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Abstract: The data rate of the zero-power-consumption visible light communication system is limited
due to the solar cell bandwidth limit. A new method has been proposed to improve the data rate of
communication systems. The predistortion circuit based on the nonlinear compensation principle
of the communication system is added between the transmitter and the receiver to equalize the
amplitude–frequency response of the solar cell. Based on the measurement of the original amplitude–
frequency response of the system, the zero-pole of the predistortion circuit is calculated, and an
accurate equalization circuit is designed by using separate components to expand the 3 dB bandwidth
of the system. The test results show that the 3 dB bandwidth of the visible light self-powered
communication system is increased from 85 kHz to 750 kHz, and the system bandwidth is expanded
by nearly 10 times.

Keywords: visible light communication; predistortion; bandwidth expansion; zero-power communi-
cation; solar cell

1. Introduction

Visible light communication (VLC) is a promising communication technology com-
bines the advantages of lighting and communication simultaneously. With high speed,
large capacity, no need for spectrum authorization, possibly integrating into indoor lighting
and other advantages, VLC has been rapidly developed in recent years. In terms of energy
saving, a VLC system can be combined with the existing lighting network [1]. It can deploy
communication networks with little energy consumption and expenditure. Currently, VLC
based on photovoltaic (PV) devices are receiving more and more attention. Compared to
the VLC system based on photoelectric detectors (PD), PV devices could collect the energy
from the lighting source and supply energy to the receiver. When the energy provided
by the PV device can meet the power consumption of the receiving device, the receiver
can realize zero-power consumption communication without an external power supply.
Zero-power-consumption VLC systems with a solar cell can greatly satisfy the requirements
of some specific applications. These include enabling more Internet of Things (IoT) nodes
to eliminate power cables and realize a more flexible deployment in large-capacity IoT
applications. In 2013, Kim et al. proved that solar cells could detect variational optical
signals under solar illumination, proving the feasibility of solar cells as detectors of an
optical communication system [2]. In 2015, Chen et al. increased the communication rate of
their system from 10 kbps to 400 kbps based on the digital equalization method [3], but the
bandwidth was not indicated in that paper. In the same year, Malik et al. used solar cells to
realize 8 kbps zero-power visible light communication [4]. In 2016, Carrascal et al. built
an on-demand wake-up receiver with a 10 kHz bandwidth zero-power communication
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system [5]. In 2020, Sun et al. built a zero-power communication system with silicon solar
cells and improved the communication rate by weak signal detection and a data reconstruc-
tion algorithm when the bandwidth was only 10 kHz [6]. From the existing research results,
the communication rate of the zero-power-consumption VLC system is restricted by the
system bandwidth, specifically, by the bandwidth of the solar cell. Compared with other
high speed VLC systems, limited bandwidth and lower data rates limit the application and
promotion of the zero-power-consumption VLC system.

In this paper, in order to improve the communication speed of this system, the reasons
for the slow response speed of solar cells were analyzed based on the solar cell model.
Moreover, the equalization circuit was designed by means of nonlinear compensation to
expand the insufficient bandwidth of solar cell devices. The design idea of a predistortion
equalization circuit for a zero-power-consumption VLC system is presented. This equaliza-
tion circuit is different from the equalization circuit in the VLC system based on the PIN
detector. It does not improve the response of the LED high-frequency signal with more
than 3 dB bandwidth; rather, it improves the frequency response of a certain segment of the
3 dB bandwidth of the LED according to the frequency response characteristics of the solar
cell at the receiver. In this paper, a design method of the equalization circuit parameters
is proposed. Furthermore, the experimental test proved that the equalization circuit can
effectively expand the bandwidth of the zero-power-consumption VLC system.

2. Model and Principle
2.1. Model of Zero-Power-Consumption VLC System

The zero-power-consumption VLC system includes signal source, power source, trans-
mitter, air channel and receiver, as shown in Figure 1. The signal source puts the data
into the system, and the power source supplies energy to the transmitter. The transmitter
consists of an LED and its drive circuit. The drive circuit is used to load signals onto the
LED lamp, and keep the lamp lighting. The drive circuit can work whether the equal-
izer is added or not. The receiver is made up of a solar cell and an external load. The
solar cell acts as a detector that captures the light signal and a power supply of external
loads, such as a low-power MCU. The receiver of the system could therefore realize zero
power consumption.

Figure 1. Block diagram of zero-power-consumption visible light communication system.

In this VLC system, the LED lamp is used as the transmitter, and the light emitted
by the LED lamp can be taken as an approximate Lambert radiant light source after
astigmatism. The light power emitted by the LED lamp is Pt. Λmin and Λmax are the lower
limit and upper limit of the spectral components of the light source, and Φe represents the
radiation flux at a specific wavelength [7]. Furthermore, the optical antenna can affect the
final light power passing through the lamp. Normally, the effect of the optical antenna is
not significant.

Pt =
∫ Λmax

Λmin

∫ 2π

0
Φedθdλ (1)
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The DC gain of optical signal in air channel H(0)is given by the Lambert light source
model.

H(0) =


m + 1
2πd2 A cosm(φ) cos(ψ)Ts(ψ)g(ψ), 0 6 ψ 6 ψc

0, ψ > ψc

(2)

where m is the Lambert model order, m = − ln 2
ln(cos φ1/2)

, A is the surface area of the receiver,
d is the linear distance between the light source and the detector, φ is the emission angle
of the light source, ψ is the receiving angle of the detector, which is approximately zero in
the direct link where the distance is much larger than the size of the light source and the
detector, Ts(ψ) is the gain of the optical filter and g(ψ) is the gain of the optical concentrator.
The optical power obtained by the receiver is Pr = H(0) · Pt. When the emitting surface of
the LED is placed parallel to the solar cell, the transmitting angle is equal to the receiving
angle. Without the filter and concentrating lens, the optical filter gain and the optical
concentrator gain are both 1. Finally, the optical power received by the system can be
expressed as

Pr =

Pt
m + 1
2πd2 cosm+1(φ), 0 6 φ 6 ψc

0, φ > ψc

(3)

2.2. Models of Solar Cell

As the detector, the DC model of solar cell is shown in Figure 2.

 

Figure 2. DC model of solar cell.

In the figure, IPH is the current generated by the solar cell under specific light, which is
determined by the optical power received by the receiver, ID is the diode current describing
the composite loss of the space charge zone in the solar cell, related to temperature T, diode
ideal factor A and the number of arrays in series N . k is the Boltzmann constant, and I0
is the saturation dark current, which is usually negligible compared to the exponential
terms. RSH is the shunt resistance of the leakage current of the solar cell, and RS is the
equivalent resistance in series that causes voltage loss on the connection lines between
different cells. RL is the load resistance connected to the port of solar cell. The value of
the RL affects the power output of the solar cell. The proper RS and RSH can be obtained
by testing the volt–ampere characteristic curves of solar cell, and it is considered that the
range of illumination remains constant.

I = IPH − I0

{
exp

[
(V + IRS)

NK0

]
− 1
}
− C

dV
dt

− V + IRS

RSH
(4)

K0 =
AkT

q
(5)

Under the condition of an AC signal, the equivalent model is shown in Figure 3. The
diode in the DC model is represented as the equivalent resistance of the diode with a
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small signal.C0 is the DC isolation capacitor. The larger the value of it, the less of the
low-frequency component loss and the DC drift [7].

 

Figure 3. AC model of the solar cell in the communication system.

i(ω) is the photocurrent generated by the solar cell from the received signal, C is the
junction capacitance of the solar cell and L is the equivalent inductance introduced by all
the connecting lines in the solar cell. From this model the amplitude–frequency response
could be calculated by ∣∣∣∣v(ω)

i(ω)

∣∣∣∣ =
∣∣∣∣∣

RL
RX

1
r + jωC + 1

RSH
+ 1

RX

∣∣∣∣∣ (6)

RX = RS + jωL +
1

jωC
+ RL (7)

It can be seen that C of the solar cell leads to a large attenuation of amplitude–frequency
response at high frequency. Due to the large area of the solar cell, its capacitance value is
usually much larger than that of the PIN detector. As the result, the RC constant of solar
cells is large and the response time is slow.

2.3. Principles of Equalization Circuit Design

The bandwidth of the system can be determined by the frequency response. The low
bandwidth of the system causes the attenuation of high-frequency signals and prevents the
symbol conversion within a clock cycle. A symbol extends to the neighboring symbol so
that the integrity of the signal is damaged. The transmission rate of the symbol is limited [8].
The frequency response of a system is equal to the product of the frequency response of the
cascaded circuits that the system consists of.

H(jω) = H1(jω)H2(jω) · · · Hn(jω) (8)

Each subscript represents different cascaded networks in the system. In a zero-power
communication system, the frequency response of the system can be expressed as the
multiplication of the transmitter and the receiver.

H(jω) = Htrans(jω)Hrec(jω) (9)

where Htrans(jω) = HLED(jω) is the frequency response of the transmitter, and Hrec(jω) =
Hsolar(jω) is the frequency response of the receiver. In the zero-power-consumption VLC
system using solar cells as detectors, the cutoff frequency of the LED is much higher than
that of the solar cell, so the system bandwidth is mainly limited by the solar cell. In the
low-frequency range the amplitude–frequency response of the LED is flat and the gain
is basically constant until the frequency exceeds the LED cutoff frequency. The cutoff
frequency of the system is limited by the frequency response of the solar cell. To improve
the amplitude of the high-frequency response, an equalization circuit should be connected
whose frequency response is “complementary” to the unequalized system within a certain
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range of frequency. The frequency response of the equalizing circuit within that range is
Heq(jω) = K × Hsolar(jω)−1 where K is the DC gain of the circuit. In the VLC system, the
system bandwidth can be expanded and the reliability and stability can be improved by
offsetting the signal attenuation of a specific frequency. An equalization circuit is a circuit
that amplifies different frequency components of input signals in a differentiated manner.
Its response to different frequency signals can be represented by the transfer function.
The transfer function can be described by its magnitude and angle. The change of the
magnitude with frequency is the amplitude–frequency response, and the change of the
angle with frequency is the phase–frequency response. Intensity modulation is chosen in
a VLC system, so that we pay more attention to the amplitude–frequency response. The
amplitude–frequency response of the circuit can be determined by the zero-pole positions
of the circuit transfer function. The curve of the transfer function can be determined when
the position of the zero-pole is known. Furthermore, the expression of the transfer function
depends on the certain circuit structure. Finally, an equalization circuit with appropriate
amplitude–frequency response characteristics could be constructed by discrete components
and compensate for the amplitude–frequency response of the VLC system.

3. System Design
3.1. Unequalized System

In order to build the high-speed zero-power-consumption VLC system, the power
consumption and bandwidth of that system should be evaluated first. There are two
approaches to test the system bandwidth. One is to use the vector network analyzer (VNA).
The VNA sends out and receives the test signals passing through the VLC system from
different ports. Another option is to use the signal generator and oscilloscope test manually.
To perform the test, first adjust the signal generator output to the sinusoidal signals of
different frequencies with a certain amplitude as the system input signal. Then, measure the
amplitude of the system output signal with the oscilloscope, scan and record the amplitude–
frequency response of the system. Which test method is chosen depends on the system
bandwidth. The zero-power-consumption VLC system using solar cells as detectors is a
low-speed system with limited bandwidth. The current VNA E5071B in our laboratory has
a start frequency 300 kHz, which is much higher than the cutoff frequency of commercial
solar cells. The method of using a VNA to measure the amplitude–frequency response of
the system is no longer applicable in this case, so the low-frequency amplitude–frequency
response of the unequalized system needs to be tested manually. When the components
of the communication system are selected, the system bandwidth is determined as well.
After the amplitude–frequency response test of the system, the ideal amplitude–frequency
response of the equalization circuit can be calculated. The amplitude–frequency response
of the proposed unequalized system is given in Section 4.1 as Figure 7 (black line) shows.

3.2. Equalization Circuit Design

The amplitude–frequency response of the equalization circuit needs to be designed
carefully. According to the principle of equalization, the frequency response of the circuit
can be obtained from the known transfer function. The zero-pole of the transfer function
can determine the transfer function curve, while the appropriate zero-pole of the transfer
function curve can be obtained by Matlab. The value of a determined zero-pole can be
achieved using different circuit structures. In order to reduce the complexity of the circuit,
a first-order active amplifier is used to construct the equalization circuit. The structure of
the designed active equalization circuit is shown in Figure 4.
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Figure 4. First-order active equalization circuit schematic.

In the above, R1 and R2 represent DC bias resistance. To determine the static operating
point of the transistor, it is necessary to determine the resistance value according to the
specific model of the transistor and the power supply voltage. C1 and C2 are DC isolation
capacitors, used to isolate the DC components between the front and back circuits, reducing
the complexity of circuit design. VCC is the DC power supply that provides energy for am-
plifying the input signal. The input signal of the equalization circuit is vi, the output signal
is vo and the transfer function is Heq(s). According to the circuit structure, the expression
of the transfer function and the zero-pole of the equalization circuit can be determined.

Heq(s) =
vo(s)
vi(s)

=
R3//RL

R4//
(

R5 + XC2

) = K ×
z + 1

(R4+R5)C

p + 1
R5C

(10)

XC2 =
1

sC2
(11)

z = − 1
(R4 + R5)C

, p = − 1
R5C

(12)

where K is a constant term, affecting the position of the system frequency response curve
in the vertical direction without changing the shape of the curve, and this value can be
explained as a gain component of the transfer function.

K =
R3RL

(R3 + RL)
× (R4 + R5)

R4R5
(13)

In the expression, RL is the input resistance of the later stage circuit, which is a
determined value, in the case of matching impedance it can be selected as 50 Ω. The
resistance value of R3 can be determined according to the expression of K and the values
of R4 and R5. When R4, R5 and C take appropriate values, the transfer function of the
equalizer circuit shows the same curve as that obtained by software simulation. The
frequency response of the circuit is Heq(jω) when s = jω. Since the zero-pole of the circuit
is derived from the ideal transfer function, it is almost the same as the ideal amplitude–
frequency response.

4. Experiments and Tests

The bandwidth expansion performance test system is shown in Figure 5. In the
experiment, an arbitrary waveform generator (AWG, Keysight 33600A) was used as the
signal source, and it send signals to the equalization circuit and drive circuit. The equalizer
and driver were printed in one PCB. A commercial high-power fluorescent white LED
lamp was used as the light source, with electric power of 15 W, working current of 300 mA
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and a general rendering index of 90. The communication distance was 1.5 m. A CdTe
solar cell (164 × 133 × 3.2 mm) was used as the detector, and an illumination meter (TES-
1339) measured the average illumination at the receiver of 600 lx. The received signal
waveform was observed using a Digital Storage Oscilloscope (DSO, Keysight DSOS204A).
The amplitude of the signal was 200 mV, and the digital oscilloscope was set to AC coupling.
The used transistor is a typical NPN transistor SS8050. The used MOSFET in the driver
was model BSP297. VCC was 5 V which was provided by DC power supply in the equalizer
circuit, R1 = 8 kΩ, R2 = 2 kΩ, R3 = 180 Ω, R4 = 200 Ω, R5 = 5.1 Ω and C = 10 nF, and
all the test operations were under those parameters.

Figure 5. Performance test of prototype system.

4.1. Amplitude–Frequency Response of the Transmitter

The bandwidth of the transmitter is smaller than the bandwidth of a commercial
detector. When the receiver is a high-bandwidth commercial PIN detector, the system
bandwidth is limited by the transmitter. According Figure 1, without the equalizer, the
bandwidth of the transmitter is the bandwidth of the high-power LED lamp. As Figure 6
shows, the amplitude-to-frequency response of the LED is flat within 1 MHz (black line).
The amplitude–frequency response of the transmitter is changed significantly when the
equalization circuit is added, so the bandwidth is also changed. With the equalization
circuit, the amplitude–frequency response of the transmitter is nonlinear and amplified
within the low-frequency range. That is different from the traditional VLC system, which
pursues a flat LED amplitude–frequency response. With the equalization circuit, the
transmitter bandwidth is determined by both the equalization circuit and the LED lamp.
The amplitude–frequency response of the transmitter is nonlinear lifted within 100 kHz
(red line), and the response of the high-frequency part increases as well. Due to the
presence of the DC isolation capacitor, the test starts at 30 kHz. As can be seen from the
figure, the bandwidth of the transmitter is much higher than 1 MHz. However, the most
important part of the zero-power-consumption VLC system amplitude–frequency response
is the low-frequency.

The amplitude–frequency response of the transmitter compensated for the amplitude–
frequency response of the receiver within the cutoff frequency of the system in Figure 7. In
addition, the figure used a relative representation to show the result more clearly.
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Figure 6. Frequency response of the transmitter with/without equalization circuit.

Figure 7. Frequency response of the zero-power-consumption VLC system with/without equaliza-
tion circuit.

4.2. Amplitude–Frequency Response of the System

When the solar cell is used as the detector in the receiver, the test of frequency response
is focused on the whole zero-power-consumption VLC system. The test frequency range
was from 5 kHz to 1 MHz, and the result with the relative representation is shown in
Figure 7.

Before the bandwidth expansion, the bandwidth of the zero-power-consumption VLC
system was only 85 kHz. The received signals were too messy to build the eye diagram.
After the bandwidth expansion, the bandwidth extended to 750 kHz. The bandwidth
extended by about 10 times when the equalization circuit was used.

The eye diagram with 600 kbps pseudo-random sequence is shown in Figure 8.
It shows that the system with the equalization circuit can achieve that data rate. The
amplitude–frequency response of this system decreased slowly after 750 kHz, which means
that higher order equalization circuits could be used to expand the bandwidth further.
However, the complexity of the system will be increased. That means there is a trade-off
between expanding the bandwidth range and system complexity. It is significant to select
an appropriate equalization circuit structure and the corresponding component parameters
according to the application demand.
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Figure 8. Eye diagram with 600 kbps.

5. Discussion

Improving the communication rate is a very important goal of the research of zero-
power-consumption VLC system. There are two approaches to realize a higher data rate.
One method is to improve the bandwidth utilization, as shown in [3]. One can adjust the
rise and fall edge of the signal by digital predistortion to fit the certain channels. It was
shown that the data rate increased from 10 kbps to 400 kbps in 75 cm distance, and the
predistortion scheme needs to adapt to the bandwidth of the receiver specifically. Another
method is to improve the bandwidth of the system. In [4,6], an active data processing circuit
is added in the receiver. The signal is sampled and recovered by an active data processing
circuit before sending to next stage. The circuit needs extra power consumption in order
to make the received signal operable. In that method, the active data processing circuit
increased the complexity of the receiver. Adding a bandwidth enhancement circuit (BEC) in
the receiver is an effective method to expand the bandwidth of the system as well. In [9], the
BEC is an active circuit, including an equalizer and non-inverting amplifier. The bandwidth
expanded from 163 kHz to 1.62 MHz, so the great improvement of the bandwidth needed
much more power from the receiver. In that paper, the power consumption of the BEC
required even more power than the total power supplied from the solar cell. If there is no
approach to increase the power that the solar cell supplies, the complex BEC cannot used
to build a zero-power-consumption VLC system.

Compared with those existing methods, the bandwidth expansion method in this
paper does not consume the extra power of the receiver. Setting the equalization circuit at
the transmitter can save power at the receiver. All the energy of the receiver could be used.
The power consumption of the equalizer is 460–470 mW in this system. Compared with
the total power consumption of the system, 11.2 W, the equalizer power consumption is
only 4.1% of the system. The equalizing circuit increases the complexity of the system, but
the cost will not increase much because the transistor, resistor and capacitor are low-energy
devices. The extra complexity and power consumption cost by using the equalization circuit
is worth the increase in the system bandwidth and communication rate. Setting the circuit
in the transmitter is a potential bandwidth expansion scheme in a zero-power-consumption
VLC system, because there is no power consumption in the receiver. As Table 1 shows,
with an equalization circuit in the transmitter, there is a good trade-off between bandwidth,
complexity and power consumption, and it provides a higher speed data rate with enough
distance. That means in a normal indoor lighting condition, this scheme can be used to
build a communication system. Furthermore, these schemes can be combined together to
improve the effect of bandwidth expansion. In order to improve the communication rate,
the high-order modulation techniques can be used in this system. For example, orthogonal
frequency-division multiplexing (OFDM) has been widely studied and applied in visible
light communication in recent years. However, the problem of complexity and power
consumption always needs to be considered.
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Table 1. Comparison of bandwidth-expanding schemes of the VLC system with solar cells.

Year Scheme Position Bandwidth /kHz Distance /m Rate /kbps

2015 [3] signal predistortion transmitter not mentioned 0.75 400
2015 [4] active signal conditioning unit receiver 50 0.5 50
2019 [6] data processing circuit receiver 175 0.3 250
2022 [9] active bandwidth enhancement circuit receiver 163 to 1620 1 1500

2022 this work equalizer in transmitter transmitter 85 to 750 1.5 600

6. Conclusions

The data rate of the zero-power-consumption VLC system is limited by the bandwidth
of the solar cell at the receiver. Designing an equalization circuit for the transmitter to
adjust the frequency response of the transmitter can solve this problem effectively. The
method of adjusting the system zero-pole makes the amplitude–frequency response of the
transmitter increase nonlinearly at low frequency, and matches the frequency response
characteristics of the solar cell to expand the bandwidth of the system. Compared with the
existing equalization circuit design method, the component parameters can be determined
more conveniently. The equalization circuit based on this method extends the bandwidth of
the system from 85 kHz to 750 kHz, and the bandwidth is improved by nearly 10 times. This
method provides a new approach for constructing a higher speed zero-power-consumption
VLC system.
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