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Abstract—The Ripple Modulation (RM) is a technique that
provides a variable output voltage by using the output
voltage ripple of a Switching-Mode Power Converter
(SMPC). It was proposed to reproduce the communication
signal of a Visible Light Communication (VLC) transmitter,
thus avoiding the use of power inefficient Linear Power
Amplifiers (LPAs). However, the RM has a major drawback:
it has not been reported how to reproduce Multi-Carrier
Modulation (MCM) schemes, which are the preferred
modulation schemes due to their high performance in
wireless communications. In this work, it is demonstrated
that the RM can be used to reproduce MCM schemes by
considering the envelope and the instantaneous phase of
the communication signal. Moreover, the control system of
the power stage is described in detailed, explaining how to
modulate both the width and the phase of the gate signals,
the calculation of the phase-shift that is required for
tracking the envelope, etc.

Index Terms— Visible Light Communication (VLC),
High-Brightness LED (HB-LED), Ripple Modulation (RM),
Multi-Carrier Modulation (MCM), high efficiency.

. INTRODUCTION

OWADAYS, the use of wireless communication systems

is essential for the present and future society. The mobile
data traffic has grown exponentially during last decade and it is
expected that it will keep growing at similar rates at least until
2021 [1]. Moreover, emerging topics, such as the Internet of
Things (1oT) or the smart cities, show that the current trend is
to interconnect wirelessly humans and different kinds of items
placed in the environment (clothes, cars, city lighting, home
appliances, etc.) [2], [3]. As a result, the Radio Frequency (RF)
spectrum is already close to congestion and, therefore, enabling
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the data traffic predicted for upcoming years needs for further
research on new technologies. Looking at higher and
unexplored frequency bands and using the light as the
transmission medium is the logical step to alleviate the
problem. Visible Light Communication (VLC) is an optical
wireless communication subset that has caught the attention of
many communication researchers [4]-[7]. This wireless
communication system uses the wide and unlicensed visible
light spectrum (430-750 THz) to transmit information. The
strength of this approach arises when the communication is
combined with the lighting functionality of High-Brightness
Light-Emitting Diodes (HB-LEDs). Differently from other
lighting devices, HB-LEDs have the capability to perform fast
light changes, which enables the communication. In VLC, the
information transmission is performed by modulating the light
intensity waveform emitted by the HB LEDs (s(t)). After that,
s(t) is demodulated in the receiver by using a photodetector.
This technique, where the optical power is modulated to
transmit the information, is referred as Intensity
Modulation/Direct Detection (IM/DD) [8]. In order to fulfill
both the lighting and the communication tasks, s(t) is made up
of a DC component (Spc) that establishes the lighting level and
a high frequency AC component (sac(t)) that cannot be seen by
a human eye and that is determined by the modulation scheme:

s(t) = spc + Sac(t). (1)

The design of the HB-LED driver for performing VLC is a
very challenging task [9]. Depending on the HB-LED kind, its
bandwidth ranges between 3 and 20 MHz [10]. The HB-LED
driver must be able to make use of all the bandwidth provided
by the light source in order to maximize the bit rate. In other
words, the HB-LED driver should not be the element that limits
the communication speed. Moreover, the bit rate depends not
only on the bandwidth, but also on the modulation scheme that
is used to transmit the information. In this sense, being able to
reproduce Multi-Carrier Modulation (MCM) schemes (i.e., the
preferred modulation scheme for wireless communication
systems) is an important challenge. Those modulation schemes
are very efficient from the communication perspective, which
leads to a high ratio between bit rate and demanded bandwidth.
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In addition, they are robust against the multipath fading. This
phenomenon is caused by the different propagation paths of the
signal, which is translated into different time delays of the light
beams that reach the receiver, increasing the error during the
demodulation process. These features lead to the wide use of
MCM schemes in wireless communication systems, such as
Wifi [11], and explain why they are the preferred modulation
schemes for VLC [4], [12]-[14].

Typically, the HB-LED driver used for reproducing MCM
schemes is made up of a Switching-Mode Power Converter
(SMPC) that is responsible for biasing the HB-LEDs, and a
Linear Power Amplifier (LPA) that delivers the AC component
[9]. The bandwidth of the LPA is high enough for reproducing
the fast current waveforms that are needed. However, its power
efficiency is very low, which damages the high power
efficiency of HB-LED lighting. Take into account that a Class
A or AB LPA offers very low power efficiency (between 10%
and 40% depending on the MCM scheme). Another option is to
use a SMPC based on the Pulse Width Modulation (PWM)
technique (PWM-SMPC) to perform both the lighting and the
communication tasks to increase the power efficiency [15],
[16]. Buck-derived converters can be used to reduce the high
switching frequency (fs) that is required for enabling the
communication bandwidth. However, it is done at the expense
of increasing the complexity of the power stage (i.e., higher
number of SMPCs, switches, input voltages, etc.).

Recently, it has been demonstrated that the output voltage
ripple of a two-phase synchronous buck converter can be used
to reproduce communication signals [17]. This technique,
which will be noted as Ripple Modulation (RM), is very
promising because it achieves high efficiency, the power stage
is quite simple and the required fs is much lower than in the case
of PWM-SMPCs. As an example, the modulation schemes
reproduced in [15] and [17] are very similar (the modulation

i

scheme reproduced in [17] is a little more sophisticated). In the
case of [15], the modulation scheme is reproduced by means of
a PWM-SMPC whose fs is 4.5 MHz. In [17] the modulation
scheme is reproduced with a SMPC based on the RM and,
consequently, fs is much lower: 500 kHz. The drawback of the
RM is that, in principle, it is not able to reproduce MCM
schemes. The present work aims to improve the RM by
presenting a theoretical method for reproducing MCM schemes
and by describing the power stage control system used to
implement that method [18].

The paper is organized as follows. The RM is reviewed in
Section I1. Section Il is focused on explaining a method for
reproducing MCM schemes by means of the RM. The power
stage control system is described in Section IV. Section V
studies the experimental prototype. Finally, the conclusions are
gathered in Section VI.

Il. REVIEW OF THE RM

The RM was proposed for reproducing Single-Carrier
Modulation (SCM) schemes [17], where the information is
transmitted by the amplitude or/and the phase changes of a
cosine waveform (i.e., the carrier). Hence, the voltage that the
HB-LED driver provides can be expressed in this way:

)

Vo(t) = Vo_pc + Vo—ac(t),

= 4y (Dcos(2nfst + by (©)), ©)

Vo—ac(t)

where Vo.pc, Vo-ac(t), Av(t) and ¢v(t) are the DC component,
the AC component, the amplitude and the phase modulation of
the voltage, respectively. The method to control vo.oc, Av(t)
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Fig. 1. Power stage and blocks diagram of the control system used to apply the RM.
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and ¢v(t) by using the output voltage ripple of a SMPC will be
review below. The proposed SMPC topology is a two-phase
synchronous buck converter with high order output filter (see
Fig. 1). Since the communication signal is reproduced by means
of the output voltage ripple, the output filter design differs from
the conventional one of a PWM-SMPC. In this case the filter
passes not only the DC component of both switch-node voltages
(vs-1(t) and vs-o(t)), but also their 1t switching harmonic. Hence,
the cut-off frequency of the low-pass filter (fc) must be between
fs and 2-fs. Moreover, the SMPC is not controlled by applying
the PWM. It is controlled by using a more complex technique
that is noted as Pulse-Width and Pulse-Phase Modulation
(PWPPM) in this paper. As Fig. 2 shows, it implies that not only
the pulses width is controlled, but also their position over the
switching period (Ts). The duty cycle (d(t)) determines the
pulses width. It is important to note that controlling the pulses
phase is equivalent to control their position. The dimensionless
parameter that is used to control the pulses phase is noted as y(t)
(see Fig. 2), and it ranges between 0 and 1. When v(t) is 0, the
pulse phase is 0 radians, and when y(t) is 1, the pulse phase
is -2-m radians. Therefore, the pulse phase is equal to -2-m-y(t)
radians and, consequently, the center of the pulse appears
Tsy(t) after the beginning of the switching period (see Fig. 2).
Note that the phase is determined by the pulse center. In the
RM, d(t) is the same for both phases of the converter while the
pulses phases (i.e., the pulses positions) are modulated
independently by means of two values of y(t): yi(t) and ya(t).
The superposition theorem allows us to calculate the
relationship between vo(t) and the control parameters by
analyzing the voltage contribution of each phase of the SMPC:

Vo (t) = vo—1(£) + vo_5(8). (4)

where vo.1(t) and vo(t) are the output voltages provided by
phases 1 and 2, respectively. The equivalent circuit depicted in
Fig. 3 can be obtained by considering that the phase inductors
are equal and by applying the Thevenin’s theorem. This circuit
considers the switch-node voltage (i.e., vs.i(t)) divided by two
and applied to a low-pass filter, where the equivalent first
inductor (L1) is half the phase inductor (Lii). The voltage
contribution of each phase can be calculated by taking into
account that the filter passes not only the DC component, but
also the 1% switching harmonic, the delay introduced by the
filter (tri) and the Fourier analysis:

Vo1 (t + tpy) = @ +
v, ®)
?sm(nd(t))cos(anSt — 27y, (t)),
d(t)V;
Voo (t + tgy) = +

v, (6)
?sin(nd(t))cos(anSt — 21y, (1))

Substituting (5)-(6) into (4) leads to:

Pulse-width and pulse-phase modulated voltage
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Fig. 2. Pulse-width and pulse-phase modulated voltage.
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Fig. 3. Equivalent circuit used to calculate the voltage contribution of each
phase of the two-phase synchronous buck converter based on the RM.
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Fig. 4. Main voltage waveforms of the two-phase synchronous buck converter
based on the RM. Note that the output voltage representations cancel tg; to
facilitate the understanding: (a) Switch-node voltages. (b) Output voltage.

Vo (t + tpy) = d(O)V; +
%Sin(ﬂd(t))COS(ﬂa(t))COS(ZT[fSt — 27T,8(t)), 0

where a(t) is the phase-shift between vs.i(t) and vs.o(t) (i.e., the
position difference) divided by 2-xw, and B(t) is the absolute
value of the mean phase of vs.(t) and vs(t) (i.e., the average
position) divided by 2-7 (i.e., the mean value of y1(t) and y2(t))
[17]. Comparing (2), (3) and (7) allows us to identify vo.oc,
Av(t) and ¢v(t); and how to control them by means of d(t), a(t)
and P(t), respectively (see Fig. 4):

Vo-pc = d()Vg, (8)
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Ay(t) = Lsm(nd(t))cos(na(t)) )

¢y () = —2mB(8). (10)

Ill.  USING THE RM FOR REPRODUCING MCM SCHEMES

As was previously explained, being able to reproduce MCM
schemes is a very important requirement for VLC. However, it
has not been reported how to reproduce those schemes by
means of the RM. This point is not trivial because MCM
schemes are made up of N cosine waveforms with different
frequencies that change their amplitudes and phases over time
(see Fig. 5):

s(t) = spc +

N
1 (11)
Nz As_mem—k () cos R fycm-it + Gs—mem—k (),

k=1
where fucmk, As-memk(t) and ds.mem-k(t) are the frequency, the
amplitude and the phase modulation of the ki carrier of s(t),
respectively. Hence, the voltage waveform that is required for
reproducing a MCM scheme is:

vy (£) = vy_pe +
N

1
Nz Ay_mem—k (t) cosrtfycy—it + Py—mem—i (t)),

k=1

(12)

where Av-mem-k(t) and ¢v-mem«(t) are the voltage amplitude
modulation and the voltage phase modulation of the k™ carrier,
respectively. It is important to note that the dimming level
jeopardizes the maximum amplitude of the carriers that can be
used [16]. Av-mcm-k(t) and dv-mcm-k(t) are obtained from (11):

Ac_ _

Ay—yen—i(t) = LA IVII:M k(t). (13)
s-v

¢V—MCM—k(t) = ¢S—MCM—k(t)’ (14)

where Ks.y is the proportionality coefficient between the light
intensity of an HB-LED and the voltage across it in the linear
region [16].

Since the RM provides only one cosine waveform, a
comparison between (7) and (12) does not allow us to identify
the references that Av(t) and ¢v(t) must track to reproduce a
MCM scheme. Therefore, (12) must be manipulated to reach an
expression where only a single cosine waveform changes the
amplitude and the phase over time. The first step is to calculate
the center frequency of the MCM:

MCM - szCM k*

After that, the difference between fucwm and the frequency of
each carrier can be expressed as follows (see Fig. 6):

(15)

A Carrier 1

0
t

ACarrier 2

(d)

_..5ne

L

0

€)
Fig. 5. Example of a MCM scheme that is made up of 4 carriers: (a) Carrier 1.
(b) Carrier 2. (c) Carrier 3. (d) Carrier 4. (¢) MCM signal.

Alsac®| (MCM scheme)
N modulated colsme wavetorms

’+‘ Afyien ]
: _ Afyenmo i Afvemn

“ 7 r,

A:tMCM 3 AtMCM (N 1)

ﬂf\ﬂ ﬂf\

0 1:MLMfl 1:l‘vltl‘vl 2 1M(,M 3 IT\I( M tM( "M-(N-1) tM(JM

Fig. 6. MCM scheme in the frequency domain.

(16)

Af wem—r = Fucm—k = Fuen

According to (16), the k" voltage carrier can be expressed as:

Vien—i(8) = Ay_yem—i (t) -
cos (2 (fuem + Afucm-i)t + bv-mem—i(©)) =

AV—MCM—k(t)COS(ZT[fMCMt) :

17
cos (214 fucu—it + Py—mcm—ic(t)) —
AV—MCM—k(t)Sin(ZTEfMCMt) :

Sin(ZTEAfMCM—kt + ¢V—MCM—k(t))-
Substituting (17) into (12) leads to:
vo(t) = vo_pc + vMCM—l(t)COS(ZT[fMCMt) - (18)

UMCM_Q(t)sin(anMCMt),
where vmem-i(t) and vmem-(t) are the in-phase and quadrature
components of the MCM scheme with respect to a cosine
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waveform whose frequency is fucm. These two components are
formulated as:

N
1
Vyem—i(t) = Nz Ay_mem—(t) * (19)
k=1
cos(2mAfycm—it + Sv-mem—r (),
N
1
Unem—o(t) = Nz Ay_yem—i(8) - (20)

k=1
Sin(znﬂfmcm—kt + Gv_mcm—k (t))-

Finally, the MCM signal can be expressed as a function of a

single cosine waveform that changes the amplitude and the
phase over time:

vo(t) = vo_pc +
Ay e (D05 (21f ot + By 00 (D),

Ay_men(t) = JUMCM—I(t)Z +vyen—o(0)%  (22)

¢V—MCM(t) = tan"! (—UMCM_Q (t)>

Vyen—i ()

(21)

(23)

Comparing (7) to (21)-(23) allows us to identify both the
amplitude modulation and the phase modulation that must be
tracked to reproduce MCM schemes. Considering (9)-(10), the
control parameters should be modulated as follows:

_ 1 et [ Avmen®
a(t) = 7% <2VGsin(nd(t)))' #9
_ —Pv-men(t)
B(e) = I (29)

It is important to note that Av.mcm(t) and dv-mcm(t) are the
envelope and the instantaneous phase of the pass-band signal
considering a cosine waveform with frequency equal to fycwm as
the carrier (see Fig. 7). The process described from (17) to (20)
is analogous to the low-pass equivalent of a band-pass signal
[19]. In fact, the process described in (22) and (23) is the polar
representation of the 1-Q components of the MCM scheme.
Moreover, the method can be used to reproduce any band-pass
communication signal. Note that any signal can be used in (22)
and (23) instead of the 1-Q components of a MCM scheme. In
this way, a carrier at the switching frequency of the converter
(i.e., fs) would be modulated by an arbitrary waveform defined
by the arbitrary signals used in (22) and (23).

Fig. 8 shows the scheme of the MCM demodulator
implemented in Matlab, which consist in using an 1/Q
demodulator per carrier [11]. Each branch has a band-pass filter
that passes the frequency components around the carrier
frequency. After that, both the in-phase and the quadrature
components of the carrier are obtained. Finally, the amplitude
and the phase of the carrier are calculated. It is important to
note that the demodulator can be simplified for certain MCM
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Fig. 7. References that must be tracked in order to reproduce a MCM scheme
with the RM: (a) Ay(t) must track the envelope of the communication signal.
(b) dv(t) must track the instantaneous phase of the communication signal.
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Fig. 8. Blocks diagram of the demodulator.

schemes, such as Orthogonal Frequency Division Multiplexing
(OFDM), which has some characteristics that allow us to use a
demodulator architecture based on the Fast Fourier Transform
(FFT) [11], [24].

IV. CONTROL SYSTEM

Fig. 1 shows the power stage and the main blocks of the
control system used to apply the RM. The inputs are the voltage
envelope reference (Avre(t)) and the instantaneous phase
voltage reference (Pv-ref(t)) that must be tracked by Ay(t) and
ov(t), respectively; the measurement of the current that flows
through the HB-LEDs (io(t)) and the DC current reference
(io-oc-ref), Which in turns determines the lighting level. The
outputs of the control system are the pulse voltage waveforms
that feed the gates of the MOSFETS: vgi(t), Vei-o(t), Vea-a(t)
and vgz-o(t) for Q1.1, Q1-2, Q2.1 and Qy-, respectively. A general
description of the main blocks can be found below.

A. d(t) Calculator

This block calculates the duty cycle value required for
properly biasing the HB LEDs (see Fig. 9). io(t) is sensed and



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2912795, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

d(t) calculator

iLow-Pass Filter ]

1o(t) lo-pc :
o

d=0.10r0.9
0 0.1V Av()
Fig.10. a(t) versus Ay(t) when Ay(t) << V.

filtered to measure the DC component of the output current
(io-oc). Since this value determines the lighting level, io-pc-ref IS
compared to io-pc. After that, the Error Amplifier (EA) provides
the d(t) value that ensures the desired lighting level.

B. a(t) Calculator

This blocks calculates a(t) to provide the desired Ay(t). The
calculation that must be carried out can be obtained by solving
(24), which is not straightforward because the expression is
quite complex and it depends not only on Av-ref(t), but also on
the current d(t) value. As a consequence, both Av.gef(t) and d(t)
must feed the o(t) calculator block (see Fig. 1). Fortunately, (24)
can be simplified since, in practice, Av(t) is much smaller than
V. This is because of the relationship between the light
intensity emitted by an HB-LED, the current that flows through
it and the applied voltage: once the HB-LED is properly biased,
small voltage changes lead to both big current changes and big
light intensity changes [16]. As Fig. 10 shows, the relationship
between a(t) and Avy(t) described in (24) is almost linear when
Av(t) << Vg and, consequently, the following approximation is
quite accurate:

a(t) = ag —mo(d(t))Ay—per (). (26)

Note that ao is the a(t) value when Ay(t) is 0 V, and mo(d(t))
is the derivate of a(t) with respect to Av(t) and evaluated in
Av(t) =0 V:

ao = 0.5,
1
2Vg sin(d(t) - )’

(27)

mo (d(1)) = (28)

Since mo(d(t)) depends on d(t) and the expression is not
trivial, it is calculated by means of a look-up table.
C. B(t) Calculator

Differently from the o(t) calculation, calculating B(t) is
straightforward following (25).

A Y
i + + —p
-Ts () s 2Ts
rc-a{(t)'TS = rc-b(t)'TS fc-a(t)'Tszfc-h(t)'TS
(@
Te-a(l) TS i :
! {i
t i i +—
-Ts o 1 Ts 2Ts ¢
l\e—a(l )[S = ]‘e-h(l)'TS re—h“)‘rl S
(b)
E i"" fe a([) TS
by & iy
; f } —
-Ts 0 T 1t T 2Ts t
re—b(l)'TS refa(l)'TS = re—b(l}'TS
(©
A Y A Y
S T
fc—a(t) 'TS fc-b([) : TS
re—a([)' TS refb(l) ’ TS
(d)
2 N
A Y A Y
' : — >
-Ts 04 ke $ors
fc-b(t) 'TS fc-a(t) ) TS
refb(l) ’ TS Le-a(1) 'TS
(e)

Fig. 11. Situations that could appear according to the possible values of the
provisional rising and falling edges positions: (a) Situation 1. (b) Situation 2.
(c) Situation 3. (d) Situation 4. (e) Situation 5.

D. Provisional Edges Positions Calculator

Once d(t), a(t) and B(t) are calculated, the generation of the
pulses can be addressed. Both vs.1(t) and vs »(t) are proportional
to the gate signals that feed Q11 and Q-1. Obviously, the gate
signals that feed Qi and Q.; are the complementary ones.
Therefore, and as will be shown below, the remaining part of
the control system is focused on generating the gate signals that
feed Q1-1and Qz-1. As Fig. 1 shows, the last stage of the control
system is the generation of the complementary gate signals that
feed Qi-2and Qa-2.

The first step is to calculate the provisional rising and falling
edges positions of the pulses. The reason that explains why they
are provisional values is detailed in Section IV.E. The
provisional edges positions can be calculated as follows (Fig.
11(a) may help to understand the reasoning):

Te-a1 (t) = B(t) - ? - ?‘ (29)
foear(0 = B0 - 2+ T, 0)
nﬂxw=mw+g?—%? (31)
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a(t)

d
fora®=p0 + 22+ 0

32
> (32)
where re.ai1(t), fe-a1(t), re-a2(t) and fe.a2(t) are the provisional rising
edge position of phase 1, the provisional falling edge position
of phase 1, the provisional rising edge position of phase 2 and
the provisional falling edge position of phase 2, respectively.

E. Definitive Edges Positions Calculator

The aforementioned rising and falling edges positions are
provisional values because they are only valid if the pulse that
must be generated does not exceed the limits of its switching
period. Note that if a provisional edge position is lower than 0
or higher than 1, it means that the pulse exceeds its switching
period. Considering the maximum and minimum values of a(t),
B(t) and d(t), there are five possible situations:

Situation 1: re-a(t)>0 and fe.a(t)<1. The pulse does not exceed
its switching period (see Fig. 11(a)). In this situation, the
definitive rising and falling edges positions (res(t) and feu(t))
are equal to the provisional ones:

Te-b (t) =Te-a (t)r (33)

fe-b () = fe-a(®). (34)

Situation 2: re.a(t)<0 and fea(t)<1. The pulse exceeds its
switching period and a part of it tries to invade the previous one
(see Fig. 11(b)). In this situation, the part of the pulse that tries
to appear in the previous switching period must be moved to the
end of the correct one:

Te—b (t) = re—a(t) + 1: (35)

fe-b () = fe—a(®). (36)

Situation 3: rea(t)<1 and fea(t)>1. The pulse exceeds its
switching period and a part of it tries to invade the next one (see
Fig. 11(c)). In this situation, the part of the pulse that tries to
appear in the next switching period must be moved to the
beginning of the correct one:

Te—b (t) = Te—a(t): (37)

fe-p(£) = fe—a(t) — 1. (38)

Situation 4: re4(t)<0 and fe.a(t)<0. The pulse exceeds its
switching period and tries to invade completely the previous
one (see Fig. 11(d)). In this situation, the pulse must be moved
to the correct switching period:

Te—b (t) = re—a(t) +1, (39)

fe-p () = fe—a(t) + 1. (40)

Situation 5: rea(t)>1 and fea(t)>1. The pulse exceeds its
switching period and tries to invade completely the next one
(see Fig. 11(e)). In this situation, the pulse must be moved to
the correct switching period:

Te—b(t) = 7"e—a(t) -1 (41)

fe-b() = fe—a(t) = 1. (42)

F. PWPPM blocks

The PWPPM blocks are responsible for generating the gate
signals of Q1.1 or Q2.1 (i.€., Ve1(t) or Vez-1(t)) by knowing their
definite rising and falling edges positions. As in the case of the
PWM, the pulse generation is performed by making a
comparison with a sawtooth signal (sw(t)) whose frequency is fs
and whose maximum and minimum values are 1 and 0,
respectively. However, in the case of the PWPPM, sy(t) is
compared to two references: the definitive rising (i.e., reu(t))
and falling edges positions (i.e., fe-n(t)). In addition, the output
depends on the aforementioned situations. When the situation
is 1, 4 or 5 (see Fig. 12(a)), feu(t) is higher than rep(t) and the
output is (note that it is a logical equation):

vGi—l(t) = (43)
(5w (®) > 1e—p(£)) AND (5, (t) < fop(t)).
On the other hand, when the situation is 2 or 3 (see Fig.
12(b)), fen(t) is lower than rep(t) and the output is:

Vgi-1(t) =

(50() > Top(©) OR (5 (D) < fup(®). Y

As.(t)
1+ — o lepll)
E /E |‘¢,13[U
==,
0 E ; Tg H 2TS t
Vgialt) H :
o 4 e 4 oTs ¢
leb(t)'TS [re-b(t)"'l)'TS
Ten(t) Ty (fep(D)+1)-Ts
(@
A s (D)
1T e _q Lep(l)
/; /—E fo (1)
0 i N POTs ot
A ‘-Gl-l(t) : H :
1 L
0 4 R ATt
feu(0-Ts (Fep(D+1)-Ts
[c-b(t)'TS (l‘c-b(t)+l }TS
(b)

Fig. 12. Output of a PWPPM block depending on the situation: (a) Situation 1,
4 or 5. (b) Situation 2 or 3.
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Fig. 13. Scheme of a PWPPM block.

The PWPPM blocks can be implemented by defining the
following logical variables:

A= Sw(t) < fe—b(t), (45)
B =5, () > 7e_p (1), (46)
C= fe—b(t) > 7"e—b(t)- (47)

Considering (43)-(44), vei-1(t) can be calculated as follows
(see Fig. 13):

V61 () =(A-B-C)+ (A+B)-C. (48)

V. EXPERIMENTAL RESULTS

A two-phase synchronous buck converter with 10" order
Butterworth filter was built in order to validate the proposed
HB-LED driver for VLC (see Fig. 14(a)). The cut-off frequency
of the filter is 650 kHz (L1-1=L1-2=4.26 pH, C>=82 nF, L3=2.47
},lH, Cy4=74 ﬂF, Ls=2.05 ]yLH, Ce=57 nF, L=1.42 uH, Cg=34 nF,
Ly=633 nH and C10=7 nF). The SMPC supplies a string of five
HB-LEDs (W42180 Seoul Semiconductor). The switching
frequency is 500 kHz, the input voltage is 30 V and the
maximum power is around 10 W. SSM3K361R MOSFETS are
used driven by EL7156 ICs. The control system described in
section IV is implemented in a Field Programmable Gate Array
(FPGA): Spartan-6. Fig. 14(b) shows that the power efficiency
of the proposed SMPC ranges between 95% and 96.5%
depending on the dimming level. It must be pointed out that the
efficiency is quite independent of Ay(t).

A. Main Experimental Waveforms

Fig. 15 shows the main experimental waveforms of the
SMPC in steady-state conditions (i.e., constant Av(t) and ¢v(t))
in two situations: Av(t) is much higher in Fig. 15(a) than in Fig.
15(b). As can be seen, the cosine waveform is reproduced with
high accuracy in both cases. As indicated in Section IV.B, the
high output voltage accuracy demanded by the VLC application
is translated into high a(t) accuracy: the control system uses o(t)
values that are very close to 0.5 because Ay(t) << V. Note the
small difference between the phase-shift in Fig. 15(a) and that
of Fig. 15(b); and also that both values are close to = radians.

In order to evaluate the capability to reproduce a MCM
scheme, a signal that is made up of six carriers is reproduced.
Each carrier keeps its amplitude, phase and frequency constant

Efficiency [%]

97
96.5
96
955
95
300 400 500 600
i(),r)(' []IIAJ
(® (b)
Fig. 14. MCM transmitter based on the RM: (a) Prototype. (b) Efficiency versus
dimming level.
TABLE I. MAIN PARAMETERS OF THE MCM SCHEME.
C1 Co C3 Cq Cs Ce
Frequency
(kH2) 475 485 495 505 515 525
Amplitude 1-A 4-A 2:A 1.A 3-A 2-A
Phase (rad) =/2 0 T w2 372 0

\-'\_]l 1)

\5,1“)
20 V/ 20V/

400 ns/

Y VA S TV e S

Fig. 15. Main experimental waveforms of the HB-LED driver for VLC in
steady-state conditions (i.e., constant Ay(t) and ¢y(t)) for two Ay(t) values: (a)
High Ay(t) value. (b) Low Ay(t) value.

over time. Table | shows the characteristics of each carrier (c1,
Co, ..., Cs). Note that the amplitude modulation is normalized:
the parameter A depends on the communication signal power
that is used for performing the transmission. The commercial
receiver PDA10A-EC provides a voltage waveform (vrx(t))
that is proportional to the received light intensity. Fig. 16(a)
shows the main waveforms of the VLC setup in the time domain
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Fig. 16. Main experimental waveforms of the VLC link (distance: 40 cm):
(a) Time domain. (b) Frequency domain.

when the aforementioned MCM scheme is reproduced. Fig.
16(b) shows the magnitude of vrx(t) in the frequency domain.
As in any transmission system, the received signal is made up
of the information (i.e., the modulated carriers) and noise that
damages the communication. At this point, it is very important
to study the robustness of the communication link by evaluating
the error of the waveforms and by analyzing how that error
damages the communication capability.

B. Analysis of the Communication Link Error

Since the contribution of the paper is the proposed HB-LED
driver and its control system, evaluating its accuracy is
essential. This point can be studied in two steps. First, the
accuracy for reproducing the desired vo(t) is evaluated, and
second, the conversion between vo(t) and s(t) is analyzed. Fig.
17(a) shows the envelope of the theoretical signal (Ath-nor(t))
obtained with Matlab, and the envelope (Av-nor(t)) of the AC
component of vo(t) (Vo-ac(t)). In order to enable a comparison,
both waveforms are scaled to have a communication signal with
energy equal to 1 J. Both the instantaneous phase of the
theoretical signal (¢p7n(t)) and ¢v(t) can be seen in Fig. 17(b).
The next step is to evaluate the conversion between vo(t) and
s(t) that is performed by the HB-LEDs. Fig. 18 shows the
comparison between the envelopes and the instantaneous
phases of both vo.ac(t) and Verx-ac(t). As in the previous case,
the envelopes are normalized in order to have a communication
signal with energy equal to 1 J. The relationship between
Vo-ac(t) and sac(t) is quite linear and, consequently, the
conversion between voltage and light intensity does not add a
remarkable error. It is important to note that this measurement
of s(t) is performed when the receiver is close to the transmitter
(20 cm) in order to minimize the impact of the link distance
(Lp), which will be considered below. As a conclusion, the error
of tracking the voltage references (i.e., Av-ref(t) and dv-rer(t)) is
the main error source of the proposed HB-LED driver.

[1s]
(@)
""" d(t) [rad] -==== Qy(t) [rad]
2n = o ql.i :I?\"“" j:::
T \“"a\‘_: é:{.‘--\ ;; e
0 50 100 150 200 t[1s]
(b)

Fig. 17. First step of the accuracy evaluation of the proposed HB-LED driver
for VLC: (a) Comparison between the theoretical envelope and the envelope of
Vo-ac(t) when they are scaled to have a communication signal with energy equal
to 1 J. (b) Comparison between the theoretical instantaneous phase and the
instantaneous phase of Vo.ac(t).

..... Avxal®) [V] - Arxvarlt) [V]

5 N N
LS 1., ' / Va ,,-"/ .\"‘-f‘ \_

! i Y . >
200 t[ps]

0 50 100 150

------ Orx(t) [rad]

T \"\ {% _/

}

0 50 100 50 200 t [llS]

(b)
Fig. 18. Second step of the accuracy evaluation of the proposed HB-LED driver
for VLC: (a) Comparison between the envelope of vo.ac(t) and the envelope of
Vex-ac(t) (both waveforms are normalized in order to have a signal with energy
equal to 1 J. (b) Comparison between the instantaneous phase of vo.ac(t) and
the instantaneous phase of vrx-ac(t). Note that Lp is 20 cm.

..... ArxNor20(D) [V]  ===== Arx-Nor-100(t) [V]

\/
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Fig. 19. Deterioration of the signal when the link distance rises from 20 cm to
100 cm: (a) Envelope of Vrx.ac(t). (b) Instantaneous phase of vex-ac(t).

----- [norl(t. Lp=20 cm)? [VEJ Eo(Lp=20 ¢cm)=30.1 mJ
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Fig. 20. Example of the error calculation when Lp is 20 cm and 100 cm.
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As in any communication system, the increase of Lp leads to
an error increase. As an example, Fig. 19 shows how the
received envelope (Arx(t)) and the received instantaneous
phase (drx(t)) are deteriorated when Lp rises from 20 cm to 100
cm.

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

enor (¢, Lp) = ) (49)

Arp (t)e]'d)”(t) — Arx-nor (&, Lu)e]'thX(t’LD)-

At this point, the energy of the normalized error vector allows
us to evaluate the deterioration of the communication signal:

T
1
Rl =7 [ lewore L), (50)

t=0

where T is the period of the signal (200 ps in our case). Fig. 20
exemplifies the calculation of E<(Lp) when Lp is 20 cmand 100
cm. Moreover, Fig. 21 shows how E¢(Lp) rises with Lp. Ee(Lp)
allows us to evaluate the error in a general way because its
definition is valid for any kind of communication signal.
However, it is important to analyze how that error damages the
communication capability. In the particular case of a MCM
scheme, that analysis is translated into the study of how the
error affects the different carriers. In order to address that point,
Vrx(t) is demodulated and the amplitude and phase of each
carrier is evaluated. Fig. 22 shows the amplitude and the phase
of the received modulated carriers for different link distances
(i.e., from 20 cm to 100 cm). Note that the results are given in
polar form with the amplitude normalized to have a
communication signal with energy equal to 1 J. As can be seen,
the error causes that the amplitude and the phase of the received
carriers do not match perfectly with the theoretical ones.
Basically, it determines how many symbols can be
distinguished by the receiver: the lower the error, the closer the
symbols can be placed and, consequently, a higher number of
symbols can be considered. In this case, a normalized error
vector can be calculated for each carrier and for each Lp:

ex—nor(t,Lp) = Ak—Th(t)eJ.d)k_Th(t) - (51)
Ap—rx-nor(t, Lp)es Pk-rx(tLD),
where Ai.th(t) is the theoretical amplitude of the k" carrier when
the communication signal is normalized to have energy equal
to 1J, dk-h(t) is the phase of the k™ carrier, Axrx-nor(t, Lp) is the
amplitude of the received k™ carrier when the communication
signal is normalized to have energy equal to 1 J and ¢w-rx(t, L)
is the phase of the received k™ carrier. Then, the energy of the
normalized error vector can be evaluated as follows:

T
1
Ee_mem—-k(Lp) = T f |€x—nor(t, Lp)|?dt. (52)

t=0

Finally, the average energy of the normalized error vector per
carrier can be calculated as follows (see Fig. 23):

E.(Lp) [mJ]

80 R
04 . o

J— o
204 } t t t 1 '

0 20 40 60 80 100 Lp [cm]

Fig. 21. Increase of E¢(Lp) with Lp. Note that the error definition considers
signals with energy equal to 1 J.

Im Theoretical
1 20 cm
40 cm

00 cm

100 cm

-1
Fig. 22. Polar representation of the demodulated carriers normalized to have a
signal with energy equal to 1 J. Note that the results of ¢4 are 3-7/4 phase-shifted
in order to avoid the overlap with the results of c;.

Eemom(Lp) [mJ]

T L T "
0 20 40 60 30 100 Lp [em]

Fig. 23. Average energy of the normalized error vector per carrier versus Lp.
Note that the error definition considers signals with energy equal to 1 J.

1 6
Ee_mem(Lp) = gz Ee—mem—-k(Lp) - (53)

k=1

It can be seen that the average energy of the normalized error
vector per carrier rises with Lp. In other words, the difference
between the transmitted symbols and the received ones tends to
rise as the receiver is moved away from the transmitter. As a
consequence, the number of symbols that can be distinguished
by the receiver falls with Lp.

VI. CONCLUSION

The RM is a very interesting technique for the HB-LED
drivers of VLC transmitters. It achieves high power efficiency
because of the use of a SMPC, thus avoiding the use of power
inefficient LPAs. In comparison to the approaches based on the
use of PWM-SMPCs, the power stage is simpler and the
required fs is much lower, which facilitates the practical
implementation and leads to lower switching losses (main
source of losses in this application). Moreover, the main
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drawback of the RM has been overcome in this work. The
reported theoretical analysis demonstrates that the RM can be
used to reproduce MCM schemes (i.e., the most recommended
modulation schemes for VLC) by using a fs value equal to the
center frequency and by modulating the amplitude and the
phase of the output voltage ripple according to the envelope and
the instantaneous phase.

The control system of the two-phase synchronous buck
converter based on the RM is quite different from that of a
conventional SMPC. It must apply the PWPPM, which is
translated into controlling not only the width of the switch-node
voltages, but also their position over the switching period. One
of the critical points is the control of the phase-shift between
the switch-node voltages, which allows us to modulate the
amplitude of vo.ac(t). Calculating the phase-shift that is
required for providing the desired amplitude is not trivial
because it involves complex mathematical expressions and it
could lead to a very sophisticated digital hardware responsible
for the control system. Fortunately, the calculation can be
simplified and a linear function can be used taking into account
that the required phase-shift is always close to © radians. The
generation of the pulse-width and pulse-phase modulated
voltages that drive the MOSFETS is another fundamental point.
Once the width and the phase of the pulse have been calculated,
the rising and falling instants must be addressed. At this point,
it is very important to take into account that a pulse could try to
invade the previous or the next switching period. Therefore, the
control system is also responsible for managing these situations.

The implemented two-phase synchronous buck converter
demonstrates experimentally the theoretical analysis: a MCM
scheme made up of six carriers is reproduced in a power
efficient way (around 96%).
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