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Abstract Owing to the recent advancements in the Internet of Things (IoT), an increasing number of IoT
devices have led to frequency crowding in wireless networks. The low-complexity visible light communication
(VLC) system is a promising solution for indoor frequency-crowded wireless networks owing to the ubiquity
of light-emitting diodes (LEDs) and readily deployable, low-cost modulation methods. However, due to the
inherent limitations of LED materials and growth of data from IoT applications, low-complexity VLC systems
can barely boost the data throughput without adding complex modulations and circuits. This study aims
to design and implement a spectrum-efficient, low-complexity VLC system to improve data throughput with
very little cost to support indoor IoT applications. This system uses multiamplitude voltage to transmit
multiple bit streams simultaneously, making it a novel system. However, it is not trivial to achieve this goal
as the varying voltage can cause the LEDs to flicker. Therefore, we further propose a voltage-to-current
amplifier circuit, which effectively mitigates the effects of changes in the LED’s brightness upon human
eyes. Finally, we evaluate the system under different speeds, distances, and angles. Extensive experiments
demonstrate promising results from the viewpoint of spectrum efficiency, throughput, bit-error rate, and user

perception.
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1 Introduction

5G networks have been standardized and will be widely deployed in 2020. Beyond 5G (B5G) networks
have become hotspots because they cover global networks (including sky, land and ocean). B5G net-
work utilizes enormous bandwidth resources to meet communication needs, including millimeter wave
communication, visible light communication, and so on. Visible-light communication (VLC) is a promis-
ing technology for enabling various applications owing to the ubiquity of light-emitting diodes (LEDs)
around us [1]. With the recent advancements in the Internet of Things (IoT), light-based communication
serves as an important and alternative communication scheme for IoT applications, including visible-light
sensing [2, 3], consumer electronics [4], Narrowband IoT (NB-IoT) [5], and open web of things [6]. The
characteristics of such devices are low-complexity, low-speed, and short communication distances. For
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Figure 1 (Color online) Low-complexity visible-light communication (VLC) systems for smart illumination and consumer
devices, e.g., smart toys, smart glasses, and other IoT devices.

example, light-based communication can be used for home-entertainment scenarios, such as smart toys
that communicate with each other [7]. Furthermore, it offers a superior security performance to radio
frequency (RF) alternatives, which can be used to replace RF-based wireless-authentication applications
such as vending machines. The readily deployable, low-cost modulation unit could easily turn LEDs into
low-complexity LED-based VLC systems for indoor IoT applications, as shown in Figure 1.

The bandwidth LED is relatively small, i.e., in the range of 1-3 MHz, due to the limitations of LED
materials, which is not ideal for the growth of data from these low-complexity VLC systems [8-10].
When the size of communication networks increases, all nodes collectively occupy a limited bandwidth.
Therefore, spectrum efficiency should be improved to accommodate more devices even at low speeds.
Although there are high-precision, high-performance, and computationally intensive chips to support
advanced modulation methods, such as orthogonal-frequency-division multiplexing (OFDM), code-shift
keying (CSK), discrete multi-tone, and space modulation (SM) [9,11-13], the deployment cost is high,
which may prohibit the widespread promotion of VLC systems. Furthermore, LEDs are noncoherent light
sources [14]. Frequency-modulation and phase-modulation schemes, such as frequency-shift keying (FSK)
and phase-shift keying (PSK) [15-17], are not convenient as extra frequency- and phase-compensation
circuits must be designed to drive LEDs. Therefore, an approach that improves spectrum efficiency should
be proposed to boost the throughput for the low-complexity VLC system without adding computationally
intensive chips or complex circuits. To achieve this, herein, multiamplitude voltage modulation is used
to improve spectrum efficiency. Note that, though the multiamplitude-modulation approach has been
widely used in wireless and optical fiber communications [18,19], it is challenging for LEDs in VLC
systems as the varied voltage may cause the severe flicker problem of LEDs for human eyes, making
VLC systems impractical for indoor IoT applications. Previous studies [20,21] mainly focused on adding
complex-drive circuits to avoid the LED’s flicker, and these are not suitable for the ubiquitous deployment
of low-complexity VLC systems.

Herein, we design and implement a spectrum-efficient, low-complexity VLC system enabled by an ef-
ficient multiple-amplitude pulse-position-modulation (MAPPM) scheme to improve spectrum efficiency
and a voltage-to-current-amplifier circuit to avoid the LED’s flicker. Traditionally, the widely-used modu-
lation method for low-complexity VLC devices is on-off keying (OOK). This uses the “dark” and “bright”
settings of an LED to represent the bits “1” and “0”, respectively. Note that bright means that light is
emitted and dark means no light is emitted) [6,7]. However, a sequence of “0s”, e.g., “000”, will turn off
the LED for a period that could impact user perception on the light, e.g., flicking lights. Therefore, a prior
study proposed two-pulse-position modulation (2-PPM) using “1(bright)0(dark)” and “0(dark)1(bright)”
to represent the bits “1” and “0”, respectively, preventing the LED from flicker [22]. However, we can
observe that this additional bit caused inefficient spectrum usage; one bit’s information is represented by
two symbols rather than one.
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Figure 2 (Color online) The principles of our multiple-amplitude pulse-position-modulation (MAPPM) scheme, as com-
pared with two readily deployable modulation methods, such as on-off keying (OOK) and 2-PPM, in low-complexity VLC
systems. Our MAPPM scheme enables two bit streams to transmit simultaneously by modulating the signal with multiple
states (where the blue line represents different states).

Herein, we introduce the multiamplitude voltage to increase every bit’s information to transmit two
bit streams simultaneously. Due to certain hardware limitations of current off-the-shelf low-complexity
devices, we focus only on two bit streams to demonstrate the feasibility of our proposed approach, and
will investigate the case of more-bit streams in future work. Herein, every bit’s information comprises
“dark, softly bright, bright” rather than “dark, bright”. As shown in Figure 2, we reduce the voltage
of “bright” to a certain value as “softly bright”. The “bright” and “softly bright” represent the bits
“1” and “0,”, respectively, in the second bit stream (Bits-2). The “dark, bright” or “dark, softly bright”
represents the bit “0” in the first bit stream (Bits-1), The “bright, dark” or “softly bright, dark” represent
the bit “1” in the first stream (Bits-1). Furthermore, it is challenging to define the voltage value of “softly
bright” to ensure that the receiver’s bit-error rate (BER) is as low as possible. Meanwhile, human eyes
cannot perceive the LED’s flicker and change in brightness. Thus, we further design and implement a
simple structured voltage-to-current-conversion amplifier circuit to prevent human eyes from perceiving
the LED’s flicker and mitigate the impact of the change in brightness. In the end, we prototype the
proposed VLC system using off-the-shelf and low-complexity devices. We evaluate the effectiveness of
the proposed system based on the system’s spectrum efficiency and BER via thorough experiments, e.g.,
different angles, speeds, and distances. To the best of our knowledge, the proposed study is the first to
explore the effect of multiamplitude voltage modulation to improve the spectrum efficiency and boost the
throughput in low-complexity VLC systems.

Our detailed contributions are summarized as follows.

(1) We propose a novel spectrum-efficient modulation scheme called MAPPM for low-complexity VLC
systems. This scheme takes advantage of multiamplitude voltage to transmit two bit streams simulta-
neously to double the spectrum efficiency. It splits the high-level voltage of the first bit stream into
two minor-difference voltages to represent the second bit stream’s high and low levels, respectively. In
the transmitter, we design and implement a sequence header by only adding two square waves of dif-
ferent periods to synchronize the system and enhance the receiver’s correct sampling. In the receiver,
microcontroller averages two slightly different voltages as the threshold to decompose the synthetic bit
stream.

(2) We design and implement a voltage-to-current amplifier circuit, which aims to avoid human per-
ception of the LED’s flicker and to mitigate the effects of change in brightness. It comprises two parts, a
voltage-to-voltage amplifier circuit and a voltage-to-current amplifier circuit based on one transistor. The
former is used to decrease the output impedance of transmitter pins, and then to provide an adaptive-
input voltage for the second part. The latter is used to change the current through the LED subtly such
that the transmitter will not drastically change the brightness.

(3) We build a prototype using off-the-shelf and low-cost devices and evaluate our proposed system
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by conducting experiments. We extensively tested the BER and spectrum efficiency at different speeds,
distances, and angles. We also conducted a study of the user perception of the LED’s brightness and the
flicker in both daytime and nighttime. Our evaluation results showed that our proposed system achieves
promising results.

2 Related work

Most previous studies have not considered multiamplitude voltage modulation to improve spectrum ef-
ficiency in the low-complexity VLC system. They have also not considered the use of off-the-shelf and
low-cost devices to realize such modulation. Below, we discuss prior work on VLC-modulation schemes
and general-VLC applications.

2.1 The VLC modulation

VLC uses the visible-light band as the information carrier without optical fiber or other cable channels
to transmit signals through the air [23]. The biggest advantage is to mitigate resource contention in the
wireless spectrum and to reduce interference between wireless channels. Owing to the ubiquitous presence
of LEDs in practice, visible-light communication using LEDs with an instantaneous on/off feature has
been extensively studied to support numerous applications. For example, it could be integrated with
WiFi, cellular networks (3G, 4G, and even 5G), and other communications technologies in the domains
of smart cities, aviation, navigation, subway, high-speed rail, and indoor-navigation applications, among
others; thereby, further promoting the development of the Internet of Everything [24-26]. The most sig-
nificant difference between wireless communication and VLC is that the bit stream cannot be modulated
in phase with the light signal [27,28]. This means that modulation techniques are based on intensity mod-
ulation/direct detection (IM/DD). IEEE 802.15.7 discussed four types of modulation schemes: (1) OOK,
which is the simplest form of the amplitude-shift-keying modulation that represents digital signals as the
presence or absence of a carrier wave with the presence of a carrier wave representing ‘1’ and its absence
representing ‘0’ [22]; (2) pulse modulation, which has been used widely in optical-communication systems,
generates pulses of equal amplitude at a rate controlled by the modulated signal’s amplitude; its major
advantage is high power efficiency using pulse modulations, such as PPM [29], PWM [30], VPPM [31]; (3)
orthogonal-frequency-division modulation (OFDM) is developed by multi-carrier modulation; it is one
way to realize a multi-carrier-transmission scheme. Its modulation and demodulation are realized based
on the inverse fast Fourier transform and fast Fourier transformation, respectively. The major difference
between VLC- and wireless-based OFDM is that VLC-based OFDM cannot achieve bipolar signal trans-
mission, and the receiver can only detect signals by IM/DD [9]; and (4) color-shift modulation (CSK),
which is a novel modulation method for VLC systems with RGB-LEDs that transmits signals through
the color property of a multi-color light source. For the receiver, the spectral-response characteristics of
the photodetector are used to generate different voltages, thereby demodulating signals [11]. The first
two modulation schemes are widely used in low-complexity systems, since they are readily deployable.
The others, i.e., wavelength-division multiplexing (WDM) [32] and spatial modulation (SM) [13], are
mainly used in high-speed and high-performance systems equipped with high-precision and computation-
ally intensive chips. Zhang et al. [33] proposed energy-efficient space-time modulation for peak-limited
MISO-broadcast VLC systems by cooperatively managing the nonnegative multiuser interference. In ad-
dition, they [34] proposed an energy-efficient time-collaborative modulation constellation by minimizing
the total optical power subject to a fixed minimum Euclidean distance without channel-state information
at the transmitter. Chau et al. [35] proposed a new MIMO VLC-receiver architecture capable of dynam-
ically adjusting the optical channel using a spatial light modulator. However, they focused on energy
efficiency, and furthermore, either the transmitter or the receiver had to be of increased complexity as
either multiple LEDs in the transmitter or multiple photodetectors in the receiver are required to improve
spectrum efficiency. Gancraz et al. [36] proposed an approach toward dimming and data transmission
through the variation of codeword weights in overlapping pulse-position modulation. Although it can
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improve spectrum efficiency, they did not consider the LEDs’ flicker problem. When the codeword weight
is small, the LEDs’ flicker will appear because the interval between sample codewords is too large.

Herein, we focus on the readily deployable modulation schemes used in low-complexity VLC systems,
which are applied in many different areas, e.g., visible-light sensing, smart toys, smart glasses and other
IoT devices [6,7,37, 38].

2.2 VLC applications

LEDs are semiconductor electronic devices that are used for transforming electrical energy into light [39].
LEDs are based on semiconductor chips, which are mainly composed of P- and N-type semiconductors.
Recently, LEDs have undergone high-speed development, as their brightness has been enhanced by 20
times and their cost reduced by 99% every year. The impact of LED technology has been extended to the
global science and technology, economy, life, and other fields. In comparison with incandescent, energy-
saving lamps, and other light sources, LEDs have the advantages of higher modulation bandwidths,
higher efficiency, longer life and higher sensitivity. LED energy consumption is far lower than other
light sources, whereas the brightness efficiency is higher. This meets the “green, low-consumption”
concept [40-44]. In [45-47], the authors studied indoor-positioning technology under the condition of
LEDs with accelerometers, trilateration algorithms, and channel hopping. They found that the VLC can
achieve high-accuracy localization than the existing indoor localization systems such as, WiFi based. Arai
et al. [48] proposed a network model and built an experimental platform for vehicular-communication
systems, providing a strong basic framework for subsequent outdoor VLC. Wang et al. [49] proposed test
platforms using BeagleBone Black, which aimed to promote the development of VLC in various fields.
Schmid et al. [7,38] proposed LED-LED communications and LED-LED networks, which changed the
development of receiving ends and up-links. Li et al. [50] proposed screen-camera communications under
any scene, which could simultaneously transmit images and tests at the same time. Hao et al. [51] proposed
COBRA, an innovation arising from using two-dimensional code in VLC fields. Tian et al. [6,37] proposed
darkVLC, which aimed at achieving VLC in dark environments. Anran et al. [52] also proposed screen-
camera communications, which leveraged the temporal flick-fusion property of human-vision systems and
fast frame rate of a modern display. Schmid et al. [4] proposed the use of consumer LED bulbs for
low-cost and low-complexity VLC systems. The Internet protocol connectivity based on networked light
bulbs and sensing human activities was explored to develop an indoor VLC network in [53-58].

However, the problem of spectrum efficiency has been ignored by previous study, greatly limiting the
development of low-complexity VLC systems and their applications.

3 Design

In this section, we will present the design of our MAPPM scheme in detail.

3.1 Concept

Most LEDs are still noncoherent light sources, and VLC commonly uses the intensity modulation/direct
detection (IM/DD) methods for communication. Frequency and phase-modulation methods require ad-
ditional compensation circuits or high-performance chips, such as FSK, PSK, and OFDM [9,17]. They
are not suitable for low-complexity VLC devices. Therefore, OOK and 2-PPM methods are used widely
in low-complexity VLC systems [22].

When we use OOK modulation, the long “0” in the bit stream, which means that the LED always
remains “dark,” will cause the flicker. The 2-PPM method is proposed to avoid human eyes perceiving
the flicker during communication, as shown in Table 1. Tt uses “(bright, dark)” to represent “0” and
“(dark, bright)” to represent “1”. Note that “bright” means light is emitted and “dark” means no light.
In this manner, LED flicker can be eliminated. However, an additional symbol, which is used to eliminate
the flicker, causes inefficient usage of LED bandwidth. Herein, we introduce a MAPPM scheme that takes
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Table 1 2-PPM modulation scheme?®

Bit (first symbol, second symbol)
0 (bright, dark)
1 (dark, bright)

a) Bright means that light is emitted; dark means no light.
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Figure 3 (Color online) The system architecture. The second bit stream is embedded in the first by the MAPPM scheme.
The synthetic bit stream is transmitted into the V-I circuit so that human eyes cannot perceive the flicker. Then, it passes
through the photodetector and amplifier to produce A/D conversion and threshold decision.

advantage of multiamplitude voltage to transmit two bit streams simultaneously, thereby improving the
spectrum efficiency significantly.

Figure 3 shows the proposed VLC architecture comprising three modules, including a MAPPM scheme,
voltage-to-current conversion circuits, and adaptive threshold. First, we increase every bit’s information
by multiamplitude voltages. When the second bit stream comes, we synthesize the two bit streams into
a new bit stream, which is made up of three states: “dark”, “softly bright,” and “bright”. The new
bit stream is further assigned to the digital-to-analog (D/A) converter module. Then, the bit stream is
transmitted by voltage-to-voltage operational amplifier and voltage-to-current amplifier circuits, which
aim to mitigate the effects of flicker and brightness.

At the receiver, the transmitted light is concentrated onto the photodetector. Then, the receiver
extracts the synthetic bit stream from the photodetector using a voltage-to-voltage amplifier circuit
and an A/D-conversion module. Two bit streams can be easily demodulated with two timers and one
adaptive threshold. These demodulation bits can be correctly identified according to corresponding
voltages. Voltages are related to distances, speeds, and angles, among others.

3.2 Modulation

We illustrate the principle of MAPPM in Figure 2. There are two bit streams, Bits-1 and 2. We embed
Bits-2 into Bits-1 using the “OOK+PPM” method. For the synthetic bit stream, there are four cases: “0,
07, “0, 1”7, “1, 07, and “1, 1”. Note that these are ordered. The first position refers to Bits-1, the second
to Bits-2. We use four different light-intensity levels to represent these four cases: “dark, softly bright”,
“dark, bright”, “softly bright, dark”, and “bright, dark”. The final synthetic result is the blue-line case,
as shown in Figure 2. The PPM originally uses two symbols to represent one bit. However, we use two
symbols to represent two bit streams under the MAPPM scheme. One is Bits-1, another is Bits-2. Thus,
the spectrum efficiency doubles. In our test, we find that, when we set the amplitude difference between
“softly bright” and “bright” at 40 mv and change of current passing through the LEDs is 100 pA, human
eyes cannot perceive flicker. This is described in Subsection 5.1.

3.3 Flicker and brightness

Due to the use of multiple voltage amplitudes, we have to ensure that our MAPPM scheme does not
generate flicker or LED-brightness changes.
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Flicker. First, we analyze the influence of flicker, which is defined as the fluctuation of the brightness
of light that can cause noticeable physiological changes in human eyes [59]. We strive to mitigate flicker
that may be caused by modulation of light sources for communication. The maximum flickering time
period (MFTP) is defined as the maximum time period over which the light intensity may change but the
resulting flicker is not perceptible by human eyes [60]. To eliminate the flicker, we must avoid changes
in brightness over periods longer than the ME'TP. As long as the flicker frequency is fast enough, human
eyes will not perceive the flicker. For our “bright, softly bright, dark” combinations, if the transmitted
frequency is adjusted properly, the problem of flicker can be solved.

Brightness. The second problem is the brightness. This is related to duty ratio and light inten-
sity [59]. In [6], the authors proposed darkVLC, which means that the VLC can transmit data in dark.
The principle is to make the brightness of the duty ratio extremely small so that human eyes cannot
perceive this pulse light. In [50], the authors proposed screen communications under any scene, trans-
mitting extra data by changing the gray level of the a-channel on screen. Human eyes could not perceive
the change of the gray level. The principle is to change the light intensity. Therefore, we conclude that
we can change the brightness of the LED subtly by changing the light intensity and duty ratio while
ensuring that human eyes cannot perceive the variation of brightness.

Note that human eyes are complicated optical systems, capable of generating various perceptions in
all kinds of situations, e.g., different distances, angles, and ambient light. Therefore, we must change the
light intensity to be as small as possible and appropriately decrease the duty ratio so that human eyes
cannot perceive flicker or change in brightness. Herein, we generate tiny changes in light intensity using
voltage-to-current circuits and change the duty ratio by setting the appropriate transmitter speed. We
introduce our voltage-to-current circuits in Section 4.

In addition, we considered the use of different frequencies or signal phases to represent two different bit
streams, which can effectively avoid changes in brightness and flicker problems. This method is similar
to the QPSK scheme [61]. However, we find that there is a serious problem with using LEDs in practice:
the LED is an incoherent light source. The frequency and phase of the emitted light change irregularly,
which means that we have to rely upon sophisticated equipment and complex circuits for frequency and
phase compensation. This is not our goal, as it significantly limits the applicability of low-complexity
VLC systems in the real world.

3.4 Demodulation

For the receiver, we can demodulate the synthetic bit stream into two bit streams by setting the proper
threshold. We assume that the final synthetic bit stream is the waveform at the bottom of Figure 2. We
only need to set a timer to conduct the A /D conversion to sample the data at the appropriate time. Then,
we compare the sampled data with the threshold. Finally, we obtain two bit streams from the synthetic
bit stream. For the threshold value, the receiver samples a set of data. Then, we use the average value
of “bright” and “softly bright” as it.

3.5 Synchronization

During the receiving processes, we need to know when the second bit stream arrives and ends. Therefore,
we add a sequence header in front of the bit stream. The sequence header acts as follows: (1) it determines
the arrival time of the second bit stream and (2) it provides the clock signal for the receiver-sampling
data. Specific processes are shown in Figure 4. We introduce a 150 us low level at the initial end. Then,
we add a 200 pus high level and 150 us low level. Finally, we transmit the bit stream after waiting for a
100 ps high-level duration.

For the receiver, when the Timerl’s capture time is less than 200 or 340 us, we think that the second
bit stream arrives. Then, Timer2 opens the count function in the next rising edge. Next, we sample the
data when Timer2 interrupts. We set Timer2’s count time to 300 us. The purpose of waiting for 100 us
after the rising edge is to decrease the influence of computation and rising and falling edges. Final, if



Liu XY, et al. Sci China Inf Sci  August 2019 Vol. 62 080305:8

200 ps 100 ps

_,: u:uH ._\_\_

300ps 150 ps 150 ps

Figure 4 (Color online) The architecture of the sequence header. We set the same duration of 600 us for both one bit
and sequence header. Then, we set different lengths of time in the sequence header to avoid the flicker and synchronize the
receiver. The duration time of the header sequence varies with the duration time of one bit, i.e., the duration time varies
with different speeds.

the “softly bright” level does not appear for a long time, the second bit stream is concluded to be over.
When the next bit stream comes, we add the sequence header again.

For the transmitter, although the duty cycle of 200 and 100 ps can cause changes in brightness, it can
be ignored when a long-sequence bit stream arrives. If the second bit stream is transmitted in a cycle,
we can change 200 to 340 us, as long as the receiver is able to capture it accurately.

4 Prototype

In this section, we present our system prototype for the MAPPM scheme. Transmitter and receiver
circuits are important to meet the nonflicker and brightness requirements. Next, we briefly describe our
prototype.

4.1 Transmitter

We used STM32F407ZGT6 microcontroller unit and an LED as the system transmitter. STM32 is chosen
as our microcontroller because it is cheap and popular on the market. Moreover, its dominant frequency
is 184 MHz and it has the built-in 12-bit successive-approximation-type D/A converter, which produces
a 0.0001 V change. It is also more convenient than low-performance microcontrollers, such as, 80C51,
Arduino, which need an additional D/A-conversion module.

To meet the nonflicker and brightness requirements, we need to design an LED-drive circuit. The
reasons are as follows: (1) STM32’s D/A-conversion module pin-output voltage is around 3.3 V, and the
output impedance is higher than the LED’s internal resistance. If we directly connect the pin to the
LED, the pin-output impedance will yield a higher voltage than the LED so that the LED cannot obtain
sufficient voltage (Final, voltage will transform current.) to drive the LED lighting. (2) We can lower
pin-output impedance by adding a voltage follower to achieve the required brightness. However, the LED
is derived from a constant current source, and a small change in the voltage will have a dramatic change
in the current, as can be observed through Figure 5. Although we can slightly change the voltage of
the LED, a dramatic change in the current will obviously change the brightness so that human eyes can
perceive the variety of brightness and flicker.

Thus, we design the transmitter-drive circuit, as shown in Figure 6. The circuit comprises two parts.
The first is a voltage-to-voltage operational amplifier circuit, whose closed-loop gain is 2. Its purpose is
to provide a suitable voltage for the second part. It is also the buffer to decrease the microcontroller
pin-output impedance. The second part is a voltage-to-current-converter amplifier circuit, which is made
up of a transistor and operational amplifier, with current-series depth-negative feedback. The V, of the
OPAQ7CPA operational amplifier is the signal-input port. The emitter current I, of the transistor acts
upon resistance R5 and LED internal resistance. By the amplification principle of the transistor, we know
that

Vo=1,x (R5 + Rled—r); (1)

Ie = ﬂ X Ib. (2)

By operational amplifier virtual short and virtual open, we can see that

Vi =V, (3)
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Figure 5 LED I-V characteristic and its slopes. The for- Figure 6 (Color online) The circuit diagram of V-I con-

Forward current

ward current is slowly growing when the LED does not reach version. It consists of two parts. The first part is the V-V
the turn-on voltage, the slope 8 = dV/dI. After reaching amplifier circuit. The second part is the V-I amplifier cir-
the turn-on voltage, the forward current has a sharp rise, cuit based upon the transistor. The current is controlled by
and the slope becomes «, which is clearly increasing. transistors and resistors.

Io = Ie ~ V+/(R5 + Rled—r)a (4)

where [;, is the base current and I, is the current through the LED. By adjusting the resistor Rj, the circuit
can generate a suitable current for the LED. The resistor R; serves to adjust the quiescent operation
point of the transistor to produce the appropriate negative feedback. The simplified equation is

Py x2
Ilz%. (5)

We assume the resistance R is 100 Q. Using (5), we find that the change of 0.1 V in the pin will
produce a change of 0.002 A. Furthermore, if the resistor Ry is 1000 €2, the change in current will be only
0.0002 A. When Rj is large enough, Rjeq - becomes insignificant and is ignored. We are able to control
the current through Rjs; thus, this method is much better than directly controlling the change of voltage.

4.2 Receiver

We use STM32F103C8 microcontroller unit and a photodetector as the system receiver. STM32F103C8
has a built-in 12-bit successive-approximation-type A/D converter, meaning that it is more convenient
than a microcontroller with an extra A/D-converter module. Meanwhile, the built-in filter can also help
us to eliminate disturbances from the light noise.

For the photodetector, we choose SD5421. It comprises PIN photodiode and is suitable for operations
in light noise environments. This detector is selected for the following reasons. For low-complexity
VLC devices, this photodetector offers a high response. It does not need a lens to concentrate the light
intensity on the receiver for increasing the current. Although we can use the photovoltaic cell (2CU33)
as a photodetector, its rising edge time allows human eyes to perceive the LED flicker. Herein, we first
build a transimpedance-operational amplifier to convert the current generated by the photodetector into
a range of voltages. The output voltage is defined as

Voltage (V) = resposivity (A/W) x optical power (W)
x transimpedance Gain (V/A)
x Scale Factor, (6)



Liu XY, et al. Sci China Inf Sci  August 2019 Vol. 62 080305:10

Figure 7 (Color online) The LED is operated by an STM32F407ZGT6 microcontroller and a V-I conversion circuit.
The light intensity is converted into a voltage signal by the SD5412 photodetector. The voltage signal is sampled by the
STM32F103C8 microcontroller. (a) The transmitter module; (b) transmission path; (c) the receiver module.

Table 2 Experimental parameters

System modules

TX microcontroller STM32F407ZGT6
TX voltage-to-voltage amplifier LM358A
TX voltage-to-current amplifier OPAO07CPA
Transistor S8050
RX voltage-to-voltage amplifier LM358A
RX microcontroller STM32F103C8
Power GPS-430C
LED SSL-LX100133XUWC
Photodetector SD5412
TX characteristics
Average optical power per LED 0.1 W
LED’s FoV 120°
RX characteristics
Photodetector diameter 2.54 mm
Receiver’s FoV 120°
Photodetector responsivity R 0.87 (A/W)
Rload
Scale Factor = B 1509 (7)

We find that the transimpedance-operational amplifier outputs 0-1.8 V when we test our experimental
platform in all kinds of environments. Thus, we design a double closed-loop gain-operational amplifier
circuit. This allows the STM32 to sample and investigate different voltage values. Meanwhile, it also
protects the pins of the microcontroller, since 5 V is the maximum voltage for the input of the pin.

5 Evaluation

We conduct extensive experiments to evaluate the performance of our system in the following respects.
(1) User perception: whether participants can perceive the LED flicker. (2) BER: we observe the BER of
system with changing speeds and distances. (3) Other performances: we observe the system performance
using the photovoltaic cell. Figure 7 shows and illustrates our experiment platform.

We conduct experiments in a typical office, where sunlight and fluorescent lights are present. Our
main equipments are STM32F407ZGT6 microcontroller, voltage-to-current-converter circuit, voltage-to-
voltage-amplifier circuit, SD5412 photodetector, and STM32F103C8 microcontroller. Specific device
parameters and characteristics are listed in Table 2. We put the transmitter and receiver on the same
horizontal line, and adjust the receiving light intensity by changing the distance between the transmitter
and receiver. We use the constant-direct-current source GPS-430C to provide the power for operational
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Figure 8 (Color online) User perception at different viewing angles. We list four different scenarios to observe whether
the LED flicker impacts upon human eyes.

Table 3 User perception about the flicker

View Speed (kbps) Day flicker (%) Night flicker (%)
1 100 90
Direct 30 cm 3.3 0 25
8 0 0
75 95
Indirect 10 cm 3.3
8
75 90
Indirect 35 cm 3.3 0 25
8 25 0
100 100
Reflect 20 cm 3.3 0 5
8 0 0

amplifier circuits. The laptop’s USB Port provides power and serial communications. Eventually, we
show two bit streams on the laptop screen.

5.1 User perception

We use the MAPPM scheme to transmit two bit streams. We recruit a total number of 20 men and
women with ages between 18 and 50 to perform the human-eye-perception experiment. We consider four
kinds of angle scenarios, as shown in Figure 8. (1) Direct viewing, where the participant stares directly
into the LED and reports whether the LED is flickering. The distance between human eyes and the LED
is 30 cm. (2) Indirect viewing at 35 cm. The distance between human eyes and the LED is 35 cm, the
angle between human eyes and the LED is 70°. Human eyes observe the LED in this case. (3) Indirect
viewing at 10 cm. The distance is 10 cm, the angle is 45°. (4) Reflected viewing at 20 cm. We use a piece
of white paper to reflect the LED’s light. The distance between human eyes and white paper is 40 cm
and the distance between white paper and the LED is 20 cm. Human eyes detect whether the light from
reflected paper appears to flicker. In each scenario, we further observe that human eyes perceive LED
flicker at different speeds.

Table 3 lists participants’ perception of flicker under several scenarios. Please note that we make use
of the percentage to describe the average flicker perception of participants. If all participants agree that
the LED is flickering, we will use 100%. If no one believes that the LED is flickering, we will use 0%.
Through Table 3, we find that, when the speed is 1 kbps during both day and night, human eyes can
detect flicker at all angles. This means that our system cannot use this speed for the data transmission.
When the speed is 3.3 kbps, we do not perceive LED flicker in most situations. In particular, some
participants could detect flicker when the distance was 35 cm or less between human eyes and the LED.
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and the receiver being located at different distances.

Furthermore, when we increase the speed to 8 kbps, most participants do not perceive the LED flicker in
most situations. Therefore, we believe that the proposed MAPPM scheme is able to achieve the nonflicker
requirement.

The flicker reason generated by the 1 kbps speed, we are not involved too much. The perception of
flicker is related to human eyes’ mesopic vision, Weber’s law, ambient-light conditions, LED-color tem-
perature, and other comprehensive factors [62-64]. In [64], the authors measured the ability of human
eyes to perceive changes in brightness by conducting a large number of experiments in a scotopic-vision
environment; they indirectly concluded that the current change at the pA level will not be perceived by
human eyes when energy is supplied to the LED with a constant current source. For our experiments,
since the transmitter and receiver exist in mesopic-vision environments and the Commission Interna-
tionale de I'Eclairage (CIE) has not yet given a specific mathematical model of mesopic vision, we make
corresponding judgments only through actual perceptions.

While conducting experiments, we need to consider distances, responsivity of the photodiode, ambient-
light interference, and other factors. Herein, we set the amplitude change of the transmitter port to
40 mv and the change in current to 100 wA by the converted resistance Rs. Please note that our
experimental results differ from those of [64]. The main reason is that human eyes exist in various
brightness environments, causing different proportions of rod and cone cells to work therein; therefore,
the ability to perceive changes in brightness is not the same.

5.2 Bit-error rate

Now, we test the BER of the MAPPM scheme. We evaluate the impact of distances and speeds upon the
BER. We make the LED transmit the synthetic bit stream 2000 times, each of which is picked up by the
receiver. We transmit the pseudorandom sequence of 400 bits as a synthetic bit stream while using linear
block codes as forward error-correction coding. The number of low levels is equal to that of high levels
but the positions of these levels are random in each bit stream. Then, we collect the number of error bits
during 2000 transmissions to calculate the BER. Our experimental results are shown in Figure 9.

In Figure 9(a), we plot the BER curve of Bits-1. The transmission speeds are 3.3, 5, and 8 kbps.
In Figure 9(a), we find that the BER is high for 1-6 c¢m, reaching around 0.5. This is because SD5412
saturates, meaning that its output is a constant high level and the original low level is taken as the high
level. As the distance increases, the BER drops to zero. For different speeds, the saturation distance
generated by the photodetector differs. The speed is faster, the brightness is greater, and the saturation
distance is longer.

In Figure 9(b), we plot the BER curve of Bits-2. Speeds and distances are the same as for Bits-1.
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Figure 11 (Color online) The receiving waveform of the photodetector and V-V circuit under the interference condition
at a distance of 15 cm.

Similarly, the BER is around 0.5 at a distance of 1-6 cm. This is because of saturation of the photode-
tector. As the distance increases, the BER drops to zero. When the distance is greater than 13 cm,
the BER begins to increase again owing to a decrease in the brightness received by the photodetector
with an increase in the distance. The photodetector does not identify the difference between the “softly
bright” and “bright” levels. Meanwhile, under certain distance conditions, the increase of speed causes
the BER to increase. The reason is that the receiver needs a certain time to respond. Rising and falling
edges of the receiver produce “tailing” phenomena. The receiver needs to have a high-precision timer
and A/D-converter module to judge and sample the data. When the sampling occurs at rising or falling
edges, the BER will be generated.

Spectrum efficiency. For the spectrum efficiency, when distances and speeds are adjusted appropri-
ately, we find that one symbol can represent two bits and the spectrum efficiency doubles. Furthermore,
the system throughput is related to the spectrum efficiency. When this efficiency doubles, the system
throughput doubles as well, as shown in Figure 10.

The initial experimental results demonstrate the feasibility of our framework. In this subsection,
we further test the system’s other performances by adding light interference, increasing communication
distances, and using a photovoltaic cell. We discuss their impact in the following.

5.3 Adding light interference

For our current experiments, we use the SD5412 photodetector as the receiving end. We artificially add
light noise to observe the receiver BER. We use the flashlight function of a mobile phone to generate light
interference. We place the flashlight at the oblique top of the photodetector at 45° and at a distance
of 8 cm. Figure 11 shows the output waveform of a photodetector under the interference condition at
a distance of 15 cm. The waveform is very easily captured and recognized by the receiver because of
the obvious difference between “bright” and “softly bright” light. The main form of interference is the
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Figure 13 (Color online) The receiving waveform when the transmitter has six LEDs at a distance of 80 cm.

DC bias, with low- and high-level increase at the same time. This has no impact upon differentiating
“bright” and “softly bright”.

Figure 12 is the BER curve of Bits-2 under light interference. We do not show the BER curve of Bits-1,
as there is a clear difference between the high and low levels for Bits-1. We do not repeat it here. In
Figure 12, we find that Bits-2 is not affected by light interference. The overall BER of Bits-2 is the same
as that in Figure 9(b). This is consistent with the results observed from the oscilloscope in Figure 11.

5.4 Communication distances

Herein, we evaluate the impact of the number of LEDs and the operational amplifier circuit closed-loop
gain upon communication distances. We try to increase the number of LEDs and operational amplifier
circuit’s closed-loop gain for increasing communication distances. However, actual testing shows that
these methods are not feasible.

Output waveform. We increase the transmitted light intensity by six series or parallel LEDs for
increasing communication distances. Although this method increases the distance, the receiver cannot
readily distinguish the square wave, as shown in Figure 13. The distance between the transmitter and
receiver is 80 cm in Figure 13. There is no obvious difference between “bright” and “softly bright”.
The reason for this is that, (1) with an increase in the communication distances, light interference in
environments will have a certain influence upon the receiver; (2) each LED differs from the others, making
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Figure 14 (Color online) The receiving waveform when the transmitter has six LEDs at a distance of 80 cm. Meanwhile,
the closed-loop gain is 5.

it impossible to transmit the same light intensity. “Softly bright” and “bright” produce a superimposed
light intensity upon each other and the final receiver cannot distinguish them.

We further distinguish “softly bright” and “bright” by increasing the closed-loop gain of the receiver’s
operational amplifier circuit so that it can sample and judge. We increase the closed-loop gain to 5, and
the receiving waveform is shown in Figure 14. It can be seen that the main problem is that light noise
is also amplified. Although we enlarge the charge of light intensity, we enlarge the noise caused by the
transmitter’s unstable electric level and ambient light at the same time. This has a significant impact
on A/D conversion and threshold decision-making. For example, the a level should be lower than b in
Figure 14 but it is not.

BER vs. distances. We present the BER curve of Bits-2 in the case of six LEDs, as shown in
Figure 15. The communication distance increases to 80 cm and the whole curve is divided into three
parts. When the communication distance ranges from 0 to 20 cm, the BER is high, reaching around
0.5. This is because the light emitted by the LED is too strong, causing the receiver’s photodetector to
become saturated; thus, it cannot distinguish between high and low levels. When the communication
distance ranges from 20 to 60 cm, the BER decreases. When we increase the communication distance
above 60 cm, the BER increases again. The major reason is that, when the communication distance
increases, light noises have a certain effect upon the photodetector and the receiver cannot distinguish
high from low levels. This result is consistent with Figure 13.

We also present the BER curve of Bits-2 in the case of 5 closed-loop gain, as shown in Figure 16. The
BER is almost the same as that in Figure 15, except that when the communication distance ranges from
20 to 60 cm, the BER decreases. The reason for this decrease is that the 5 closed-loop high gain enables
the receiver to distinguish Bits-2’s high and low levels. However, the receiver still has judgment error
under light noise. This is consistent with results observed in Figure 14.

5.5 Using a photovoltaic cell

Responsivity of the PV cell. We replace the SD5412 with a photovoltaic (PV) cell for receiving
the synthetic bit stream. PV cells are more common and can also serve as storage for energy harvesting.
However, we need to pay attention to the spectrum responsivity of the PV cell. The specific equation is
as follows:

Ry =

v
Fv (8)
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where Ry is the spectrum responsivity, P is the incident-light power, ¢y is the Fourier transform value of
the light-current time-varying function, generally defined as
i

= VIt @nfr)

where 7. is the response time of the detector, which is decided by materials, structures, and external
circuits.

(9)

We test the spectrum responsivity of the Si photovoltaic cell under different light intensities. The test
data are 1 kHz and “dark, softly bright, bright” occurs in cycle. Results are shown in Figure 17. We
find that the data from low level to stable high level need 60 s, i.e., the rising edges need 60 ps. This
means that one bit is actually transmitted by the 60 ps rising edge, 210 us level, and 60us falling edge.
Such speed allows reception and judgment to take place but flicker will be perceived. We improve the
frequency to 3.3 kHz. One bit needs 100 us to finish the transmission. However, the rising and falling
edges each take more than 60 ps. Thus, it does not generate the actual square waveform in this situation.

BER under the PV cell. We present the BER curve of Bits-1 and Bits-2 at 3.3 and 0.5 kbps,
respectively, in the case of the PV cell. Through Figure 18, we can observe that the BERs of two bit
streams are around 0.5 at 3.3 kbps. This is mainly because the PV cell’s response time is not fast enough;
therefore, the receiver samples signals at the rising or falling edges. This will generate random judgments
on the receiver, resulting in varying BER. Thus, we can observe that the BER of the two bit streams is
around 0 at 0.5 kbps, when the distance is between 5 and 10 cm. BER is around 0.2 at short distances,
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Figure 18 (Color online) The BER curve of two bit Figure 19 (Color online) We compare the spectrum ef-

streams at 3.3 and 0.5 kbps when the PV cell is used as ficiency of MAPPM with the OOK and 2-PPM methods

a photodetector. and present the tradeoff relationship between spectrum ef-
ficiency and distance.

owing to PV cell saturation. Although the PV cell can achieve communication at 0.5 kbps, human eyes
can perceive flicker.

5.6 Comparison with OOK and 2-PPM

We compared the proposed MAPPM with the OOK and 2-PPM methods and present the tradeoff rela-
tions between spectrum efficiency and distance, as shown in Figure 19. We set the length of a one-unit
bit to be the same under the three modulation methods, and the transmission distance is set to 7-17 cm.
When the transmission distance is less than 7 ¢m, no method is able to demodulate signals due to re-
ceiver’s photodetector saturation. We use the spectrum efficiency of OOK modulation as the baseline
for comparisons and we define it as 1. 2-PPM uses the lengths of two unit bits to represent one bit
information; its spectral efficiency is half that of the OOK method. For our MAPPM, when the distance
is 7-14 cm, the error rate is 0. Meanwhile, its spectrum efficiency is twice that of the OOK method.
When the transmission distance increases, the sequence of Bits-2 will submerge in the light noise and our
MAPPM can only decode the Bits-1 sequence. In this case, the spectrum efficiency of our MAPPM is
the same as that of the OOK modulation method.

6 Conclusion

Herein, we have proposed a spectrum-efficient, low-complexity VLC system for indoor IoT applications.
The key idea is to change the LED light intensity subtly to modulate two bit streams simultaneously while
ensuring the photodetector is able to respond. In addition, we have further designed and implemented a
voltage-to-current-amplifier circuit to mitigate the impact of the LED’s flicker upon human eyes. Finally,
we have prototyped the whole system using low-cost off-the-shelf devices, and evaluated it via thorough
experiments. The experimental results have shown that our proposed approach is effective for improving
the spectrum efficiency of low-complexity VLC systems with a very low cost.
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