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Communication is one of the most important foundations in the Internet of Things. Although some cutting-edge technologies,
such as 5G, have greatly empowered edge computing, electromagnetic interference and pollution make them impracticable in
many environments. The visible light communication (VLC) is a new type of wireless communication technology with
appealing benefits not presented in radio communications. VLC allows a lamp or other light source to not only serve as
illumination but also simultaneously transmit data. Although traditional VLC multiplexing technologies have been able to
achieve a high-speed data transmission rate, they require all receivers to use the same modulation means. In many scenarios,
various-type receivers coexist; it is costly to incorporate multiple senders to implement adaptive content distribution in on-
demand services. In this paper, we propose a new type of VLC multiplexing system, which realizes end-edge data transmission
through pulse position modulation (PPM), pulse width modulation (PWM), and pulse amplitude modulation (PAM)
simultaneously. Therefore, one edge server can serve multiple types of end-users without interference. In order to evaluate the
performance of the system, we conduct experiments with different settings of communication distance, communication angle,
and different environmental light conditions. For three modulations, the proposed system can achieve a transmission speed
three times as that for a single modulation, and reach the accuracy rate of up to 99% within the proper communication range.

1. Introduction

Along with the incredible growth of mobile devices in the
Internet of Things (IoT) and the explosion of demands for
energy and resource-hungry applications, such as online
shopping [1], video streaming [2], data processing [3], data
sharing [4], and space-air-ground communications [5], the
multiaccess edge computing demonstrates the possibility to
provide infrastructure, platform, and software as a service
for end-users from edge servers with a fixed or wireless net-
work connection [6]. In many cases, an edge server may need
to serve multiple end-users simultaneously, where conges-
tion and latency could be very high due to the spectrum
crunch problem of wireless communications. Only extending
spectrum resources cannot solve the end-edge data transmis-
sion problem effectively [7]. Therefore, to reduce the wireless
transmission latency between end-users and edge servers,

future wireless communications with different radio access
technologies, transmission backhauls, and network slices
are evaluated in the emerging edge computing paradigm [8].

Different from the emerging RF radio communication
system which needs complex signal processing and spectrum
sensing means [9], visible light communication (VLC) uses
low-cost, energy-saving, and efficient light-emitting diode
(LED) to encode the data into high-frequency changes of
light intensity that cannot be sensed by human eyes [10].
Various optical sensors (photodiode) can demodulate data
by monitoring the change of light intensity. In many cases,
the off-the-shelf equipment can be used to realize data com-
munication on the basis of lighting [11]. VLC works in the
unregulated spectrum range, and the bandwidth is 104 times
of the RF [12]. Furthermore, it is free of electromagnetic
interference and pollution; therefore, it can be applied in
the electromagnetism-sensitive environment, such as inside
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airplanes, hospitals, and scientific machineries. Another
important advantage of VLC is being able to provide better
security and privacy in some scenarios since light cannot
penetrate walls and requires line-of-sight contact with the
receiver [13]. For these reasons, VLC can bring communica-
tion capabilities between end-users and edge servers, which is
characterized by low latency, low cost, good scalability, and
privacy protection.

One-to-many communication instances are very com-
mon in the edge computing, such as user-specific task ser-
vices and personalized information deliveries [14]. In such
a scenario, multiplexing, which refers to the use of a trans-
mission medium to achieve multichannel signal communica-
tion such as MIMO [15] (multi-input and multioutput), can
improve the utilization of the link and achieve Burst-Mode
communications [16]. In VLC systems, common multiplex-
ing technologies include WDM (Wavelength Division Multi-
plexing), SDM (Space Division Multiplexing), TDM (Time
Division Multiplexing), and FDM (Frequency Division Mul-
tiplexing) [17]. WDM and SDM need to use multiple LEDs as
transmitters to form a MIMO system. TDM will bring down
the transmission rate under the same hardware conditions.
FDM is much complex to achieve, and the hardware equip-
ment is more expensive, which is not suitable for simple text
data transmission. The transmission rate of these highly
complicated VLC devices can reach Gbps, but so far, none
of them has been put into use. Therefore, our goal is to use
single LED and existing low-cost hardware to design a simple
VLC multiplex data communication system and improve the
system transmission capacity, where multiple end-users
share a communication link.

In this paper, we propose a multiplex data transmission
system based on pulse position modulation (PPM) [18],
pulse width modulation (PWM) [19], and pulse amplitude
modulation (PAM) [20]. The key idea is to use these three
modulation methods to encode three groups of data, respec-
tively, then combine three signals into one signal, and send
the data stream through a single LED to three categories of
end-users simultaneously. Each end-user uses a different
demodulation rule to get its dedicated data information, with
time-overlapping. This is very useful in many scenarios,
especially in a dynamic environment, where end-users come
and go frequently. They may expect for different message
contents in terms of the group they belong to. By combining
multiple modulation methods into one signal, the sender can
broadcast different contents to different end-users at one
time, without interference.

For instance, the proposed VLC system can be deployed
in a vehicular environment where mobility is the main chal-
lenge in vehicular edge computing [21, 22]. The free space in
the frequency spectrum for all normal communication spec-
ifications is very full. Therefore, using radio wireless commu-
nication to transfer information may have interference from
other wireless signals, which could lead to a traffic accident
for vehicles. As can be seen from Figure 1, three vehicles have
overlapped communication range (shown in different
colors), which is potential to cause conflicts. If personalized
information has to be transmitted, the time needs to be
divided into small slots. Therefore, it is important to use

new technologies to avoid this happen. Also, the VLC multi-
plexing system has better and low-cost privacy performance
since each group of users uses a different coding scheme.
Regarding wireless multiplexing, applying different cipher
keys is a common solution. The proposed VLC system is suit-
able for the problem. Also, it is energy efficient since it is
based on LED, and very healthy for humans since the change
of lights is undetectable by eyes.

The rest of the paper is organized as follows. We first
briefly introduce the latest literatures on data transmission
in edge computing and VLC-related research. Then, we draw
the big picture of the overall model of the system. After that,
the system design, including modulation, demodulation,
hardware implementation, and software coding, is described
in detail, followed by the experiment results and performance
analysis. Finally, we conclude the paper and suggest some
open issues for future work.

2. Related Work

2.1. Communication in Edge and Industrial Computing.
Communication is the key foundation in Edge and Industrial
Computing, through which task offloading and data trans-
mission must go with. To enhance communication capabil-
ity, MIMO is often used in IIoT [23], where multiple
antennas are installed. In [24], QoE (Quality of Experience)
of the edge-cloud architecture is enhanced by adopting
application-level coding (e.g., transcoding, rate control) to
match the estimated capacity at the radio downlink. In the
Edge Computing-Internet of Vehicles system, two communi-
cation models between edge servers and users are considered,
i.e., the single-hop communication and the multihop com-
munication [25]. Tasks from user vehicles may be offloaded
to 5G base stations for processing. 5G can provide fast and
reliable data transmission between base stations and cloud
servers; however, interference management of wireless com-
munications within a base station deserves further investiga-
tions, not to mention security communication problem for
drones [26]. In another scenario, where service robots are
deployed for healthcare, data is collected from people and
sent to the cloud. Robots also act as edge servers to alleviate
the burden of the cloud as well as reduce latency [27]. The
result of edge computing is exchanged through rapid
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Figure 1: Demonstration of multiplexing in edge computing.
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machine-to-machine communication. Low-cost large-scale
communication is also very important for mobile edge com-
puting in the maritime Internet of Things, where the channel
allocation and power allocation problems are two major
means to optimize the offloading policy [28]. With the rapid
growth of federated learning in the end-edge-cloud orches-
tra, in most cases, it may suffer from a large number of
rounds to convergence, which leads to high communication
costs. Some work [29] proposes novel compression tech-
niques called FedAvg to produce communication-efficient.

2.2. VLC System and Multiplexing. The early research of VLC
was initiated by a team led by Nakagawa of Japan. They envi-
sioned the combination of VLC and PLC to provide indoor net-
work communication [30] and firstly studied the environmental
characteristics of VLC indoor propagation [10]. Since then,
increasing communication rate has become a major research
direction of VLC, including filtering yellow light [31], designing
complex modulation schemes (for example, CSK [32]), and
using multiple inputs and multiple outputs to realize parallel
data stream transmission [33]. At present, the fastest VLC com-
munication system can reach a speed of 10Gbps.

Professor Chi Nan of the Fudan University introduced the
use of several traditional multiplexing technologies in VLC
and verified the feasibility of multiplexing technology in
improving the transmission capacity of the VLC system [12].
The multiplexing technologies that can be used include wave-
length division multiplexing, space division multiplexing,
polarization multiplexing, and frequency division multiplex-
ing [12]. Wavelength division multiplexing (WDM) refers to
using visible light of different wavelengths as carrier waves to
modulate signals. For RGB-LED, red, green, and blue visible
light of different wavelengths can be used to modulate differ-
ent signals, respectively. Space division multiplexing uses mul-
tiple transmitters to send data andmultiple receivers to receive
data at the same time, to realize parallel transmission of space
multiplexing. Polarization multiplexing is to modulate the sig-
nal to the linearly polarized light in different directions by
using the visible polarizer and to carry out multichannel par-
allel transmission. Frequency division multiplexing (FDM) is
to realize multiclient parallel transmission in frequency by
using subcarrier modulation signals with different center fre-
quencies of LED. The transmission rate of these traditional
multiplexing technologies can be up to gigabits per second.

At present, there are a bunch of researches on VLC mod-
ulation methods. We can divide it into two categories: (1)
single carrier modulation mechanism [34], such as pulse
width modulation (PWM), pulse amplitude modulation
(PAM), and pulse position modulation (PPM); (2) multicar-
rier modulation mechanism [35], which requires more com-
plex hardware support, such as orthogonal frequency
division multiplexing (OFDM). Different from existing
research, we developed a new VLC multiplexing system for
low data rate and cost-sensitive applications.

3. System Model

The overall diagram of the core time-overlapping multiplex
VLC system is shown in Figure 2. For different applications,

LEDs can vary in power, and the driver circuit should be
designed correspondingly. The proposed communication
system can support up to three categories of end-users in
the same direction. Each category can have multiple end-
users. In the figure, each category is represented by one
end-user. The edge server is used to transmit the data stream
to the agent microcontroller. The microcontroller modulates
the data going to be sent, uses the modulated signal to control
theMOSFET, and loads it on the LED light source. Under the
control of the MOSFET, the LED lights up quickly, and
finally, the visible light is carried in the communication chan-
nel with data dissemination. At the receiving end, the rapid
intensity change of LED will be captured by photodiodes.
Each photodiode converts the optical signal containing infor-
mation into an electrical signal and then uses the microcon-
troller connected with the photodiode to sample the electrical
signal generated by the photodiode. Finally, each end-user
will process the sampling data according to its dedicated
demodulation rule, restore the original information as it been
sent.

4. System Design

The VLC multiplexing data transmission system encodes the
data of different categories and then sends the data to each
end-user simultaneously through the modulation mode of
PPM, PWM, and PAM. Each end-user uses different demod-
ulation methods to obtain their data. Each end-user does not
interfere with another end-user, nor affects each other, and is
not able to extract data belonging to other end-users.

4.1. Channel Model. Let us assume that the proposed visible
light communication system is composed of LED transmit-
ters and end-users. Then, the received signal can be consid-
ered as in Equation (1) [36]:

y tð Þ = ffiffiffi
ρ

p
H tð Þ ⊗ s tð Þ + n tð Þ, ð1Þ

where ρ = ðr2�P2
KÞ/σ2 denotes the average electrical SNR at

each receive unit, ⊗ is time convolution, �P2
K = ð1/KÞΣK

i=1P
ðiÞ
K

represents the average received optical power, and r denotes
the photodiode responsivity. The vector nðtÞ indicates K
-dimensional noise. The noise includes the receiver thermal
noise and shot noise due to ambient light. Thus, nðtÞ can
be modeled as independent and identically distributed addi-
tive white Gaussian noise with power spectral density σ2 =
σ2
shot + σ2thermal, where σ2shot is the shot noise variance and

σ2
thermal is the thermal noise variance [37].
For VLC systems, the direct line-of-sight (LOS) and the

nondirect line-of-sight (NLOS) are the two general models.
In this paper, we only consider the LOS propagation path
since LOS accounts for the most total received optical power
at the receiver. Let Hk ∈ℝ1×NT denotes the channel matrix
between transmitter and receiver (as shown in Equation (2)):

Hk = hk1, hk2,⋯, hkNT

� �
, ð2Þ

where hki represents the direct current gain between the k-th
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end-user and the i-th transmitter. In terms of the LOS case,
hki is given by [10] as shown in Equation (3):

hki =
Ar

d2ki
L ϕð ÞTs ψkið Þg ψkið Þ cos ψkið Þ, 0 ≤ ψki ≤Ψc,

0, ψki >Ψc:

8><
>:

ð3Þ

where Ar is the active area of the photodiode and dki is the
distance from the LED to the photodiode. TsðψkiÞ is the gain
of the optical filter and ψki denotes the angle of incidence.
The optical field of the view of the photodiode can be denoted
by Ψc. Finally, gðψkiÞ denotes the optical concentrator gain.
4.2. Modulation. The PPM is based on the position of the
pulse. PPM is to divide the time of a cycle into several time
slots of equal intervals, and the transmission of the pulse is
done in any one of the slots. According to the corresponding
relationship between data and pulse position, the sender
chooses to send a pulse signal in a certain time slot to realize
data transmission. The design principle of PPM is shown in
Figure 3(a). A cycle is divided into two time slots. The first
slot has a pulse signal indicating data bit “1,” and the second
slot has a pulse signal indicating bit “0.”

The PWM uses pulse duration to control the LED drive
current; thus, it can adjust the brightness. The advantage of
the PWM is that it does not suffer from the wavelength shift
due to the current variation in the intensity or amplitude
modulation-based scheme. In PWM, brightness level with a
wide range (0-100%) can be achieved by directly adjusting
the modulation index. Moreover, the human eyes cannot
sense the current switching since the dimming signal fre-

quency is usually above 100Hz. PWM uses different widths
of the pulse signal to realize data modulation. The design prin-
ciple of PWM is shown in Figure 3(b). Different width of the
pulse signal in a cycle time represents bit “1” and bit “0.”

PAM refers to a modulation mode in which the pulse
height changes with the encoding. It is a bandwidth efficient
scheme since it can improve spectral efficiency. Data is mod-
ulated into different amplitudes of the signal pulse. PAMmay
suffer nonlinearity in LEDs’ luminous efficacy due to the
modulation schemes employing different intensity levels.
Since the light emitted by an LED depends on the input cur-
rent and temperature, it changes at multiple symbol levels of
the PAM along with changes in the drive current. The design
principle of PAM is shown in Figure 3(c). The different
heights of the pulse signal in a cycle time are used to repre-
sent bit “1” and bit “0.”

The visible light communication system adopts intensity
modulation and direct detection mechanism. The power of
LED can be expressed as Equation (4):

Pled = V led ∗ I led: ð4Þ

where V led is the voltage of LED light source and I led is the
current of LED light source. The peak intensity of LED light
source is mainly affected by the LED power. Therefore, by
using different input voltage, it can generate pulse signals of
different heights and, finally, act on the LED to change the
peak intensity of the LED light source.

In this paper, we propose to use PPM, PWM, and PAM
modulation technologies to implement the VLCmultiplexing
data transmission system for end-edge data transmission. By
modulating the pulse position, pulse width, and pulse ampli-
tude simultaneously, we can send data to three categories of
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Figure 2: Core model of the proposed time-overlapping multiplex VLC system.
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end-users at the same time, for instance, end-user 1 with
PPM, end-user 2 with PWM, and end-user 3 with PAM. Sup-
pose that data stream “0010” is going to be sent to the end-
user 1, data stream “1010” is going to be sent to the end-
user 2, and data stream “1100” is going to be sent to the
end-user 3. The modulation design is shown in Figure 4;
the server first encodes data into light pulse modulations
for each end-user and then integrates them into one signal
with changing position, width, and height. The first bits of
three users are, respectively “0,” “1,” and “1.” Therefore, the
corresponding joint modulation signal starts with a low pulse
and ends with a high pulse in the time slot, and the high pulse
has a larger width and a higher amplitude. Each end-user can
extract the exclusive data from the same signal waveform.

However, in some hybrid system where both 5V and
3.3V power are mixed, if a previous data starts with a low
pulse, ends with a high pulse of 5V power supply, and the fol-
lowing data starts with a high pulse of 3.3V power supply,
ends with a low pulse, there will be a direct conversion from
5V to 3.3V between two data. The problem is before the 5V
power supply has been completely turned off, the 3.3V power

supply has been turned on, so chaotic data will be generated,
increasing the difficulty of decoding. Our solution is to check
whether a signal starts with a low pulse and ends with a high
pulse, immediately add a low pulse delay after the high pulse
to ensure that the power supply is completely shut down.

4.3. Demodulation. The receiving end-user continuously
senses the intensity of the incident light through the photodi-
ode, processes the collected intensity value, and restores the
original data. For each end-user, first of all, we need to locate
the rising edge and the falling edge of each periodic optical
pulse [13]. We can find the local maximum value to locate
the edge of the optical pulse by calculating the first derivative
I ′ðxÞ of the intensity value as shown in Equation (5):

I ′ xð Þ = −
1
2 · I x − 1ð Þ + 0 · I xð Þ + 1

2 · I x + 1ð Þ, ð5Þ

where IðxÞ is the intensity perceived by the photodiode.
Each end-user applies different demodulation methods.

For end-user 1, the data is decoded by the PPM principle to
find the relative positions of high pulse and low pulse in the
cycle, and the original data information is restored according
to different positions of the pulse. For end-user 2, data is
decoded by the PWMprinciple, the high pulse width is calcu-
lated by a rising edge and a falling edge of the pulse, and orig-
inal data information is restored according to different width
values. For end-user 3, we decode the data by the PAM prin-
ciple, find the maximum light intensity detected in each
cycle, and compare it with the peak intensity of LED when
connecting to 5V power supply and 3.3V power supply,
respectively, and finally, restore the original data informa-
tion. However, the peak intensity of LED decays with the
square of the distance between the LED and the photodiode,
and the different distance between the LED and the photodi-
ode will produce a difference in the peak intensity detected by
the photodiode. Therefore, our solution is to add two bits of
light intensity calibration before sending each data packet,
where the first bit uses a 5V power supply, and the second
one uses a 3.3V power supply (as shown in Figure 5). Finally,
when restoring the data information, the peak intensity of the
data bits only needs to be compared with that of the first two
calibration bits.
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Figure 3: PPM, PWM, and PAM modulation.
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In many practical data transmission processes, the length
of data stream to be sent to each end-user is different. A
binary bit with no meaning could be recognized as data for
end-users improperly. Therefore, we add a stop bit at the
end of each data stream, according to which the end-user
judge whether to continue to accept the data. Bit “1” means
continuing to receive and bit “0” means stopping receiving.

4.4. Error Detection and Correction. In this paper, we build an
Arduino UNO-based experiment platform as the validation
system, due to the limited sampling rate; the pulse width cor-
responding to a bit may be inaccurate during decoding,
resulting in decoding error of that bit in the process of data
transmission. Moreover, consider that many VLC systems
only need a one-way transmission, where it is not possible
to get the receiver’s feedback information; hence, we use
FEC (Forward Error Correction) to detect and correct errors
to achieve reliable transmission. Hamming code is a type of
linear block code, which has been widely used in the telecom-
munication system. It can correct random errors and burst
errors. In our design, Hamming code is adopted to add
redundant bits in data to realize error detection and correc-
tion. It organizes data bits into groups, determines whether
there are any errors in the group through parity check, in
terms of the principle of odd or even matching. Concretely,
the total length of the data frame is 14 bits, which includes
2 calibration bits, 8 data bits, and 4 parity check bits. Ham-
ming code can only recover 1 bit error. If more than 1 data
bits flip during the transmission, Hamming code will not
work. However, during the experiment, we find that very
few bit errors occur and the vast majority of them is 1 bit
error, providing that the communication range is within
the proper distance. The reason we chose Hamming code is
that it is very simple and easy to implement. It also puts little
cost over transmission.

4.5. Design of the Validation System. The evaluation system
includes a sendingmodule and a receivingmodule. The sending
module mainly includes one microcontroller, one MOSFET
Driver Module, and one LED light source. The receiving end
mainly includes onemicrocontroller, one resistor, and one pho-
todiode. The specifications of the LED light source and the pho-
todiode used in the experiment are shown in Table 1.

On the transmitter side, the microcontroller is Arduino
UNO [38], with a clock frequency of 16MHz, which can gen-
erate microsecond level pulses. Two pins (pin 9 and pin 10)

of the microcontroller are connected with two p-type MOS-
FET driver modules. The two p-type MOSFET modules are,
respectively, connected with 3.3V and 5V voltage, and one
LED light source. Through controlling the two MOSFET
drivers, the LED can be quickly switched on and off. The con-
trol circuit of the transmitter is shown in Figure 6.

The receiver also uses Arduino UNO as the microcon-
troller to connect the photodiode at pin A0 and sample the
data of the photodiode with a sampling frequency of
50 kHz. It can map the voltage collected from the photodiode
to a value from 0 until 1023. A 1mΩ resistor is connected at
the receiving end to improve the gain of the photodiode. The
control circuit of the receiving end is shown in Figure 7.

5. Results and Analysis

We test the proposed time-overlapping multiplex VLC sys-
tem from two aspects: (1) system function test: whether the
transmitter (edge server) and the receiver (end-user) can reli-
ably conduct one to three communications; (2) system per-
formance test: test the speed and accuracy of the system
under different link distance, different perspective, and dif-
ferent ambient light conditions. Due to a limited budget, we
only build a minimal system that can fulfill the evaluation
purpose. The prototype of the experiment system is shown
in Figure 8. One LED controlled by the Arduino board acts
as the edge server (Figure 8(a)) while three Arduino boards
with photodiodes are end-users (each of which uses PPM,
PWM, and PAM, respectively, Figure 8(b)). By default, the
experiment is carried out indoor and under the condition
of turning on the fluorescent lamp, the photodiode is directly
below the LED, with a height of 13 cm. The period of trans-
mitting signal is set as 220μs, and the pulse width modulated
high pulse width is 140μs and 100μs, respectively.

5.1. System Function Experiment. The system function test
experiment is carried out by sending text data to receivers.
The text data needed to be sent to end-users is input from
the console. In the test, we arbitrarily select the characters
“a,” “6,” and “∗,” corresponding to end-user 1, end-user 2,
and end-user 3, respectively. The received data printed on
the end-user console validates that the letter, the number,
and the symbol can be correctly transmitted.

In order to ensure that the system can work normally, we
draw the pulse shape diagram of the transmitter and the
receiver (as shown in Figure 9). The pulse shape diagram

Start
bit

Calibration

5v Calibration 3.3v Calibration

Error
detection

Data B1, B2, B3... End
bit

Figure 5: Design of calibration in PAM model.

Table 1: Component parameters.

Component Parameter

Parameters of LED

Voltage range: 3.3-5V

Power: 5W

Angle of view: 90°

Intensity: 200-300 lx

Wavelength: 300-760 nm

Parameters of Photodiode

Photocurrent: 10 μA

Rise/fall time: 12 ns

Peak wavelength: 850 nm
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shows that the receiver can correctly receive the signal from
the transmitter.

5.2. System Performance Experiment. By testing the through-
put and accuracy of the VLC multiplexing system, we inves-

tigate the influence of communication channel parameters
and environmental factors on the system performance.
Throughput is the number of bits received correctly per sec-
ond, and accuracy is the ratio of the number of bits received
correctly to all bits sent. In each experiment, the sender sends

Arduino uno R2

3.3V

Q1
S

S

D

D LED
Q3

5V

R1

Figure 6: Hardware design of the transmitter.

R R R

3.3V 3.3V 3.3V

Arduino uno

PD PD PD

Arduino uno

PC

Arduino uno

Figure 7: Hardware design of receivers.

MOSFET

(a) Transmitter subsystem

Photodiode

(b) Receiver subsystem

Figure 8: Experiment system implementation.
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512 random bits of data to each end-user at the same time.
We repeat the experiment ten times to calculate the average
throughput and accuracy.

5.2.1. The Influence of Link Distance on the System. The link
distance between LED and photodiode is one of the impor-
tant parameters that affect the accuracy of data transmission.
We adjust the distance from the LED to the photodiode from
5 cm to 22 cm and keep the LED directly below the photodi-
ode. The experimental results are shown in Figures 10(a) and
10(b). We can see that the system can support a 16 cm com-
munication distance, and the throughput of each end-user is
about 1.29Kbps; the total throughput is 3.87 kbps. As long as
the distance between the sender and the receiver is within the
communication range, the data can be transmitted reliably.
When the communication distance is more than 20 cm, its
data transmission accuracy becomes 0%. We can see that
no matter what kind of modulation means are used, the
curves are highly coincident. This is because once the com-
munication range is over length, the current generated by

the photodiode induced light intensity changes very little,
which makes Arduino unable to sample it.

Due to the low power of the LED (5W) in the validation
system, the valid distance is around 16 cm. The power used in
related work is around 20W to 30W. Therefore, the effective
distance can be extended by applying a LED with larger
power. Under the same condition, it is expected that our mul-
tiplexing system can achieve the same distance performance
as in the related work (up to 100 meters). Furthermore, the
distance can be extended by adding an optical lens at the
receiving end. Finally, increasing the frequency of the micro-
controller (in our system, Arduino UNO is a low-end micro-
controller) can directly improve the data rate to a much
higher level (15Gbps in a report).

5.2.2. The Influence of Different Ambient Light Conditions on
the System. To test the robustness of the system, we carry out
experiments at 2 : 00 pm and 7 : 00 pm, respectively, under
different ambient light conditions and turn on the fluorescent
lamp in both cases. The experimental results of end-user 1
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Figure 9: Pulse signal diagram of the transmitter and receiver.
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Figure 10: Influence of communication distance on the system.
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under different ambient light conditions are shown in
Figure 11. We can see that at two o’clock in the afternoon,
when the ambient illumination is high, the maximum sup-
ported communication distance of the system is 16 cm,
which is the same as the experiment at 7 : 00 pm. When the
communication distance is more than 18 cm, the effect of
the ambient light starts to appear; however, the result got at
2 : 00 pm has little improvement. Therefore, we can say that
the system has a strong tolerance to ambient light.

5.2.3. The Influence of Angle of View on the System. The angle
of view is also another important parameter to measure the
system. It refers to the angle between the LED and photodi-
ode line and the LED normal. We adjust the viewing angle
from 0° to and 35°. The experiment is carried out at 7 : 00
pm and the distance between LED and photodiode is
13 cm. The experimental results are shown in Figure 12.
We can see that the angle of view supported by the system
is about 40° (±20°).

5.2.4. The Performance Comparison with PWMMultiplexing.
As most of recent work is moved to use multiple-input
multiple-output (MIMO) hybrid multiplexing in VLC due
to achievable very high data rate, there are few researches
insisting on using single LED. However, not all applications
need such high data rate. They may concern more on deploy-

ing cost, where multiplexing with a single LED is very useful.
To our best knowledge, there is no such work combining
PPM, PWM, and PAM as we do, therefore, we compare
our method with a traditional multiplexing method only
using pulse width modulation (PWM).

As shown in Figure 13, the total throughput of PWM
multiplexing with three users is around 3.27Kbps, which is
only 84% of the throughput of our method. Furthermore,
with the increase of the number of users, the number of pulse
width will also increase in an exponential manner, which will
greatly lower per user throughput.

5.2.5. The Test on Vast Transmission. Since large data files,
such as images and videos, are very common in data trans-
mission, to test the robustness of the proposed system, we
have carried out image transmission experiments. We choose
the most famous image “Lena” as the test object. First, we
convert the standard “.tif” file into “.eps” format, which size
is around 1560KB. Second, we send the image using PPM,
PWM, and PAM modulation simultaneously. In this step,
we read the eps file byte by byte and apply Hamming code
before transmission. The actual size of each image transmit-
ted is 2730KB. Third, we analyze the difference of the origi-
nal image and the received image. Since the data rate is
about 1.29Kbps, it costs around 2100 seconds (35 minutes)
to finish one transmission. We repeat the experiment for
100 times and find that, in 93% of the cases, we get the equal
images. In the remaining 7 cases, the differences between two
images are less than 2 bytes in 5 results. Most of bit errors
have already been corrected by Hamming code. As shown
in Figure 14, (a) is the original image and (b) is the received
image. The differences between them are 41 bytes (possessing
0.00256% of total bits), which is the worst case in the 100
time experiments. However, the human eyes still cannot tell
the difference between them.

Therefore, the proposed system can handle most of prac-
tical application scenarios with reasonable cost. However, if
the hard robustness data transmission needs to be guaran-
teed, either a two-way communication means or much com-
plex Forward Error Correction Encoding must be adopted,
which violates the design purpose of this system.
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Figure 11: Influence of ambient light conditions on the system.
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Figure 13: The performance comparison with PWM multiplexing.

9Wireless Communications and Mobile Computing



5.3. Potential Applications. Besides end-edge data transmis-
sion, the proposed system can be applied in many IoT appli-
cations, such as underwater communication, medical
treatment, and indoor positioning.

Because of the high attenuation rate of electromagnetic
wave, it is difficult to use radio waves for underwater wireless
communication. Compared with traditional underwater
sonar communication, visible light optical communication
has higher directivity and confidentiality. Taiyo Yuden and
Toyo Electric Co jointly developed a high-speed underwater
wireless communication device based on visible light. Using
the general blue LED with low attenuation rate in water,
the maximum communication speed of 50Mbps is achieved.

For hospital and medical field, visible light communica-
tion is considered to be the most suitable wireless communi-
cation mode since it does not cause electromagnetic
interference to electronic equipment. Whether it is to realize
the dynamic monitoring of patients or the communication
between medical devices, VLC provides a safe and reliable
way of information transmission. The hospital is likely to
be the first large-scale popularization of VLC system.

The proposed VLC system uses LED as transmitter,
which are currently being installed in most buildings, for
instance, large shopping malls, office, and classroom. Since
the global positioning system (GPS) signals are difficult to
pass through building walls, the VLC-based indoor position-
ing system can be a good substitute. It estimates location by
the geometric properties of triangles. Specifically, this tech-
nique uses difference reference points to get target position,
where the reference points are LEDs, and target is the optical
receiver. Comparing to radio frequency-based indoor posi-
tioning system, VLC is electromagnetic interference free
and can achieve a good accuracy.

6. Conclusion

In this paper, we proposed a new VLC system to use PPM,
PWM, and PAM modulation technology to realize the VLC
multiplexing communication system for end-edge data
transmission. We designed the modulation methods and

solved the problem of the nonfixed length of individual infor-
mation. Also, a delay was added to fit the mixed voltage sys-
tem. We used a low-cost hardware solution, in which an off-
the-shelf LED and photodiode are adopted to build the pre-
liminary validation prototype. The proposed VLC system
successfully completed a one-to-three communication. The
communication rate of a single client can reach 1.29Kbps,
the communication distance can reach 16 cm, and the accu-
racy is near 99%.

Future research issues include further improving com-
munication range and data rate and efficient two-ways VLC
communications. With the more powerful LEDs and micro-
controllers, the range and the rate can be easily extended to a
level that has the potential to be used in many scenarios, such
as underwater communication, medical treatment, and
indoor positioning to avoid radio communication interfer-
ence and also improve safety.
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