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

Visible light communication (VLC) enables a
wide range of applications demanding data commu-
nication from Internet of Things connected devices
[1], indoor localization, up to 5G mobile network
attocells [2], among many others. As an extra fea-
ture, VLC demands that illumination infrastructure
would also perform instantaneous light modulation,
being performed at frequencies imperceptible to the
human eye.

Although very promising, the realization of VLC
modulation capable devices faces technical chal-
lenges concerning the bandwidth (BW) of light
modulation [3]-[5], drop of efficacy of the LED
[6], [7] and also electronic driver limitations [8],
[9]. In order to not cause a substantial decrease
in the energy efficiency of an illumination device,
VLC needs to be seen as an incremental feature
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Fig. 1: Application of a SMPC as VLC LED driver.

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

Consumer electronic LED drivers are mostly
designed using Switched Mode Power Converters
(SMPC). They are more efficient power sources
which also present reduced circuit volume, weight
and cost due to the available range of switching
frequencies of their semiconductors (hundreds of
kHz to dozens of MHz). For VLC, those circuits
may be used as modulators at the transmitter, as
showed in [10]-[13]. One example of application
and block diagram of a SMPC-based VLC system
is depicted in Fig. 1. This diagram shows how the
communication and lighting control are connected
in a single VLC LED driver used to send data from
transmitter to receiver modules. However, in terms
of signal dynamics at the light output, single SMPCs
[8], [10]-[13] are not the fastest drivers among other
solutions reported for VLC. Therefore, in order to
increase the system modulation bandwidth, some
solutions have been proposed in the literature [14]—
[17]. Nevertheless, these solutions require extra ele-
ments as linear amplifiers [14], [15] or extra switch
modulators [16], [17], which penalize the efficiency
and increase circuit complexity. An alternative solu-
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tion that does not require extra power components is
based on using the SMPC residual ripple to convey
the information [10], [11], [13], which limits the
system bandwidth due to the narrow converter filter
cut-off frequency. Given these reasons, this work is
focused on average current control, not on ripple
modulation, since it enables the system to implement
baseband and passband VLC modulation schemes.

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

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

II. PRE-EMPHASIS CONTROL OF A VLC SMPC

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

A. LED driver control scheme including PE

In LED lighting, control is mandatory to regulate
the dc output current for illumination. It can be
actively performed in a closed-loop scheme track-
ing a provided reference (/rpr). Fig. 2a presents
the block diagram of a VLC LED driver as the
schematic shown in Fig. 1 with additional PE fil-
ter. Fig. 2b shows the control diagram of a VLC
LED driver with PE in the feedforward path. The
controller C'4y¢(s) regulates a dc reference on the
output (I gp), and it operates on a bandwidth well
below the one required for the VLC signal. Hence,
the system transfer function (TF) from Izppr to I1pp
is depicted in (1).
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Fig. 2: Representations of VLC LED driver with PE.

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

Regarding the PE method, it compensates for the
low-pass dynamics of the converter by inserting the
data signal in a feedforward path on the driver con-
trol loop. Additionally, we may design the transfer
function PE(s) to overcome the low-pass character-
istics of the plant seen by the communication signal.
Thus, one way to analyze PFE(s) is by observing the
transfer function that relates the data signal Iy ;c(s)
to Irgp(s), shown in (2).
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The analysis of (2) is performed considering
separated frequency ranges. The first range is for
average current control for lighting (near dc). The
second concerns communication signal band (higher
frequencies). In the lower band, C'4y¢(s) has a high
gain (|Caya(s)Ge(s)Grep(s)| >> 1), thus render-
ing I1pp(s)/Ivic(s) = PE(s)/Caya(s), showing
that the controller will reject any communication
signal in this band. Moreover, in the communication
signal band, the average controller Cyy(s) does
not actuates if its gain is low in such frequency. Thus
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|Cave(s)Ge(s)Grep(s)] << 1 and, in this case,
ILED<S)/IVLC(S) ~ PE(S)Gc(S)GLED(S). Finally,
this last is the TF that is used to design the PE filter.

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

B. Pre-emphasis filter

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

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

The PE filter can be implemented in a continuous-
or discrete-time domain, and it shall be integrated
to the converter into the D(t) value provided to
the PWM modulator. Thus, the amplitude drop at
the passive filter output will be compensated by the
PE filter. T he f requency r esponse o f t his fi Iter is
depicted in the Bode diagram of Fig. 3. It shows
a small magnitude drop as well as little distortion
into the signal phase within the additional bandwidth
that can be occupied by VLC signal using PE.
Although it seems a narrow band of spectrum in Fig.
3, this additional bandwidth corresponds to 80% of
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the useful bandwidth below the limit imposed by
Nyquist criterion.

III. DETAILS OF PE IMPLEMENTATION TO VLC

SMPC

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

A. Generic model of SMPCs

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

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



which the main converter power blocks are: switch
arrangements and passive filter. F or b etter visual

perception the frequency of pulses in .S is lower than
the necessary to produce vygp as smooth as shown
in the figure. The switches provide a PWM voltage.
The average gain over a switching period is then
defined by D (), which is the main control variable
and responsible to transfer data to the output current
and also regulate the dc light level.

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

Therefore, we may represent the signal path for
communications and lighting by the open-loop TF
block diagram of Fig. 4. A PWM with pulses aligned
at the beginning of the period behaves similarly
to a zero-order hold and, therefore, it causes no
significant d istortion t o t he s ignal 1 n t he b and of
interest that comes from dc to Fs/2. A linear phase
lag is caused in the signal band indeed, however
it represents a constant time delay. Therefore, a
constant gain was adopted for the PWM frequency
response in this analysis.

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

B. Current residual ripple as a design constraint

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

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

The LED linearized model is electrically rep-
resented by the threshold voltage (V;;) with the
series LED dynamic resistance (Rygp) [19], which
is valid while forward biased and around a given
operating point. The current ripple factor () can
be calculated from the LED instantaneous current
(:zgp) and average current (/1 pp), as presented in

(3).

Z‘AC
_ LED_rms (3)

ILED

where ing_Tms is the ac rms ripple of the LED

current.

The frequency harmonic components of iy pp are
directly defined by the filter bandwidth according
to the ratio Fs/BWF. Fig. 5 presents an abacus for
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this relation for filter order up to 4 using commercial
high power LED parameters [20] and D=0.5.

C. Foundation for PE method in SMPC

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

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

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

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

D. Limitations of PE method

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

Inductor inertia is analyzed by the current rise
and fall rates (dI;/dt) or the slew-rate the system
can perform. Hence, the inductance value (L) and
the voltage applied (V7,) are the converter parameters
that determine this performance, according to induc-
tor branch equation V;, = L dI}/dt. This example
approaches an inductor, but a similar analysis is also
valid for a capacitor or high order filters containing
multiple reactive components.

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

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

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

it o(t) =L~ (Iype(s) - PE(s)) =
~ > (PE; - Iyes sin(wit + ¢) )

where £7! stands for inverse Laplace transforma-
tion, Iyrci, w; and ¢; are the amplitude, angular
frequency and phase, respectively, of the signal
harmonics, and PFE; is the PE filter gain for each
harmonic.

There is no closed expression to calculate the
signal excursion from (4). However, according to
the central limit theorem, when the ac signal is
composed of a great number of uncorrelated and
random components inside a wide frequency band,
e.g. an OFDM signal, it can be approximated in
time domain by a normal distribution of zero mean
value [21]. This can be easily proven by numeric
simulations. According to this, if the BWS is in-
creased beyond BWF, the PE method will increase
the dynamic range of i}, ., even though the dynamic
range of 7y ¢ 1s kept constant. This happens due to
the PE higher gain in the signal path at frequencies
attenuated by the converter, which is a clear limita-
tion of this method.

In order to clarify the previous relations, numeri-
cal simulations were performed to obtain the maxi-

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

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

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

E. Design of average current controller

The average current controller Csy(s) shall
be specified to comply with the following two
requirements: performing good reference cur-
rent tracking against slow perturbations (with



Cava($s)Ge(s)Grep(s) >> 1 at low frequencies)
and having low gain (Cayq(s)Ge(s)Grep(s) <<
1) in the VLC signal band to avoid rejecting these
components. In this situation, the converter pas-
sive components dynamics (G¢(s)) have the dom-
inant poles, therefore defining the system band-
width. We suggest that the requirements can be
accomplished with Cay(s) as a low-pass filter
(bandwidth < BWF) or an integrator, but keeping in
mind that the gain and phase margin of direct path
Cave(s)Ge(s)Grep(s) shall be taken into account
for gain tuning.

F. Design of the PE filter

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

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

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

A generic model for a PE filter using poles and

zeros cancellation is given in (5).

H(l —+ S/UJSPZ')
PE(s) = — =1 e
H<1+3/w52i) H (1+ s/wpp;)

i=1 i=1

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

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

IV. SIMULATION OF LINEAR SYSTEM

Using the control structure described, the PE
method was simulated using a model of a generic
power converter. A mathematical software platform
was used to simulate the system with ideal switches
and a linear power filter. The filter of the power
converter was designed to be of first order with no
zeros and the switching frequency selected was 1
MHz. The ratio F5/BWF was selected as 100, thus
ensuring an output ripple of about 15% (see Fig. 5).
The design of the PE filter was performed according
to the converter TF and considering the procedure
described in Section III-F. In this design example,
the filter and converter TFs correspond to those in
Fig. 3. The pole of the converter and the zero of
the PE filter were located at the same frequency
of 10 kHz. Also, the additional pole was added to
the PE filter in order to assure its stability. Since
the communication signal bandwidth goes from 10
kHz to 450 kHz, the pole was located at a frequency
one decade beyond 450 kHz. The selected frequency
was 5 MHz. This design method assures no phase
distortion owing to the cancellation effect around 10
kHz and because the PE filter pole at 5 MHz has
no effect on the communication signal.

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

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

(b) Converter prototype.
Fig. 9: LED driver circuit used in the experimental
test.

of the whole system in Fig. 3 confirms that behavior.
After the compensation with PE, the frequency
band occupied by the test signal resides inside the
bandwidth of the system below a -3 dB cutoff.

V. EXPERIMENTAL VALIDATION

For experimental validation of the PE technique,
we used a synchronous buck SMPC driving a high
power LED. The values of the parameters used
in experimental validation are the same as in the
simulation, with the exception of the converter fil-
ter cut-off frequency that was the closest possible
with available components. The converter circuit,
designed with a first order filter, is depicted in Fig. 9.
This SMPC is commonly used for LED drivers due
to its simplicity and good efficiency in applications
that do not require electrical isolation.

The control structure was implemented using a
digital signal processor (DSP), similar to the feed-
forward VLC signal with PE, and the converter
design ensures duty cycle around 0.5 for the ex-
pected average LED current (I;zp). The experi-
mental setup parameters and operating conditions
are synthesized in Table I. The input voltage was
defined accordingly to keep the converter operating
at 0.5 duty cycle, which is the same simulated
operating point. The first order filter BWF is 8.12
kHz, therefore Fis/BWF = 123, that results in the



TABLE I: Experimental test setup parameters, com-
ponents and results summary.

Parameter [ Symbol | Value
Synchronous buck converter
Switching frequency Fs 1 MHz
Input voltage Vin 63.2V
Average output voltage Vo 285V
Average output current ILED 0.75 A
Output power P, 21.5W
Semiconductor switches S1,S2 IRF7492
Semiconductor driver MAX15019A
Digital Signal Processor TIVA TM4C1294
Inductor L 47 uH
Average duty cycle D 0.5
LED Bridgelux Vero 18 BXRC-50C4000-F-24 [20]
Threshold voltage Vin 26.8V
Dynamic series resistance RrLED 240
Average LED current IrED 0.75 A
PE filter parameters in (5)
PE filter zero frequency [ wspi | 8.12 kHz
System dynamic
Original system bandwidth 8.12kHz
Increased system bandwidth 450 kHz
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(a) From top to bottom: Detail of Vgp (ch. 1), captured
light (ch. 2) and I.gp (ch. 4).
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(b) From top to bottom: captured light signal (ch. 2) and
view of the dynamic of I, gp (ch. 4).

Fig. 10: Measurement results on oscilloscope.

ripple factor of 18%, calculated considering (3) and
without any intentional modulation. In fact, after
intentional modulation, the current excursion was
increased up to 24%, calculated following (3). In
this case, all frequency components are accounted,
which includes ripple and signal.

We captured the light using a light transducer
(Vishay BPW34S light sensor with an analog signal
amplifier, 1.1 MHz of bandwidth) at the distance of
2 m. From the performed experiments, it is possible
to confirm the effectiveness of the PE and the

prototype performance is presented on the following
results. Firstly, the oscilloscope plot shown in Fig.
10 clearly depicts the dynamic in the LED current
and the light captured. Observing either the time
domain behavior (Fig. 11a) or its spectrum (Fig.
11b), it is possible to see that they match with
the predicted behavior (Fig. 3) and the simulated
spectrum (Fig. 8). Fig. 11c presents the phase lag
of signal harmonic components which trends to a
linear shift, the linear trend of the PE measurements
is shown as a dashed line in this figure. Furthermore,
comparing to the communication signal provided
with the filtered I, gp in Fig. 11a, it is clear that with
PE the current follows the expected shape; while
without PE it is very degraded due to attenuated
frequency components.

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

Furthermore, the LED light signal was also cap-
tured. It was verified that it presents very similar
time and spectrum behaviors as those shown for the
LED current in Fig. 11. Only additional attenuation
was verified for components that were above the
light sensor bandwidth, which are out of the interest
band. Fig. 12 presents operating efficiency measure-
ments of the proof of concept converter according
to the ripple factor resulting from different modula-
tion intensities, that in this case indicates different
communication signal power levels. In this figure, it
is clear to see that the converter has same efficiency
with or without PE applied to the stimulus when
comparing the same output signal power level.

A. Comparison

Table II presents a comparison among the current
work prototype and other published solutions using
SMPC-based VLC LED drivers. The modulation
factor is the ratio between standard deviation and
average value of output current (o;, /I,,), and it is
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used to compare the amplitude of modulated signals
inside signal band. As can be seen, all solutions
employ buck and buck-derived topologies to imple-
ment current modulation. The two-phase converters
have effective double switching frequency when
compared to single-phase ones. In this work, a ratio
Fs/BWS of 2.2 has been achieved, which is the

lowest one of the compared solutions using average
current control. Therefore, considering the limitation
imposed by Fg the signal bandwidth of this solution
is among the highest in literature. Also solutions
using ripple modulation have similar performance
and achieve reasonable signal amplitude [10], [11],
[13], see modulation factor in Table II.

VI. CONCLUSIONS

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

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

Furthermore, we demonstrated from the analysis
that using this strategy the signal bandwidth can
reach up to Fg/2 without significant distortion or in-
tersymbol interference. That represents a significant
reduction, under equal output ripple restrictions, to
the Fs needed to synthesize the same VLC signal.
Therefore, the PE technique has shown to be an
effective method to overcome the low bandwidth
issues commonly encountered in VLC applications
involving SMPC.
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TABLE II: Comparison among VLC LED driver solutions using average and ripple modulation in SMPC.

Reference Output power (W) Mod. factor (o, /15) Efficiency (%) Fs(MHz) Fs/BWS Modulator topology
[8]* 6.7 0.28 90 5 415835 Two-phase buck
9712 1.7 1 85 0.10 10 Buck
[12]2 10.1 0.28 91.3 10 344 (699 Two-phase buck d
[22]2 4.3 0.64 81 10 10 Buck
[23]2 1 - 63 0.10 10 Buck
[24712 97.98 0.4 92 10 32 (645 Two-phase buck
[101° 22.6 0.29 91 0.1 2 Synchronous buck
[117b 10 0.44 86 0.5 365 Two-phase synchronous buck
[131b 10 0.5 96.5 0.5 8.33 (16.7§ Two-phase synchronous buck
This work? 21.5 0.1 89 1 2.2 Synchronous buck

3 Uses average modulation. Fis/BWS is calculated from O up to signal bandwidth in baseband. Ripple components exist out of signal band.

b Uses ripple modulation. Fi5/BWS is calculated using the signal bandwidth around switching carrier frequency, thus in passband.

¢ In parenthesis, it is F's/BWS calculated using effective Fg, two-phase converters have doubled Fs with regard to the switching frequency of a single
switch.
d Additional single-phase synchronous buck converter is used to process dc voltage.

program, PRPGP/UFSM, INCT-GD, CAPES proc
23038.000776/2017-54, CNPq proc 465640/2014-1,
FAPERGS proc 17/2551-0000517-1.

COMPLEMENTARY MEDIA

Detailed description of experiment and media
that do not fit the main paper length and proposal
is presented in this online presentation (web link).
URL: https://gitlab.com/sr-lucasteixeira/pe-control-
in-smpc-for-energy-eff-wide-bw-vlc. Additional me-
dia file is a complementary material and it is not
meant to replace the original paper content.
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