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Abstract—Visible Light Communication (VLC) is a wireless
communication technology that uses visible light to send data. The
most popular implementation of a VLC driver is made up of a DC-
DC converter, in charge of biasing a set of High-Brightness LEDs
(HB-LEDs), and a Linear Power Amplifier (LPA), that injects the
communication signal component. In this work, a Switching-Mode
Power Amplifier (SMPA) based on a tuned three-level Flying
Capacitor (FC) topology is proposed as an alternative to overcome
the poor power efficiency of the aforementioned LPAs. In
comparison to other SMPA topologies, the proposed SMPA is able
to reproduce Single-Carrier Modulation (SCM) schemes with a
higher bandwidth due to the proposed phase-shift control strategy
and the use of a multilevel approach. A prototype reproducing a
SCM scheme was tested, achieving a peak power efficiency of 96%
and improving the efficiency results of other existing SMPAs
approaches that were previously proposed for this kind of
applications.

Keywords—Visible Light Communication (VLC), Flying
Capacitor (FC), Switching-Mode Power Amplifiers (SMPAs),
Quadrature Amplitude Modulation (QAM).

[. INTRODUCTION

Visible Light Communication (VLC) has been explored
during recent years as an alternative communication technology
to alleviate the saturation of the radiofrequency (RF) spectrum
[1]-[3]. VLC uses the visible light part of the electromagnetic
spectrum (430 THz-750 THz) to transmit information in a non-
guided medium instead of RF waves. One of the main
advantages of VLC over the use of RF communication is the
low cost and the low complexity required by the deployment of
the networks that make use of this technology, since it can be
integrated into the current Solid-State Lighting (SSL)
architectures. Thus, VLC achieves the combination of the
transmission of information with the illumination functionality.

In a VLC link, the communication is performed modulating
the current that flows through a set of High Brightness LEDs
(HB-LEDs) which translates the fast current changes into
proportional light intensity variations. The synthesis of the
current that flows through these HB-LEDs can be splitted into
two main components. First, a positive DC bias is required to
comply with the illumination functionality, and it will
determine the lighting level. Second, the information to be
transmitted will be encoded into AC variations around the

Electronic Power Supply Systems  Electronic Power Supply Systems

Javier Sebastian
Electronic Power Supply Systems
Group (SEA),
University of Oviedo
Gijon, Spain
sebas@uniovi.es

Diego G. Lamar

Group (SEA),
University of Oviedo
Gijon, Spain
gonzalezdiego@uniovi.es

operating point, according to the reproduced modulation
scheme. In order to optimize the electrical bandwidth of the
HB-LEDs used in the existing SSL luminaires, the frequency of
the current variations corresponding to the communication
signal should be of few MHz. Note that the conventional white
HB-LEDs used in the commercial SSL luminaires have a
bandwidth between 3 and 5 MHz [4].

The design of the circuitry that drives the HB-LEDs of a
VLC transmitter (i.e., the VLC driver) has been subject of
discussion during the last years [5], [6]. Although many high
efficiency HB-LED drivers mainly focused on illumination
tasks are reported in the literature [7], it should be considered
that the inclusion of transmission capabilities in a VLC driver
always results in additional power losses [8].

One of the most popular VLC driver implementations is the
bias-T architecture, depicted in Fig. 1 [5]. In this architecture,
the aforementioned current variations are performed by
changing the voltage applied to the string of HB-LEDs (v,). The
current that determines the illumination level is synthesized by
means of a high-efficiency DC-DC converter, which generates
a DC voltage level (V,-pc) to bias the HB-LED string in its
linear region. At the same time, a Linear Power Amplifier
(LPA) synthesizes voltage variations (v,-4c) according to the
communication signal reference (v4c-r) to be transmitted. Both
components are then combined using a choke inductor and a
coupling capacitor, respectively.
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Fig. 1: The bias-T VLC driver architecture.



Although Class A and Class A/B LPAs provide high data
transfers, the power efficiencies reported are very poor (10% -
40%) [9], [10]. In recent years, the use of Switching-Mode
Power Amplifiers (SMPAs) has been proposed as an alternative
to the conventional LPAs used in VLC transmitters. As an
example, two Class E SMPAs are used in [11] to transmit a
Single-Carrier Modulation (SCM) (i.e., the amplitude and the
phase of the communication carrier depend on the information
to be transmitted). Although the SMPA achieves an efficiency
of 72%, the approach results in a very complex VLC driver.
Furthermore, power devices able to withstand high voltage
stresses are required to implement both amplifiers, and a bulky
inductor is mandatory. In addition, Zero Voltage Switching
(ZVS) is lost always when a change in the carrier occurs, with
a ZVS recovery period of nearly two carrier cycles. In this way,
one of the main advantages of Class E SMPA is lost. Another
approach consists in using fast switched-mode DC-DC
converters to provide not only the biasing component, but also
the communication signal [12]-[15]. However, the bit rates
achieved with these approaches are not as high as those
achieved with the aforementioned LPAs. Moreover, it leads to
bulky solutions when SCM schemes are reproduced (for
instance, two DC-DC converters, one of them implementing a
6th order output filter, are used in [15]).

In this work, a SMPA based on a tuned three-level Flying
Capacitor (FC) topology is proposed to be used in a biaslT
architecture for implementing a VLC driver. This topology
reduces the switching losses in comparison to other SMPAs
used for communication signal synthesis, which are critical due
to the high bandwidth required. In addition, the use of a
multilevel topology with the proposed phase-shift control
strategy provides the enhancement of different aspects in
comparison to other SMPA approaches, in particular the
bandwidth of the communication signal to be reproduced. The
rest of this article is organized as follows. In Section II, the
SMPA based on the FC topology is presented, and an analysis
of its operating principle along with the proposed phase-shift
strategy control is provided. In Section III, an analysis of the
dynamic improvements of the SMPA against a conventional
Class D SMPA is introduced. In Section IV, the operation of
the SMPA is experimentally tested using a prototype capable of
reproducing SCM schemes with a carrier of | MHz. Finally, the
main conclusions of this work are given in Section V.

II. TUNED SMPA BASED ON THE FC TOPOLOGY

A. Requirements for the Communication Signal Synthesis

One of the most used SCM schemes, and whose
reproduction is the object of this work, is the Quadrature
Amplitude Modulation (QAM) scheme. One of the reasons to
use this kind of modulations is the high spectral efficiency they
provide [16], [17]. In these schemes, a sinusoidal signal of
frequency fy varies both its amplitude and phase according to
the digital symbol (i.e., a certain set of bits) to be transmitted.
Thus, if a sequence of QAM symbols is used for data transfer,
the waveform to be synthesized by the power amplifier of the
VLC driver in a bias-T architecture during the transmission of
the k" symbol, can be expressed as

si(£) = Ay cos Qrfot + ), (1

where A4y and ¢, are the amplitude and the phase of the carrier
corresponding to the encoding of the k£ symbol according to
the QAM scheme used, respectively.

B. Operating Principle

In order to synthesize the aforementioned QAM scheme,
this work proposes the use of SMPAs based on the use of the
FC topology [18]-[20]. This kind of circuits has raised interest
in the synthesis of signals using Pulse-Width Modulation
(PWM) techniques [21], [22]. Some of the advantages that this
topology offers this topology are the possibility of
implementing a multilevel architecture without the need of
auxiliary input voltage sources, the reduction of the harmonic
content at the output voltage and the reduction of the switching
losses. In addition, a method for reproducing passband signals
using a multilevel pulse train is proposed in [23] as an
alternative to the high switching losses of the conventional
PWM techniques. This idea is adapted in this work to
implement a multilevel SMPA based on the FC topology
(hereafter, three-level Class D SMPA), shown in Fig. 2.

It should be noted that the resistive load R;zp included in
Fig. 2 models the dynamic resistance of a set of HB-LEDs
already biased by a regular DC-DC converter in the bias-T
architecture. For the sake of simplicity, this DC-DC converter
has not been represented in this schematic.

The proposed SMPA is made up of two pairs of MOSFETs
(S41, Szr) and (S4z, Sg2), which are controlled complementarily,
following the phase-shift control strategy shown in Fig. 3 and
Fig. 4. The switching frequency of the MOSFETs is equal to
the carrier frequency fj, and they are ON half the switching
period. Following this control strategy, the AC component of
the voltage at the input of the filter (vy.) is made up of the
difference between two pulses with a phase difference of 180°
(i.e., the relative positions of the two pulses within the
switching period is y and y + 1/2), with the same duty cycle (d)
and with the same amplitude (i.e., V¢/2, where V, is the supply
voltage of the proposed SMPA). The width of both pulses can
be varied by means of d parameter (phase-shift between control
pulses of S4; and S42), and its position by means of parameter y.
vsw 18 then filtered using the LC band-pass filter made up of the
inductance Ly and capacitor Cy (see Fig. 2). This filter is tuned
to the frequency fy. Therefore, the SMPA output signal v,-4c
applied to the string of HB-LEDs could be simplified as the first
switching harmonic of vy,. It should be considered that the
capacitor Cy of the band-pass filter acts, at the same time, as the
coupling capacitor of the bias-T architecture shown in Fig. 1,
thus reducing the number of components required to implement
a fully functional VLC driver.
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Fig. 2: Proposed three-level FC Class D SMPA.
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Fig. 3: Driving signals and main waveforms of the proposed three-level
FC Class D SMPA operating under the phase-shift control strategy.
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Fig. 4: Equivalent circuits of the proposed three-level FC Class D
SMPA: (a) State 1. (b) State 2. (c) State 3. (d) State 4.
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Another possible option for implementing a three-level
SMPA may involve the use of a full bridge [24]. However, as
the switching signal is not referenced to ground, a transformer
would be needed to use in the bias-T architecture of Fig. 1, thus
increasing the size of the VLC driver to be integrated in the HB-
LED luminaire.

C. Synthesis of QAM schemes

To understand how the proposed three-level FC Class D
SMPA can be used to synthesize QAM schemes, the theoretical
expression of the signal obtained at the output of the circuit has
to be derived. The signal v, can be expressed as a function of
its harmonics by using the Fourier analysis

vsw(t) =5 z snl[(;:: 11)7Td]

cos[(2n - l)w,)t L on - oml,

where wo = 2zfp. It has to be considered that parameter d varies
from 0 to 0.5 (i.e., both switching pulses never overlap), while
parameter y varies from 0 to 1. Assuming that the series LC
output filter in Fig. 2 is tuned at fj, the rest of frequency
components of the signal v, (n # 1) are attenuated, and
therefore can be considered theoretically rejected at the output
of the circuit. Thus, the output voltage waveform v,-4c of the
proposed SMPA can be expressed as

2

Vouc() = 7% Vy sin (wd) cos(w,t — 27y). 3)

As equation (3) shows, amplitude and phase changes of the
sinusoidal waveform obtained at the output of the SMPA can
be carried out by changing d and y, respectively. In this way,
the transmission of a QAM scheme can be achieved adjusting
both control parameters according to the amplitude and the
phase of the digital symbol to be transmitted.

D. Circuit States

Fig. 4 depicts the four circuit modes that appear during the
operation of the three-level FC Class D SMPA under the
proposed phase-shift control strategy, including the main
current paths. For the sake of simplicity, it is considered that the
voltage across the floating capacitor Cy. (see Fig. 2) is constant
and equal to V,/2. Hence, the description of each state during a
switching cycle can be found below:

e State 1 (S4; = ON, Sy =ON, Fig. 4(a)): during this state,
vew 1S clamped to V, and current flows from the input
voltage source to the load. It is considered that the current
through the load is a sinusoidal waveform due to the
resonant output filter, and it is in phase with voltage due
to the resistive behavior of the HB-LED load. As Fig. 3

P p—— e K"/-erld'm - —?” depicts, operation in this state occurs during the positive

y Sy + :tl Sz v half-cycle of the carrier.
= V24t R e State 2 (Su = ON, Sy = OFF, Fig. 4(b)): vs is equal to
_ : [ LED Vo2, which is the difference between the voltage
= ; == g provided by the input voltage source (i.e., V) and the
A4 B 2 voltage across Cr (i.€., V¢/2). Due to the sinusoidal

behavior of the load current, a change in its direction
occurs during the second half of the interval. This is
represented in Fig. 4(b) with a dotted line. Thus, Cy. is
first being charged from the supply source and then



discharged by the load current. Therefore, the average
current during this time interval is zero.

e State 3 (S4; = OFF, S.>= OFF, Fig. 4(c)): this state occurs
during the negative half-cycle of the sinusoidal load
current. Therefore, current flows from the load to
ground. vy, is clamped to 0 V, and C. is disconnected.

e State 4 (S4; = OFF, S42 = ON, Fig. 4(d)): Cy. is connected
to the input of LC band-pass filter. Thus, the switching
node voltage during this interval is V,/2. In this case, the
same situation as the one of state 2 occurs: a change in
the load current direction during the second half of the
interval varies the Cg. charging process.

As explained, the phase-shift control strategy previously
described makes the average current through Cy. equal to zero
under the nominal operation of the SMPA. Thus, the use of a
tuned FC topology reproducing a sinusoidal current achieves a
natural mechanism to balance the charge of C, ensuring that the
voltage across the flying capacitor remains constant. This self-
balancing mechanism reduces the complexity in the
implementation of the FC topology in comparison to other
approaches under PWM operation, where an active control is
required to keep the voltage across Cy. constant [22], [25], [26].

III. IMPROVEMENT OF THE COMMUNICATION SIGNAL
BANDWIDTH

From the communication perspective, the three-level FC
Class D SMPA improves different aspects of the synthesis of a
QAM scheme, in comparison with other conventional SMPA
approaches, like the tuned Class D SMPA (see Fig. 5), which is
the two-level version of the topology proposed in this paper. In
the Class D SMPA, MOSFETs S; and Sz operate
complementary, generating voltage pulses of frequency fy and
amplitude V, at the switching node. The pulse-width and the
pulse-phase can be controlled with d and y parameters,
respectively. In this case, the analysis of vy, leads to the
following expression

sin(

) cos(nwyt — n2zy).  (4)

2 o0
H=dv,+ -V Z
vsw() g T g n

n=1
Considering that the resonant circuit formed by Ly and Cy is
tuned to fj, the expression of the SMPA output signal v,-4c is
the same as the one shown in equation (3). As can be seen, an
independent control of the amplitude and the phase of a carrier
by means of the parameters d and y, respectively, can be
achieved. Thus, a tuned Class D SMPA can also be used to
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Fig. 3: Tuned Class D SMPA: (a) Topology. (b) Main voltage
waveforms.

synthesize QAM schemes in the same way the three-level FC
Class D SMPA does.

The main difference between the three-level and the two-
level approaches lies in the rejection of the even harmonics that
the phase-shift control achieves in the case of the SMPA
topology introduced in this work. It has a direct effect on the
bandwidth of the output band-pass filter and, therefore, on the
communication bandwidth. In the case of the two-level
approach, the upper cut-off frequency fi-2iever 0f the band-pass
filter shall suffice the following condition in order to properly
reproduce the communication signal without distortion

fmax <fupper—21€vel < 2f0 ' (5)

In the case of the proposed three-level SMPA, the upper cut-
off frequency fipper3iever must satisfy the following requirement

fmax <f1‘4pper-3level < 3](;) ) (6)

In these expressions, fu. represents the maximum
frequency of the communication signal, that, in the case of a
QAM scheme, can be approximated as [16]

Sna =ty hym= (12 @

where f;,. is the symbol frequency (i.e., the frequency at which
the digital symbols are sent), and m the number of carrier
periods required by the transmission of a digital symbol. In the
literature, the quality factor Q of a band-pass filter is used as a
figure of merit to define the relationship between the tuning
frequency fy and the bandwidth of the filter Af = fipper — fiower
[27]:
_Jo
A
Regarding the dynamics of a SMPA, the lower the O value
of the output band-pass filter, the higher the communication
bandwidth, and therefore, the higher the data transfer rate.
Nevertheless, the election of the value of parameter O will also
influence in the attenuation degree of the rest of vy, switching
harmonics, and therefore, in the distortion of the reproduced
communication signal. Due to the phase-shift control strategy
and the rejection of the even harmonics, it can be proven that
the three-level SMPA approach offers a better tradeoff between
the bandwidth and the distortion of the reproduced signal than
a traditional two-level SMPA.

(®)

The average total harmonic distortion THD (where THD
stands for Total Harmonic Distortion) is introduced in this
paper as a figure of merit to compare the distortion introduced
by different band-pass filters with different O values when
reproducing the whole range of possible carrier amplitudes.
This figure of merit is defined as

100 [ Amax
THD[%] = —— f THD(A)dA, )
max J()

where Apqc is the maximum amplitude of the communication
carrier that can be synthesized at the output of the SMPA, and



THD(A) the value of the total harmonic distortion when a
carrier with amplitude 4 is reproduced. Note that the range of
possible carrier amplitudes varies from 0 (d = 0 in both the two-
level and three-level approaches) to Aua (d = 0.5). The value of
THD(4) is defined as [28]

/ S
THD(4) = ~——

) 10
7 (10)
where V), is the rms value of the n” harmonic of the SMPA
output voltage waveform, and V; the rms value of its
fundamental component (i.e., the communication carrier). Fig.
6 shows the range of possible THD values in a carrier synthesis
using both a two-level and a three-level SMPA applying
equation (10).

The most suitable design of the output LC filter of a tuned
SMPA will consist in finding the Q value that limits a
maximum THD value. As an example, Fig. 7 shows the
simulation results when the same amplitude change is
performed in a communication carrier whose frequency is fy =
1 MHz, using a two-level and a three-level SMPA approach.
The tuned Class D SMPA requires a value of Q = 12 to reach a
THD of 5%, while in the three-level FC Class D SMPA, a O
value of 5 is enough to reach the same THD value. It is observed
that the lower the Q value is, the faster the transition will be
since the bandwidth of the output band-pass filter will be
higher. It means that every digital symbol will require more
carrier cycles for its transmission in a tuned Class D SMPA than
in a three-level FC Class D SMPA, thus resulting in a slower
data transfer. The value of the symbol frequency f;, that can be
reproduced with a certain value of O can be approximated as
[16], [17]

/i
fsym: é’

where the bandwidth required by the transmission of a QAM
scheme is considered to be 2f;,,. In Fig. 8§, the positive half-
spectra of the signal at the switching node when synthesizing a
16-QAM scheme with the two-level and three-level approaches
are plotted, with the f;,,» values imposed by the previously
estimated Q values. The magnitude Bode diagrams of the
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Fig. 6: THD value obtained when different carrier amplitudes are
synthesized using a two-level SMPA and a three-level approach for the
same output LC filter (Q =5).
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Fig. 8: Spectrum of vy, and frequency response of the output band-pass
filter: (a) Tuned Class D SMPA and Q = 12. (b) Three-level FC Class D
SMPA and Q = 5.

output band-pass filters used in each SMPA are also
represented. As Fig. 8 shows, the bandwidth of the
communication signal reproduced by the three-level Class D
SMPA is greater than in a conventional tuned Class D SMPA
while keeping the same THD value, due to the reduction of Q.



IV. EXPERIMENTAL RESULTS

In order to evaluate the operation of the proposed SMPA, a
prototype that drives a load of 32 XLamp MX-3 HB-LEDs
(arranged in 4 parallel strings of 8 HB-LEDs per string) has
been implemented and tested. CSD17527Q5A MOSFETs are
used to implement the switching cells. The frequency of the
communication carrier is equal to 1 MHz. The LC band-pass
filter design has led to a Q value of 3 (Lp= 1.9 pH and Cy =
13.26 nF). In order to verify the operation of the prototype, the
reproduction of an unmodulated carrier (sinusoidal waveform
with constant amplitude and phase) was evaluated (see Fig. 9).
The figure depicts both the voltage waveform obtained at the
switching node and the signal synthesized at the HB-LED load,
as well as the current provided by the SMPA to the HB-LED
arrangement. An external DC-DC power supply has been used
to correctly bias the set of HB-LEDs in its linear zone (/,-pc =
1 A). The supply voltage V, of the prototype is set to 5 V. As
can be seen, vy, remains constant and equal to Vg/2 during the
conduction states 2 and 4. Thus, the experimental results
validate the self-balancing process of the flying capacitor C
voltage previously described. Fig. 10 shows the reproduction of
a carrier when amplitude and phase changes are performed, thus
representing the typical operation of a QAM transmitter. The
power efficiency results of the prototype when reproducing
carriers with different amplitudes is shown in Fig. 11. It can be
seen that a peak efficiency of 96 % and an average efficiency
of 85.72% are achieved, when the whole range of possible
amplitudes are considered.

V. CONCLUSION

In this work, the design of a tuned three-level FC topology has
been presented as a novel SMPA to be used in a bias-T VLC
driver architecture. This topology is capable of synthesizing
communication signals with a higher bandwidth than those
reproduced by other SMPA approaches, due to the proposed
phase-shift control strategy. For this purpose, a theoretical
analysis of the improvements that this FC-based SMPA offers
in comparison with the tuned Class D amplifier in the synthesis
of QAM schemes has been performed. Furthermore, the
phaselshift control strategy also allows for the implementation
of a self-balancing mechanism that ensures that the voltage
across the flying capacitor remains constant, unlike other FC
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Fig. 9: Main waveforms when an unmodulated carrier is reproduced.
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Fig. 10: Reproduction of changes in the communication carrier:
(a) Amplitude change (b) Phase change.
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Fig. 11: Power efficiency of the prototype as a function of the amplitude
of the carrier to be reproduced.

implementations. The idea has been successfully evaluated
through the implementation of a prototype capable of
reproducing QAM schemes, with a peak power efficiency of
96%.
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