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Abstract:

This work proposes a high efficiency LED driver for Visible
Light Communication (VLC) working as a transmitter based
on the outphasing technique. Outphasing lays on the idea of
reproducing a non-constant amplitude sine signal by adding
two phase modulated sine signals with constant amplitude,
which leads to an increase of the overall efficiency of the
amplification stage. The proposed transmitter is made up of
two switching-mode power amplifiers and a DC/DC converter.
Each amplifier reproduces one of the two sine waves required
to perform the communication signal using the outphasing
technique and the DC/DC converter biases the LED strings.
The proposal takes advantage of the light and instead of adding
the signals electrically, the signals are adding in their light
form, which leads to a reduction on the complexity of the
design due to the electrical independency between the two
amplifiers. As experimental results, a transmitter is made of
two Class E amplifiers reproducing a 16-QAM modulation
with a 5 MHz carrier, achieving an efficiency of 78% in the
signal generation (higher than the Class A and B maximum
efficiency for a 16-QAM modulation) and a 92% in the overall
efficiency when the communication and lighting tasks are
taking into account (on the same page as the DC-DC converter
alternatives).

I. INTRODUCTION

Nowadays, almost every wireless communication is based
on the use of the Radio Frequency (RF) spectrum, which leads
to a high congestion and a strictly regulation [1]. Due to these
problems, some new techniques have been developed in the
last few years in order to avoid the problem, and one of this
alternatives is Visible Light Communication (VLC) [2]-[4]
that uses the wide and unregulated visible light spectrum (from
430 to 750 THz). VLC goes hand in hand with the widespread
use of the LED technology for Solid-State Lighting (SSL)
applications by taking advantage of the fast light modulation
capability of the LED.

The main idea behind VLC is the use of the SSL infras-
tructure to perform the lighting and the communication task
at the same time. Figure 1 shows the current vs voltage and
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Fig. 1: A LED working as VLC transmitter in its current/voltage and
light/current relation.

the light vs current relation on the LED. In order to fulfill
the illumination task, an average voltage Vv is applied
across the LED in order to bias it, which leads to an average
current [y flowing through the LED, emitting an average
light intensity ® 4y ¢. The communication task is performed
by a variation around the average value. As an example, a
communication signal is applied as a voltage and it changes its
amplitude (varying between Va;rn and Virax) and its phase.
That signal leads to a proportional variation of the current
through the LED (between Iy and Ip;ax) and on the
light emitted by the LED (between ®p;rny and ®Pprax). It is
important to emphasize that two different efficiencies are taken
into account since each task can be performed by different
circuitry: the signal generation efficiency and the overall
efficiency. The signal generation efficiency only takes into
account the efficiency of the communication circuitry, and the
overall takes into account the efficiency of the communication
and biasing circuits altogether.

Since one of the main advantages of SSL is its high
efficiency, adding the communication capability must not
deteriorate excessively the overall efficiency of the system.
In the last few years, some VLC transmitter topologies have
been proposed where a linear power amplifier performs the
communication task (i.e. Class A, B or AB) [5]-[7], which
leads to a low signal efficiency of the power amplifiers,



which compromises the efficiency of the whole system. The
theoretical maximum is 50% for Class A and 78.5% for Class
B, but for a non-constant amplitude modulation the efficiency
drops significantly (i.e. for a 16-QAM digital modulation, the
maximum efficiency is 25% for Class A and 55% for Class
B).

On the other hand, the use of DC-DC converters as a VLC
transmitters has been proposed to increase the power efficiency
of the system [8]-[13]. The DC-DC converter generates the
bias and the communication signal at the same time, reaching
an overall power efficiency higher than 90 % (communication
and biasing task), but the disadvantages are the limitation
on the maximum communication bandwidth, the high com-
plexity of the DC-DC topologies and their complex control
techniques.

Due to the disadvantages of both proposals, an adaptation
of the well-known outphasing technique for VLC is proposed
in this paper. The outphasing technique was first propossed
in the 30’s [14], [15] as a method to increase the efficiency
of the RF amplification stage when the amplitude of the RF
sine signal is not constant. Outphasing is based on the idea of
splitting a non-constant amplitude sine signal into two phase
modulated sine signals with constant amplitude, and making
the amplification task over the later sine signals. Since linear
amplifiers (i.e. Class A, B or AB) and resonant switching-
mode amplifiers (i.e. Class E) can only achieve their maximum
efficiency when the amplitude of the signal is constant, the
efficiency of the amplification stage is improved.

In this paper, a VLC outphasing transmitter based on two
Class E amplifiers is presented. Each Class E amplifier repro-
duces one of the two constant amplitude sine signals required
for the outphasing. This proposal lays on the same idea as the
original outphasing technique but by taking advantage of using
the light intensity as communication signal. The proposed
light-outphasing technique adds the two sine signals in their
light form instead of electrically. Using the light to sum the
phases leads to a electrical isolation between each Class E
amplifier, which strongly simplifies the design of the overall
transmission system. As experimental results, a transmitter is
built in order to transmit a 16-QAM digital modulation with
a 5 MHz carrier, achieving a bit rate up to 4 Mbps and at
a distance up to 1 m. The prototype reaches an electrical
efficiency of 78% in the signal generation (higher than the
Class A and B maximum efficiency for a 16-QAM modulation)
and a 92% in the overall efficiency when the communication
and lighting tasks are taking into account (on the same page
as the DC-DC converter alternatives).

The paper is organized as follows. Firstly, a briefly explana-
tion about the outphasing technique is introduced in section II.
Then its adaptation to VLC is explained in section III. Section
IV contains the prototype design and the experimental results.
Finally, section V gives the conclusions.
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Fig. 2: Block diagram of a outpahsing RFPA made up of a spliter, two
RFPAs and a combiner.

Fig. 3: Phasor diagram showing the amplitude and phase relation in the
outphasing technique.

II. OPERATING PRINCIPLE OF THE OUTPHASING
TECHNIQUE

Figure 2 shows the traditional outphasing implementation
for RF power amplifiers. It is made up of a signal spliter, two
Radio Frequency Power Amplifiers (RFPA) and a combiner.

A. Outphasing mathematical analysis

For the sake of simplicity, the communication signal S;,,(t)

Sin(t) = Ain(t)sin[27 fst + qin (t)] ()

is a sine signal that varies its amplitude A;,(¢) and phase

ain(t). From S;,(t), the signal spliter generates the two

constant amplitude phase modulated sine signals Sp,1(t) and
Spha(t)

Spr1(t) = Appsin[27 fst + app1 (t)]

Spnz(t) = Appsin[27 fst + apna(t)]

whose addition is S;,,(¢) and both have the same frequency f;.
Both signals also have the same constant amplitude Ay, and
phases app1(t) and appa(t) respectively that vary over time,
as shown in Fig. 3. At this point, and because of the constant
amplitude of S,;1 and Spp2, the RFPAs can be designed to
operate in the point with the highest efficiency, and therefore,
it increases the overall efficiency.

Assuming that both RFPAs have the same gain k, the signals
after the amplification are k.Spp,; and kSpp2. Since the output
signal is defined as Sy (t) = kSpn1 + kSpr2 , the phase of
Sout(t) is the same as the input signal S;,(t). The phases
appi1(t) and appo(t) can be written as a function of ay,(t)
and a relative phase «.(t)

aphl(t) = Uyn (t) - aT(t)
Qph2 (t) = ain(t) + Oé,-(t)
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and the amplitude A,,:(t) can be obtained as a function of
apr(t) by using trigonometry.

Aput () = 2k Appcos|an ()] 4)

The output signal is defined as follow:

Sout(t) = Aoyt (t)sin[2pifst + as(t)] (5)

As a conclusion, the amplitude A,,:(t) depends on the
relative phase «(t), the gain k of the RFPA and the amplitude
Apn, so the phase a(t) and the amplitude Ay (t) Of Soui (%)
can be controlled independently.

III. LIGHT-OUTPHASING TECHNIQUE FOR VLC
TRANSMITTERS

The major difficulty in an outphasing RFPA is the design
of the output combiner, which is in charge of connecting the
two amplifiers together and summing the sine signals. The
connection of the outputs of the RFPAs is not straightforward
since the output impedance of each RFPA changes, leading
to a undesirable influence between them [16]. That effect
is specially critical when the RFPA is based on a resonant
topology (i.e., Class E) in which the efficiency depends on
the proper tunning of the resonant circuit. Therefore, in the
case of outphasing technique, the resonant circuit is modified
by the output impedance of the other amplifier. The analysis
and design of the combiner has been carried out in [16]-[18],
leading to complex mathematical analysis and circuitry.

The idea of light-outphasing is splitting the LED load
between the two RFPAs and sum the two sine signals in
their light form, as it can be seen in the block diagram in
Fig. 4 and the output light signals in an example in Fig.
5. Both LED strings are biased using a external DC/DC
converter which provides the V41 ¢ value necessary to bias
the LED strings. Because of the quantities added are two light
intensities instead of two electrical signals, the need of using a
combiner and connect electrically both amplifiers is avoided,
leading to a huge simplification of the design and avoiding the
influence between the output of both RFPAs (which increases
the efficiency). The VLC transmitter is made up of two Class
E RFPAs delivering the two signals Sp1 and Sppo required for
outphasing. Since the output of the Class E amplifiers are not
connected together, the condition of Zero Voltage Switching
(ZVS) of each amplifier does not depends on the other RFPA,
simplifying the overall design.

IV. EXPERIMENTAL RESULTS

In order to prove the concept of the light-outphasing tech-
nique, a prototype of an outphasing VLC transmitter made
up of two Class E RFPA is shown in Fig. 6. Both Class E
RFPA are designed identically and each amplifier is connected
to an independent LED string made up of 8 XLamp MX-3
LEDs each. The strings are biased externally by a DC-DC
converter that controls the average current through the LED
string ({ayve = 0.5A). Controlling the average current across
the strings ensures that the LED always works in its linear
region regardless of the threshold voltage shift due to possible
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Fig. 4: Block diagram of a light-outphasing amplifier.
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Fig. 5: Output signals in a the light-outphasing circuitry.

temperature changes on the LEDs. This allows the amplifier
to apply the communication signal within the linear region of
the LED, avoiding the undesirable distortion near the threshold
voltage.

A. Modulation Scheme

In order to evaluate the communication task, a 16-QAM
digital modulation with a carrier frequency of 5 MHz is used.
Each symbol of the modulation represents 4 bits and lasts 5
signal periods, providing a bit rate of 4 Mbps.

B. Class E RFPA design

Figure 7 shows the circuit of one of the two Class E RFPA
that make up the outphasing transmitter, shown in Fig. 6.
The amplifier is composed of a MOSFET, an output resonant
circuit (C1, C'y L), a LED string and two biasing inductors
(Lias> Lece). The biasing inductors work as RF chokes that
prevents the signal to pass through the biasing power supplies.

The amplifier is designed according to the modulation
scheme presented before. The Class E is designed with a
switching frequency fs, = 5 MHz, and due to the high
switching frequency required, a PD84010S-E RF MOSFET
and a high speed EL7155 driver are used. As well as the
switching frequency, the bandwidth necessary depends on the
modulation. Even though the modulation is a 16-QAM, the
signal delivered by each amplifier is only a phase modulation.

According to [19], a rough estimation of the bandwidth
necessary for the modulation is 1.5 MHz. The bandwidth of
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Fig. 6: Protype of the outphasing transmiter made up of two Class E amplifiers. Light-Outphasing.

the class E depends on the resonant output filter, as it can
be seen in the Fig. 8, where the higher the bandwidth, the
lower the quality factor Q of the filter. In order to properly
reproduce the modulation, the bandwidth of the amplifier has
to be higher than the bandwidth necessary for the modulation.
Using the definition of Q,

5MH
Q= Lo - OMIE (6)
Af sw 1.5MHz
the value be obtained from the switching frequency and the
required bandwidth of the modulation. According to [20], [21],

the resonant circuit values are shown in the table 1.

3.3

Table I: COMPONENT VALUES OF THE RESONANT OUTPUT FILTER
FOR THE CLASS E AMPLIFIER.

[ C L
396 pFF  1.28 nF  1.59 uH

C. Experimental results

Figure 9 depicts the light-outphasing process. Currents
I,n1(t) and Ippo(t) are the currents through each LED string,
which is proportional to the light that is emitted by each string.
Since the amplitude of each sine current is kept constant, the

Fig. 7: Class E RFPA circuit.
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Fig. 8: Effect of the quality factor Q of the filter communication signal in a
Class E amplifier.
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Fig. 9: Communication signals of the outphasing amplifier. I,,1 and I,p2
are the currents through each LED strings and Vi, is the sum of the light.

amplitude of the light emitted by each string is constant as
well, but due to the phase shift between them, when the light
is added, the light received by a optical receiver V., (t) repro-
duces the amplitude and phase changes of the modulation. The



light is received by an optical receiver PDA10A-EC placed in
front of both strings.
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Fig. 10: Signals of one Class E RFPA when a phase change occurs. Vs is
the gate signal and V, is the drain to source voltaje. Vi.q and [;.4 are the
voltaje across and the current through the LED string.

Figure 10 shows the main waveforms of the Class E RFPA
when a change on the phase occurs. Before and after the phase
change, the Class E RFPA works correctly, achieving ZVS and
reproducing a sine signal. When a phase change occurs, during
a switching period, the Class E losses ZVS, and takes two
switching periods to achieve ZVS again. Due to this effect,
there is a relation between the number of periods that each
symbol lasts and the performance of the amplifier, the longer
the symbol lasts, the higher the performance but the slower
the bit rate. Because of this, a trade-off between performance
and bit rate has to be established.

V. CONCLUSIONS AND FUTURE WORK

A VLC transmitter that is made of a DC/DC converter,
two Class E amplifiers and two LED strings is presented
in this work. The light-outphasing proposal consists in an
adaptation of the outphasing technique for VLC. The two
constant amplitude sine signals are added in their light form
instead of adding the signals electrically, which leads to a
major simplification of the circuitry and the design, as well as,
an important improvement of the efficiency of the transmitter.
Since the RFPAs are not connected together, there is no
influence between them and the main disadvantage of the
outphasing technique is avoided by using the light form of the
signal. The proposed transmitter reproduces a 16-QAM digital
modulation achieving a bit rate up to 4 Mbps at a distance
up to 1 m. The prototype reaches an electrical efficiency of
78% in the signal generation (higher than the Class A and B
maximum efficiency for a 16-QAM modulation) and a 92%
in the overall efficiency when the communication and lighting
tasks are taking into account (on the same page as the DC-DC
converter alternatives).
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