital modulation schemes provide higher data
rates using the same bandwidth, being QAM the one that
achieves the highest spectral efficiency. The demonstration of
these statements can be found in several digital wireless
communication references [59]-[62]. The next example clearly
shows that single-carrier digital modulation schemes are more
efficient than VPPM. In VPPM, the number of symbols is the
number of slots in which the symbol period (Tsym) is divided.
In each one of these slots, a pulse can be transmitted. The
VPPM scheme reproduced in [37] and [39] considers two
symbols: the pulse can be placed at the beginning or at the end
of the symbol period. Consequently, each VPPM symbol
transmits 1 bit. Note that the number of bits per symbol is equal
to loga(NS), where NS is the number of symbols. In order to
make a fair comparison between VPPM, PSK, ASK and QAM,
it is assumed that the transmitter is able to reproduce a fixed
number of amplitudes and phases. In this sense, four amplitudes
and four phases are considered to exemplify the statement.
According to this assumption, there are four possible symbols
in the case of PSK (i.e., four different phases) and in the case of
ASK (i.e., four different amplitudes). As a results, each PSK or
ASK symbol transmits 2 bits. In the case of QAM there are
sixteen possible symbols that are obtained by combining the
four possible amplitudes and the four possible phases.
Therefore, each QAM symbol transmits 4 bits. Obviously, Tsym
should be equal for all modulation schemes to make a fair
analysis. Since the number of symbols transmitted by each
modulation scheme is the same during a certain time span and

the number of bits per symbol is higher in the case of QAM,
ASK and PSK, the single-carrier digital modulation schemes
transmit more bits than VPPM (i.e., the bit rate achieved is
higher). In addition, QAM provides the highest bit rate. Fig. 5
shows an arbitrary sequence where three symbols are
transmitted. It is considered that Tsym is equal to 2-To for the
representation (where To is the carrier period). According to the
previous explanation, 3-Tsym implies the transmission of
twelve bits in the case of QAM and three bits in the case of
VPPM. Both in the PSK and ASK cases, six bits are
transmitted.
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Fig. 5. Light intensity waveforms for the four modulation schemes considered
in the example: (a) PSK. (b) ASK. (¢) QAM. (d) VPPM.
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IV. REQUIREMENTS AND INITIAL METHODS FOR
REPRODUCING SINGLE-CARRIER DIGITAL MODULATION
SCHEMES WITH DC-DC POWER CONVERTERS

According to (1), the VLC transmitter must provide a
sinusoidal light intensity waveform (i.e., sac(t)) with a DC
component (i.e., spc). Moreover, it must be able to change the
sinusoid amplitude (i.e., As(t)) and phase (i.e., ¢s(t)) to
reproduce a QAM scheme, and, in addition, spc must be
modifiable to perform dimming. Fig. 6 shows how to obtain the
desired light intensity emitted by a HB-LED string (i.e.,
generating s(t)) by controlling the output voltage of the HB-
LED driver (vo(t)). If the voltage is higher than a certain value
denoted as VF, sac(t) is proportional to the AC component of
vo(t). Therefore, the DC-DC power converter must be able to
reproduce a sinusoidal output voltage waveform (vo.ac(t)) with
a certain DC component (vo.pc) in order to obtain the desired
s(t). Note that the amplitude (Av(t)), the phase (¢v(t)) and vo.pc
should be modifiable by the DC-DC power converter control
strategy. Then, the required vo(t) is defined as:

Vo(t) = Vo_ac(t) + vo_pc =

A, () cos(2rfpt + ¢, () + vo_pe- 2)

A. Method Based on the Pulse-Width Modulation Technique

A well-known method to reproduce a time-varying output
voltage (such as (2)) is to perform variations of the DC-DC
power converter duty cycle (d). According to this method,
which is referred as Pulse-Width Modulation (PWM), the
pulses width of the square waveform determines vo(t). This
approach is employed in several applications such as inverters
[63] and Class-D audio amplifiers [64]. In addition, it is widely
used to increase the efficiency of Radio Frequency Power
Amplifiers (RFPAs) through the Envelope Tracking (ET) and
Envelope Elimination and Restoration (EER) techniques [65]-
[69], where DC-DC power converters with bandwidths of
several MHz are addressed.

Forward A
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It is important to note that the bandwidth of s(t) and vo(t) are
the same. Then, according to the Nyquist-Shannon sampling
theorem, the switching frequency (fsw) must be at least two
times higher than the maximum frequency (fs.max) of the
desired s(t). In the case of single-carrier digital modulation
schemes, since the carrier amplitude and phase change over the
time, the spectrum magnitude differs from a delta function
centered at fo. Moreover, the lower the Tsywm value, the higher
the fs.max value. Note that reducing Tsym increases the bit rate,
but also the bandwidth. For this reason, in order to properly
select fsw, a signal spectrum analysis must be carried out.
However, the signal spectrum modeling requires an extensive
mathematical analysis that is out of the scope of this paper. Fig.
7 shows an example of the s(t) spectrum magnitude (i.e., |s(f)|)
considering a 64-QAM scheme (i.e., QAM scheme with 64
symbols) with Tsym equal to 3-To. This means that a symbol is
represented by three cycles of the carrier. It is assumed that the
signal bandwidth is equal to the first null above fo, which is
placed at fo+1/Tsym. Under these conditions fsmax is equal to
1.33-fo. Consequently, the theoretical minimum value of fsw is
2.66-fo. However, such a low fsw value is unattainable in
practice because the switching frequency components and their
sidebands distort the signal. As a result, a careful filter design
and a fsw value between 3-fs.max and 6-fs.max are mandatory
[70].

The PWM technique was applied in HB-LED drivers for
VLC in two recent researches. A square voltage waveform with
a maximum frequency component of 1 MHz is reproduced in
[48] using fsw equal to 5 MHz. In the case of [71], the
reproduction of a communication signal with a maximum
frequency component equal to 3 MHz is performed by using fsw
equal to 10 MHz.

The research target is to reproduce a single-carrier digital
modulation scheme keeping fsw as low as possible to minimize
the switching losses. Therefore, an approach that requires a
lower fsw is desirable. As will be explained in Section V, fsw is
equal to fo in the case of the method which is going to be
presented in this paper.
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Fig. 6. Modulation of the amplitude and the phase of the light intensity emitted by a HB-LED string performed by controlling the output voltage of the HB-LED

driver.
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Fig. 7. Example of a s(t) spectrum magnitude when considering a 64-QAM
scheme and Tsym equal to 3-To. It is highlighted the required fsw when
applying the method proposed in this paper and the method based on the PWM
technique.

B. First Approach for Controlling the First Switching
Harmonic

The first approach of the proposed method consists in using
a buck converter that reproduces a single-carrier digital
modulation scheme by controlling the first switching harmonic
of the output voltage ripple. As Fig. 8(a) shows, a m"-order
low-pass filter design is employed. Fig. 8(b) shows the
equivalent circuit after considering vx(t) as an ideal pulse
voltage source. Then, the circuit is represented as a pulse
voltage source applied to a m”-order low-pass filter [see Fig.
8(c)], where fc is the cut-off frequency of the filter). Differently
from the traditional buck converter design which aims to
remove all the switching harmonics of vx(t) (i.e., fc << fsw to
attenuate the frequency components centered at fsw, 2-fsw,
3-fsw, etc.), the filter of the buck considered for the method
proposed in this paper passes the DC component and the first
switching harmonic (i.e., fsw < fc <2-fsw). A proper method to
design the filter is detailed in Section V.C.

In order to reduce the mathematical complexity of the
explanation, it is considered that the pulses width and their
delay with respect to the beginning of the switching period
(v-Tsw, where Tsw is the switching period) do not change over
time. Then, vx(t) can be expressed as a function of its harmonics
by using the Fourier analysis:

vx(t) = dVG +

2

Ve . 3
kZ; Fsm(knd)cos(ZT[kaWt —yk2m).

Taking into account the proposed filter design, vo(t) is equal
to the DC component and the first switching harmonic of vx(t)
(now redefining vo.pc and vo-ac(t)) with a certain delay (tri)
due to the nature of the filter:

Vo(t) = Vo_pc + Vo-ac(t) = dVs +
4

2Ve .
Tcsm(nd) cos(2nf g, (t — tp) — y2m).

+

+
Low-Pass .
vy @) ‘Filt§1' ¢ |Vo
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Fig. 8. Synchronous buck converter that reproduces single-carrier digital
modulation schemes by controlling the first switching harmonic of its output
voltage ripple: (a) Schematic considering a m”-order low-pass filter and a
string of n HB-LEDs. (b) Equivalent circuit after considering vx(t) as an ideal
voltage source. (c) Simplified circuit.
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Fig. 9. Drain to source voltage of Q, (i.e., switch-node voltage of the buck
converter) and output voltage of the synchronous buck converter that
reproduces single-carrier digital modulation schemes by controlling the first
switching harmonic of its output voltage ripple. Main control parameters are
included (i.e., y and d). Note that the output voltage representation cancels the
filter delay (tp) to facilitate the understanding. Moreover, the dashed line
represents the first harmonic plus the DC component of the switch-node
voltage.
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Note that this delay does not imply any negative effect for
the transmission. According to (4) and as Fig. 9 shows, the
amplitude and phase of vo.ac(t) can be controlled by using the
duty cycle and the phase of vx(t) (i.e., —y-2-7), respectively. The
problem is that this approach does not enable the
implementation of the desired VLC transmitter because it is not
able to change the amplitude of vo.ac(t) without modifying vo.
pc. Therefore, the approach must be improved to be able to
control independently the amplitude, the phase and the DC
component of vo(t). A possible solution is detailed in Section
V.

V. DC-DC POWER CONVERTER FOR REPRODUCING SINGLE-
CARRIER DIGITAL MODULATION SCHEMES FOR VLC BY
CONTROLLING THE FIRST SWITCHING HARMONIC

A. Theoretical Base of the Definitive Approach for
Controlling the First Switching Harmonic

The definitive approach for using the first switching
harmonic of the output voltage ripple to reproduce single-
carrier digital modulation schemes is based on a mathematical
property that is explained in this section. Consider two
sinusoidal waveforms, va(t) and vg(t), that have the same
amplitude (M) and frequency (i.e., fo) but different phases (-
vi-2-w and -y,-2w, respectively):

v,(t) = McosQnufot — y,2m), 5)
vg(t) = McosQ2rufyt — y,2m). (6)

Although v; and vy, vary within 0 and 1 limits, as it will be
justified later, the maximum difference allowed between them
is 0.5. In addition, it is assumed that vy, is higher or equal to y;.
It is known that the sum of these two sinusoidal waveforms is
equal to a third sinusoidal waveform (i.e., vc(t)) which has the
same frequency:

ve(t) = va(t) + vp(t) = %
2Mcos(am) cos(2nf ,t — B2m),

where o is the phase-shift between vg(t) and va(t) divided by
2-mw and P is the absolute value of the mean phase of va(t) and

va(t) divided by 2-x (i.e., the mean value of y; and y»):

V22T — Y121
a= —

. =Y2—"VYn (®)
_ V12T + ¥ 27 _ V1t72 )
2(2m) 2

According to (7), a determines the amplitude of vc(t).
When a is 0 (i.e., the phase-shift is 0 radian), the maximum
amplitude (i.e., 2-M) is reached. On the other hand, when a is
0.5 (i.e., the phase-shift is w radian), the amplitude is 0. Then,
the higher the phase-shift, the lower the amplitude of vc(t). It is
important to note that when o is higher than 0.5 (i.e., the phase-
shift is higher than m radians), the sign of vc(t) changes.
Therefore, it is stablished that o must range between 0 and 0.5
limits in order to avoid the phase modification.

Considering (7), B determines the phase of wvc(t). For
instance, if the phases of va(t) and vg(t) are —n/4 and —3-n/4,
respectively (i.e., y1 and vy, are equal to 1/8 and 3/8,
respectively), the phase of vc(t) is —n/2 (i.e., B is equal to 1/4).
Note that § varies within 0 and 1 limits.

Fig. 10(a) shows vc(t) for certain values of o and B (i.e., a =
a; and B = Bi1). Fig. 10(b) demonstrates that the amplitude of
ve(t) rises as o falls (for a = o, where az < o). On the other
hand, Fig. 10(c) shows that the phase of vc(t) falls as f increases
(for B = P2 where B2 > B1).

The conclusion is that a sinusoidal waveform whose
amplitude and phase must be controllable independently, can be
generated by the sum of two sinusoidal waveforms with both

d To

A \,Ail )
vg(t)
velt)

(c)
Fig. 10. Sum of two sinusoidal waveforms with both the same amplitude and
the same frequency but different phase: (a) Initial conditions. (b) Effect of
decreasing a. (c) Effect of increasing .
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the same amplitude and the same frequency by changing their
phases.

B. Topology and Operating Principle

The definitive approach for controlling the first switching
harmonic of the output voltage ripple to reproduce a single-
carrier digital modulation scheme is based on the use of a two-
phase synchronous buck converter. As in the case of single-
phase synchronous buck converter approach, a m"*-order low-
pass filter design is employed [see Fig. 11(a)]. Note that fsw, d
and the input voltage (Vi) of each phase is the same. Fig. 11(b)
shows the equivalent circuit after considering vxi(t) and vxa(t)
as ideal pulse voltage sources (where vxi(t) and vx»(t) are the
switch-node voltages). Fig. 11(c) can be obtained from Fig.
11(b) by applying superposition theorem, Thevenin’s theorem
and considering that L;g is equal to L;a. Under these conditions,
L;isequal to 0.5 Lia. After these simplifications, the circuit can
be seen as the sum of the two pulse voltage sources and,
therefore, as a three-level voltage source (vr(t)) applied to a m?-
order low-pass filter [see Fig. 11(d)]. As in Section IV.B, it is
considered that the filter passes the DC component and the first
switching harmonic (i.e., fsw < fc <2-fsw).

The two-phase synchronous buck converter control method
for obtaining the desired vo(t) is based on the mathematical
property detailed in Section V.A. Fig. 12 shows the main
voltage waveforms involved in the process.

In order to facilitate the understanding, it is considered that
the pulses width and their delay with respect to the beginning
of the switching period (i.e., yi-Tsw and y>- Tsw) do not change
over time. Then, vxi(t), vx2(t) and vr(t) can be expressed as a
function of their harmonics by using the Fourier analysis:

le(t) = dVG +

2V,
Z k—:sin(knd)cos(ZTrkaWt — y1k2m), (10)
k=1
sz(t) = dVG +
o 2,
Z k—nGsin(knd) cos(2mk foy t — v k2m), (11)
k=1
1
vr(t) = E(V)n(t) + g (0)) = dVg +
(12)

o 2V,
Z k—nGsin(knd) cos(kma) cos(2mk foy t — Bk21).
k=1

Since vr(t) is the sum of vxi(t) and vx»(t) multiplied by 0.5,
each harmonic of vr(t) includes the sum of the respective
harmonic content of vxi(t) plus the respective harmonic content
of vxo(t). The relationship between the DC-DC power converter
control method and the previously explained mathematical
property arises here. In this case, the two sinusoids that are
summed (i.e., va(t) and vg(t) in Section V.A) are the first
switching harmonic of vxi(t) and vxa(t), in this case multiplied
by 0.5. The result (i.e., vc(t) in Section V.A) is the first
switching harmonic of vr(t), whose amplitude and phase can be
modified by controlling the phase of vxi(t) and the phase of
vxa(t). As in Section V.A, a and B can be used to control the
amplitude and the phase, respectively. Now, a is the phase-shift

between the first switching harmonic of vxo(t) and wvxi(t)
divided by 2-w. Moreover, f is the absolute value of the mean
phase of vxi(t) and vx»(t) divided by 2-7 (i.e., the mean value of
v1 and v2). Note that the phase origin is defined at the instants
when a new switching period begins (i.e., t =0, t = Tsw, t =
2-Tsw, etc.).

(@)
io
..._‘LIH_IL j_'_
DN
Cg: ; Vo

ig
..m —V.
D }\‘
Cul 3 Vo
i
1o
— 4
+ Low-Pass Dy :‘.
y LT Filter E Vo
(fe > fsw) *
- D, § |
(d)

Fig. 11. Two-phase synchronous buck converter that reproduces single-carrier
digital modulation schemes by controlling the first switching harmonic of its
output voltage ripple: (a) Schematic considering a m"-order low-pass filter and
a string of n HB-LEDs. (b) Equivalent circuit after considering vx,(t) and vxa(t)
as ideal voltage sources. (c) Equivalent circuit after applying superposition
theorem, Thevenin’s theorem and considering that L is equal to Lja. (d)
Simplified circuit.
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Taking into account the proposed filter design, vo(t) is equal
to the DC component and the first switching harmonic of vr(t)
with the delay introduced by the filter (i.e., trr):

vo(t) = vo_pc + Vo_ac(t) = dV; +

(13)

TGsin(nd) cos(mar) cosRufoy (t — tg) — B21).

Then, d can be used to fix vo.pc. After that, a and B can be

DC component and
AV (1) first harmonic of vy(t)
V1 Tsw d Tsw
. M/
f"‘;-“\ | l"‘-..‘\ T
p \ ! \ Va
. E ‘\ 12 ’ S 1
H e EEa
(} E TS\\- TTSW t
E U.'TSW
K
- DC component and
Avxz(t) first harmonic of vyo(t)
'\,"2 ‘TSW E E d 'Tsw
Pete, H ,.-..\ :
v (Y L4
l"’g “\ "‘ “\
) . 4 L
I } / Ve
3 . H [y
‘\ l' : |‘\ 1" 1
M v LI T
0 ! Tsw 2 Tow t
: DC component and
‘ vr(t) : first harmonic of v(t)

t —

0 Tsw 2 Tow ¢
Fig. 12. Main voltage waveforms involved in the control method of the two-
phase synchronous buck converter. The main parameters of the control (i.e.,
Y1, Y2, 0, P and d) are included. Note that the dashed lines represent the first
harmonic plus the DC component of each waveform and the output voltage
representation cancels the filter delay (t) to facilitate the understanding.

calculated in order to obtain the desired amplitude and the phase
of vo.ac(t). As a conclusion, vo.pc complies with the lighting
functionality whereas vo.ac(t) performs the communication
functionality. Obviously, the proposed method is also able to
reproduce modulation schemes simpler than QAM. ASK can be
performed by fixing the carrier phase and changing its
amplitude (i.e., B is a constant value and a is modified over
time). Moreover, PSK can be reproduced by fixing the carrier
amplitude and changing its phase (i.e., a is a constant value and
B is modified over time).

C. Low-Pass Filter Design

In order to exemplify the low-pass filter design process, the
filter developed for the prototype detailed in Section VI is
explained in this section. The DC component and the first
switching harmonic of vr(t) constitute the part of the spectrum
that must be maintained at the output of the DC-DC power
converter. Therefore, the design target consists in removing the
second and higher switching harmonics of vr(t). To evaluate the
spectrum magnitude at the input of the filter (i.e., |vr(f)|), some
considerations must be taken into account. In order to generate
different symbols by dynamically changing the amplitude and
the phase of vo(t), a and B must change over time. As a
consequence, and differently from the explanation given in
Section V.B, changes of the vxi(t) and vx»(t) phases over time
must be considered (i.e., variable time delay: vi(t)-Tsw and
v2(t)-Tsw). The result is that |vr(f)| differs from delta functions
centered at the switching harmonics and depends on the
modulation scheme. Fig. 13(a) shows the estimated spectrum
magnitude (in blue) by using MATLAB when considering a 64-
QAM scheme and Tsym equal to 3-Tsw. This means that a single

vr(D) [dB]  [H(®)[ [dB]

3fsw  4few  Sfew f
@

AHO ]

ol Slope =-2.97-10"*/Hz_(tp =827 ns)

360N

-540 ' {_ } }
2w 3few  4fsw

(b)
Fig. 13. Estimated vr(t) spectrum magnitude and low-pass filter design. Note
that the DC component of v(f) is removed and the result is normalized to the
maximum value.

|
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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. 13(a)
and the result is normalized to the maximum value. Fig. 13 also
shows the magnitude [see Fig. 13(a)] and phase response [see
Fig. 13(b)] of the filter in red.

In order to avoid distortion, the magnitude of the filter
transfer function must be constant and its phase-shift must be
linear with frequency (this means a constant group delay) for
all the desired frequency components [59]-[62]. In addition, it

PSM for
symbol 1

Vxi(t) for

ap Tsw
A symbol 1

BrTsw
i

must ensure enough rejection of the undesired frequency
components. At this point, the use of a high order filter is
suitable [72]. It is important to note that considering the
proposed structure for the DC-DC power converter, even
harmonics are null when the duty cycle is 0.5. This fact
facilitates the filtering task and, as Fig. 13(a) shows, 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-fsw. The delay introduced by the filter (i.e., tri) can be
estimated from the slope of the filter phase response for the
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Fig. 14. Construction of the QAM sequence by applying the rectangular windows to three different Pure Sinusoidal Waveforms (PSMs): (a) PSM for symbol 1
with its rectangular window. (b) PSM for symbol 2 with its rectangular window. (c) PSM for symbol 3 with its rectangular window. (d) Resultant sequence.
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desired frequency components. The value for this example is
around 827 ns.

D. QAM Sequence Generation

In this section, a qualitative explanation of a QAM sequence
implementation is expounded. Instantaneous changes in values
of o and B must be considered and, as a consequence, the
resultant sinusoidal waveform can show abrupt changes in its
amplitude and phase when a transient between symbols occurs.
Hence, this waveform can be seen as a concatenation of
different Pure Sinusoidal Waveforms (PSMs) portions (i.e.,
sinusoidal waveforms whose amplitude, phase and frequency is
constant over time). Obviously, each PSM portion represents a
specific symbol. From a theoretical point of view, this fact is
equivalent to have NS different PSMs 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. Fig. 14 shows an example in which
three different symbols are considered. The amplitude and the
phase of the symbol 1 are A; and -180° respectively [Fig.
14(a)]. The amplitude of symbols 2 and 3 are A,, and their
phases are -270° [Fig. 14(b)] and -90° [Fig. 14(c)], respectively.
Tsym is equal to 2-Tsw and the desired sequence is symbol 2,
symbol 3 and symbol 1. In the signal processing field it is
equivalent to apply a rectangular window to a sinusoidal
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. 13(a) into Section V.C)].

VI. EXPERIMENTAL RESULTS AND IMPROVEMENT
EVALUATION

A. Prototype Details

A two-phase synchronous buck converter with sixth-order
Butterworth filter supplying 6 HB-LEDs (W42180 Seoul
Semiconductor) connected in series as load was built (see Fig.
15). The switching frequency is 500 kHz and the maximum
power is around 10 W. 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 V.C: sixth-order Butterworth filter
with fc equal to 1.5-fsw (i.e., fc = 750 kHz). Table I 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 V.C (i.e., 827 ns) is due to the tolerance
of the passive components. A precision resistor (Rsgn) of 0.25
Q is connected in series with the HB-LEDs in order to measure
the output current by measuring its voltage (vsen). 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 condition. The duty cycle is 0.5 to cancel the even
harmonics of vr(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.

B. QAM Scheme Demonstration

In order to proof the concept, an example of 64-QAM scheme
is implemented by using the prototype presented in Section

VI.A. 8 different amplitudes and 8 different phases are
stablished. Table II 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 are interpreted as the 3 least
significant bits of the symbol. Fig. 16 shows the constellation
diagram (dots in red) of the reproduced 64-QAM scheme.

It is important to note that Tsywm is equal to 3-Tsw (i.e., 3
periods of the carrier). The bit rate achieved is 1 Mbps and the
efficiency of the DC-DC power converter is around 86%.

Fig. 15. Two-phase synchronous buck converter prototype with sixth-order
Butterworth filter supplying 6 HB-LEDs connected in series as load.

TABLE 1. THEORETICAL VALUES OF THE 6™-ORDER BUTTERWORTH FILTER.

Lia Lis C, L; Cy Ls Cs

Component
P GH | @H) | @F) | @) | @B | @H) | @F
Value 4.39 4.39 56 2.2 38.25 | 1.07 8.24

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

Amplitudes Phases
1D iamp (MA) | Bit code ID Phase (°) | Bit code
A 104.57 000 Py 0 000
A, 159.86 001 P, -45 001
As 203.13 010 P; -90 010
Ay 254.81 011 P, -135 011
As 296.88 100 Ps -180 100
A 349.76 101 Pg =225 101
Ay 405.05 110 Py -270 110
As 440 111 Pg -315 111
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Fig. 17 shows a part of a 64-QAM sequence in which four
symbols can be identified. Note that <vsen(t)> is the average
value 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. 16 (dots in blue). Fig. 18 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 vsen(t)) is delayed tei with respect to the
transition instant at the input of the filter (i.e., vxi(t) and vxa(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

Q
A

o DX

s,

Fig. 16. Constellation diagram of the reproduced 64-QAM scheme (dots in
red). The received symbols of the example shown in Fig. 17 are also included
(dots in blue).
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[AS P4]
[111011]

(A2 P2]
[001 010]

[AS P4]
[100 011]

Fig. 17. Portion of the experimental 64-QAM sequence where four symbols
are highlighted.

solid line) and the theoretical (yellow dashed line) appears. Fig.
19 shows a part of a sequence where all the possible amplitudes
are generated. Note that in this example each symbol is
transmitted twice (the amplitude keeps constant over 6-Tsw).
Fig. 20 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.

Finally, the VLC system is evaluated by receiving the
transmitted signal using the setup shown in Fig. 21. The
commercial available receiver PDA10A-EC is utilized during
the tests. The distance between the VLC transmitter prototype
and the receiver is around 60 cm. Fig. 22 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.

—VSEN — — <VggN~>

| Transition at filter output
10808/ Stop § H 138V

5.00V/ e 14708

tym.

\tT:];‘(ti'n’Zns) ﬁ
l

| o rafi ] A
Transition at filter input Theoretical waveform

Fig. 18. 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.

—VSsEN — — <VggNn~

98008 10.005/ Swop £ H 138V

Fig. 19. Sequence where all the possible amplitudes are generated. Note that
in this case, the amplitude keeps constant over 6-Tgy.
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Ity Transition at filter output

| Transition at filter input

Fig. 20. 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.
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Transmitter

Fig. 21. VLC system setup.
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Fig. 22. Main waveforms involved in the test of the VLC system.
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C. Transmission Evaluation

In order to test the communication system, the received
signal is demodulated with Matlab. At this point, the definition
of the in-phase and quadrature components is mandatory. Along
the paper, the symbols were described according to the polar
coordinates (i.e., a combination of a certain amplitude with a
certain phase):

V = Ael®. (14)

However, the traditional architecture of the QAM
demodulator (see Fig. 23) is based on the Cartesian coordinates:

V = Acos(¢) + jAsin(¢). (15)

Thus, the in-phase component (i.e., horizontal component in
Fig. 16) is:

V; = Acos(¢). (16)

Similarly, the quadrature component (i.e., vertical
component in Fig. 16) is:

Vo = Asin(¢). (17)

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

Vgx (£) = Vgrx—_pc +
(18)
Agx(t) cos (Zﬂfswt + ¢RX(t)) + Vrx-pe»
where Arx(t) is the received amplitude, drx(t) is the received
phase and vrx.pc is the DC component. The first step is to
remove the lighting component (i.e., vrx.nc) with a high-pass
filter. Thus, vrx-ac(t) is obtained:

Vrx—ac(t) = Apx(t) COS(ZT[fSWt + (l’Rx(t))- (19)

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 fsw:

vy (t) = Vpx_ac(t)2 cos2nfsyt)) =

20

Apx(®) [cos (d)Rx(t)) + cos (47TfSWt + ¢RX(t))]. (20)
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Y
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Fig. 23. Diagram of the QAM demodulator implemented in Matlab.
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After that, the frequency component at 2-fsw is removed with
a low-pass filter, obtaining the in-phase component of the
received signal:
v, (t) = Apx(t) COS(¢RX(t))- (21)
In the lower path, vrx.ac(t) is multiplied by the local
oscillator with a phase-shift of 90°:

s
Vo-m(t) = Vrx_ac(t)2 cos (Zﬂfswt + E) =

(22)
Apx(0) [sin (g () = sin (47f gt + by (O]

After that, the frequency component at 2-fsw is removed with
a low-pass filter, obtaining the quadrature component of the
received signal:

Vo (t) = Agx(t) Sin(d)Rx(t))- (23)

Both vi(t) and vq(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. 16. Fig. 24 exemplifies the demodulation process using the
sequence portion shown in Fig. 17.

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

e=w-", (24)
where W is the received symbol and V is the ideal symbol
(see Fig. 25).

The root mean square value of the Error Vector Magnitude
(EVMRrums) is a widely used figure-of-merit that evaluates the
performance of the communication system. EVMgus is based
on calculating € for a sequence of N symbols, considering the
average power of the involved symbols:

EVMRMS = (25)

The measured EVMgrus of the implemented communication
system is 14.6% when considering the sequence of four
symbols (i.e., 24 bits) depicted in Fig. 24. Typically, EVMgrums
is evaluated for longer sequences and a value around 5%-15%
is usually required to fulfill the requirements of wireless
communication systems [62].

D. Bit Rate/fsw Evaluation

As it is explained in the Section ILE, the target of this
research is to improve the results achieved in [37] and [39] (i.e.,
power efficient approach reproducing an inefficient modulation
scheme), alleviating the trade-off between communication and
power efficiency. Due to the high fsw required, the power losses
of the HB-LED drivers for VLC are dominated by the switching
losses. Therefore, the bit rate achieved by the VLC transmitter
divided by the required fsw of the DC-DC power converter is a
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Fig. 25. Graphical interpretation of the error vector.

suitable figure-of-merit to evaluate each solution.

In [37], the reproduced VPPM scheme is limited by the
current control loop. As a consequence, the bit rate achieved is
ten times lower than fsw: 50 kbps is achieved using fsw equal to
500 kHz. The method proposed in [39] also reproduces a VPPM
scheme, but reduces the current control loop limitation. In this
case, the bit rate achieved is equal to fsw: 2 Mbps is achieved
using fsw equal to 2 MHz. Since the bit rate achieved by the
method proposed in this work depends on the specific single-
carrier digital modulation scheme that is reproduced, equation
(26) must be considered to evaluate the figure-of-merit:

bit rate _ Tsw logz(NS)

fsw Tsym (26)

Note that the bit rate rises with NS. Moreover, the lower the
symbol period (i.e., Tsym), the higher the bit rate. In the case of
the developed prototype, the bit rate achieved is 1 Mbps
because a 64-QAM scheme is reproduced and Tsywm is equal to
6 ps (i.e., 3:Tsw).

Fig. 26 shows the figure-of-merit evaluation for each
method. Method A and B denote the approaches for
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Fig. 26. Bit rate/fsw evaluation for different approaches of VLC transmitters based on the use of DC-DC power converters.

reproducing VPPM schemes that are presented in [37] and [39],
respectively. Blue columns represent the results provided by the
method presented in this work for reproducing single-carrier
digital modulation schemes by controlling the first switching
harmonic of the DC-DC power converter output voltage ripple.
Black columns correspond to the method able to reproduce this
kind of modulation schemes by using the PWM technique (i.e.,
the method detailed in Section IV.A) and considering fgw=2-fs.
max. These two last methods are evaluated for three different
modulation schemes. It is important to note that in the case of
the PWM method, when Tsywm is reduced to increase the bit rate,
the bandwidth of the signal to be reproduced is higher and, as a
result, the required fsw rises. However, in the case of the method
proposed in this paper, fsw is independent of Tsym.

In summary, the highest ratio between bit rate and fsw is
achieved by the method presented in this work. This is due to
the high spectral efficiency provided by the single-carrier
digital modulation schemes and due to the fact that by using the
proposed method, the required fsw is equal to fo.

VII. CONCLUSIONS

VLC is an application with great potential for the future that
has achieved extremely high bit rates during last years.
However, the HB-LED drivers proposed for achieving such
speeds offer low power efficiency. Consequently, there is a
trade-off between communication and power efficiency that
this research has aimed to alleviate. The proposed two-phase
synchronous buck converter for VLC transmitters is able to
reproduce single-carrier digital modulation schemes and to
fulfill the lighting functionality. The DC-DC power converter
takes advantage of the output voltage ripple using a method that
is not reported in literature: controlling the amplitude and the

phase of the output voltage ripple first switching harmonic by
modifying the phase of the switch-node voltage of each phase
of the converter. Most relevant theoretical base of the method
is explained and a 10 W prototype that implements a 64-QAM
is presented.

In comparison to the previously proposed DC-DC power
converters for VLC transmitters, the presented approach
achieves the highest ratio between bit rate and switching
frequency. Moreover, improving the result by reducing Tsym or
using a more complex QAM-scheme seems to be an achievable
goal.

Another important point is that the techniques for enhancing
the available bandwidth are compatible with the proposed
method, thus showing the possibility of attaining higher data
rates in the future.
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