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A Dbrief review is devoted to an evolving technology of visible light communication. The
information volume transferred between users is increasing and visible light communica-
tion is becoming the option for organizing information transfer channel due to the license
free broadcasting frequency range, high communication channel capacity, high noise-im-
munity, and high-level communication channel security. The paper presents various data

transfer systems based on white phosphor LEDs and RGB LEDs by various modulation
and signal processing schemes to increase the data rate.
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1. INTRODUCTION

The increasing of data rate transfer is a novel challenge
for researchers and engineers. The data volume grows
up extensively every year and data transfers technolo-
gies have to answer this challenge. Radio frequency
(RF) range already involved in various communication
systems, but it has restrictions on the carrier frequency
and broadcast band. Furthermore, the Internet of Things
(IoT) is intensively growing field of industry and it re-
quires the high quality, secure, and wide-range band-
width communication between devices The visible light
communication is one of technologies solving the RF
range problems.

Visible light communication (VLC) is a novel tech-
nology of data transfer using the visible light for data
transfer by LEDs and laser diodes. The usage of optical-
frequency carrier allows organize secure data transmis-
sion channel which does not require any licenses for
broadcast bandwidth. VLC systems potentially have
10000 times more channel capacity than RF wireless
communication systems due to working at frequency
range of 400-800 THz.

One of VLC technologies is the Li-Fi (Light Fidelity)
[1-3]. Li-Fi is a duplex wireless data transfer system im-
plementing intensity modulated LED-based lightning.
The LEDs radiation intensity modulation at high fre-
quencies is not noticeable to the human eye, however, it
is successfully detected by modern semiconductor pho-
todetectors, which allow to combine two functions into
one Li-Fi system — artificial lightning and broadband
Internet access [4,5].

White phosphor LEDs are widely implemented as ar-
tificial lighting sources now. But the maximum data trans-
fer rate with phosphor LEDs is limited because phosphor
has a long upper-state lifetime about 5-20 ns. Thus, the
phosphor significantly restricts the LEDs bandwidth, typ-
ically at frequencies about 50200 MHz [6].

The alternative sources of the white light are the RGB
(red, green, blue) LEDs which consist of three chips radiat-
ing three visible wavelengths — red, green, and blue. This
LEDs are not limited by the upper-state lifetime of the phos-
phor and have wider bandwidth up to 300-500 MHz [7].
Besides, the VLC systems based on the RGB LEDs are able
to utilize the wavelength division multiplexing leading to
the growth of the transfer data rate [8].
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2. WIRELESS COMMUNICATION BASED ON
PHOSPHOR LEDS

In visible communication systems, the IM—DD (intensity
modulation—direct detection) method is frequently used,
which allows to simplify transmission and receiving of op-
tical signal but has a lower noise immunity compared to
other methods of coherent detection (Fig. 1).

The first VLC systems used the OOK (on-off keying)
modulation scheme due to its ease of implementation [9—11].
However, such a modulation scheme has a wide broadcast
band, and provides low data rates (10—100 Mbit/s) [9].

VLC system proposed in Ref. [12] uses a blue laser
diode (LD) with a cerium(IIl)-doped yttrium aluminum
garnet (YAG:Ce) phosphor as transmitter. It is shown the
application of YAG:Ce phosphor and blue LD provides
significant increase in the bandwidth of the radiation
source because a LED has bandwidth about 100 MHz,
but a LD has bandwidth about 1 GHz. Thus, the authors
obtained wireless optical communication channel with
data rate of about 2 Gbit/s.

The data rate of VLC systems with OOK modulation
is limited by the narrow bandwidth of LEDs, therefore,
multiplexing of the communication channel was sug-
gested to increase data rate. Orthogonal frequency divi-
sion multiplexing (OFDM) [13—-15] was proposed as one
of the options for multiplexing in Li-Fi systems, with first
application for VLC systems in 2001 [16].

The OFDM technology makes it possible to increase
the efficiency of using the radio frequency spectrum, sim-
plify the hardware of the receiving and transmitting mod-
ules, reduces the impact of inter-symbol interference (ISI)
and inter-subcarrier interference (ICI), which ensures the
possibility of multipath signal propagation, and allows the
use of various modulation schemes for each subcarrier to
provide the best compromise between system noise im-
munity and data rate.

However, the OFDM technology needs to be adapted
for effective work in the VLC systems. For example, in
Ref. [17] the authors proposed to implement novel original
technologies: asymmetrically clipped optical OFDM
(ACO-OFDM) on odd subcarriers and DC biased optical
OFDM (DCO-OFDM) on even subcarriers, which allows
obtaining the values of the bit error ratio (BER) about 10
and one bit energy to the noise power density ratio in addi-
tive white Gaussian noise (AWGN) from 10 dB to 25 dB.

In Ref. [18] D.W. Dawoud et al. proposed another
novel method of unipolar OFDM technology (U-OFDM)
for data transfer in VLC systems. The authors presented
simulation results for IM—DD channels of VLC systems
and showed that the designed modulation method would
allow increasing the signal to noise ratio (SNR) by at
least 3 dB relative to the well-known ACO-OFDM
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Fig. 1. Wireless optical communication system in the visible
wavelength range.
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technology, and up to 10 dB compared to DCO-OFDM
modulation scheme.

The power supply of LED lighting sources is most of-
ten realized by means of pulse-width modulation (PWM)
at frequencies of several kHz which also makes it possible
to dim the lighting by changing the PWM duty cycle.
H. Elgala and T.D.C. Little in their work [19] presented
the results of modeling reverse polarity optical OFDM
(RPO-OFDM) technology for gigabit VLC networks. The
technology proposed by the authors performs optical
OFDM (O-OFDM) modulation of the PWM signal that
feeds the LED lighting device in such a way, that during
the high-level state of the PWM signal, reverse polarity O-
OFDM modulation is performed, and during the low-level
state of the PWM signal, direct O-OFDM modulation is
used. The authors showed that the use of RPO-OFDM
makes it possible to transmit data through a dimmable
lighting device with BER values from 10°°.

Modulation schemes in VLC systems are not limited
to OFDM technology. For example, in Ref. [20] carrier-
less amplitude-phase modulation (CAP) is used to modu-
late a commercially available phosphor white LED. As a
result, the authors were able to demonstrate a data rate of
1.1 Gbit/s with a maximum BER of 10~ at a distance of
23 cm between transmitter and receiver. BER measure-
ments for 128-CAP, 64-CAP, 32-CAP modulations at
110 MBaud, 170 MBaud, and 220 MBaud symbol rates
with and without pre-compensation were presented.

The limiting modulation frequency of phosphor LEDs
is defined by the frequency response of the phosphor. Con-
sequently, it is not possible to obtain data rates of more
than 1-2 Gbit/s. VLC systems based on RGB LEDs ena-
ble channel multiplexing not only by OFDM methods, but
also by wavelength division multiplexing (WMD) meth-
ods, where each color of an RGB LED transmits a separate
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parallel information flow, which allows to significantly in-
crease the data rate.

3. WIRELESS COMMUNICATION BASED ON
RGB LEDS

RGB LEDs permit to significantly increase the data rate in
VLC systems due to the absence of a phosphor in them
that limits the bandwidth of the LED, as well as the possi-
bility of using WDM for parallel transmission of infor-
mation to channels at different wavelengths of visible ra-
diation (Fig. 2).

In Ref. [8] authors presented a VLC system based on
RGB LEDs with a downlink organized using red and
green colors of radiation, and an uplink using a phosphor
LED. Most often, LEDs have a rather steep slope in the
amplitude-frequency characteristic, so the authors used
pre- and post-equalization to obtain a flat frequency re-
sponse. Quadrature amplitude modulation orthogonal
frequency-division multiplexing (QAM-OFDM) tech-
nology of modulation with 64 subcarriers was used,
which made it possible to provide a bit rate with maxi-
mum value of 575 Mbit/s with a BER of about 107.
However, data transmission was carried out at distances
up to 80 cm, which does not allow using the proposed
system for combining illumination and data transfer.

Due to narrow bandwidth of LEDs, it becomes neces-
sary to efficiently use the available bandwidth to modulate
the radiation. To do this, discrete multitone modulation,
which occupies the entire available frequency spectrum is
used. Thus, in works [21-23] authors reached the data
rates up to 3.4 Gbit/s, using various equalization algo-
rithms on the receiving side. However, in these works, rec-
ord data rates were achieved by the calculation method. In
laboratory conditions, at relatively short distances be-
tween the receiver and transmitter (up to 1 m), the bit rate
was measured for each channel of the WDM system, after
which, using mathematical calculations, rates from 1.25 to
3.4 Gbit/s were obtained.

Data rates over 4 Gbit/s per channel have been obtained
by other methods of signal modulation. The paper [24] pre-
sents a data transfer rate of up to 4.4 Gbit/s for each WDM
channel, but laser diodes of three RGB wavelengths were
used as a transmitter, since laser diodes have a much higher
speed than LEDs. The BER was about 3-1073 with an SNR
of 15.3 and an error vector amplitude of about 17%. How-
ever, the distance between the transmitter and receiver re-
mained low, about 20 cm, which limits the application pos-
sibilities of this scheme.

Data transmission for a longer distance in the VLC
system was presented by Y. Wang et al. [25]. The authors
demonstrated a VLC system based on RGB LEDs, which
allowed obtaining data rates up to 4.5 Gbit/s and a BER

=
S
£
5
L

Io

*ss

Ei
(]
=]
Q
—
=
(]
o
=
(=]

Fig. 2. Visible light communication system based on RGB LEDs.

of the order of 3.8-1073 at a distance of more than 1.5 m.
This data rate was obtained by CAP modulation scheme
combined with recursive least square based adaptive
equalization.

4. VLC SYSTEMS COMPATIBLE WITH IEEE
802.11 PROTOCOL

The inception of VLC systems into the existing infrastruc-
ture is costly due to the different set of architectures and
data transfer protocols. Therefore, in the early stages of the
growth of the VLC market, solutions as compatible as pos-
sible with current data transmission systems are needed.
At the moment, the most common family of standards
governing wireless networks is the IEEE 802.11. In
Refs. [26-28], a duplex VLC system based on white phos-
phor LEDs and compatible with existing Ethernet net-
works was presented. The transmitter was based on a Wi-
Fi modem with output signal adapted to modulate LEDs,
that made it possible to connect the system to the Internet
without additional interfaces. According to calculations,
the expected data transfer rate should have been up to
100 Mbit/s at a distance of up to 4 meters between the
transmitter and receiver, however, due to the effect of ad-
ditive white Gaussian noise on the communication chan-
nel, the speed was 40 Mbit/s at this distance.

A similar system, but based on RGB LEDs, was pre-
sented in Refs. [29-31]. An Internet connection speed of
65 Mbit/s at a distance of 2 m between the transmitter and
receiver, and 42 Mbit/s at a distance of 4 m was demon-
strated. Moreover, the use of RGB LEDs as a source of
radiation allows to control the color of lighting within the
Human Centric Lighting concept. This concept proposes
to introduce adaptive artificial lighting, which will change
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color in accordance with the change in color during day-
light hours of a natural lighting — the Sun. Such an adap-
tive change in lighting can favorably affect the productiv-
ity and overall well-being of consumers [32,33].

5. CONCLUSION

Developing visible light transmission technology can
solve several existing problems inherent in radio fre-
quency wireless networks. VLC systems do not require li-
censing of the broadcasting frequency range, data trans-
mission has a high security level due to the fact that it is
limited to direct visibility between the transmitter and re-
ceiver and allows to combine the functions of lighting and
data transmission in one device, which will improve en-
ergy efficiency and ergonomics of household devices.

Li-Fi technologies has high noise immunity, inter-
symbol interference and interference between subcarriers,
and the review shows that data transmission over visible
light can provide users with high-speed Internet access at
data rates of the order of several Gbit/s, and the increasing
use of RGB LEDs for development of such systems will
improve the quality of lighting within the concept of Hu-
man Centric Lighting.

The application of VLC technology is becoming rele-
vant due to the intensive development of the IoT, which
requires the presence of broadband communication chan-
nels that will not interfere with each other. Taking into
consideration the small information volumes from IoT de-
vices, Li-Fi is becoming the most appropriate way to trans-
fer information between IoT devices.
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CBsA3b B BUAMMOM JHANA30HE JJIMH BOJIH: KpaTKHid 0030p

JA.C. lllnpsies, K.P. Paz:xxuBuna, U.C. Iloayxun, B.E. Byrpos

WHCTUTYT NepCIeKTUBHBIX CHCTEM Iepefayuu AaHHblX, YHuBepcuter UTMO, Kpousepkcekuit nip., 49, mut. A, Caukr-IlerepOypr
197101, Poccus

AnHoTtamms. Kopotkuil 00630p HOCBsIEH TakOol pa3BUBAIOLIECHCS TEXHOJIOTHH, KaK CBA3b [0 BUAUMOMY AMAaNa3oHy AIWH BojH. C
POCTOM KOJIMUECTBa IepeiaBaeMoil HHPOpPMaIIUK MEXy [OJIb30BATEISIMH CBSI3b [10 BUAMMOMY CBETY CTAHOBHUTCS BCe 00JIee aKTyasb-
HOH OIIMeH OpraHu3aliy KaHaIOB Iepeadd HHpopMalny O1arogapsi OTCyTCTBHIO HEOOXOJUMOCTH JIMIIEH3UPOBATh YaCTOTHBIH 1Ua-
Ma30H BEIIAHUs, BHICOKOW €MKOCTBIO KaHajla CBSI3H, BHICOKOW ITOMEX0YCTOHUMBOCTH, BHICOKON 3alIMIIEHHOCTH KaHasa CBs3U. B pa-
00Te MpeICTaBICHBI Pa3InYHbIe CUCTEMBI NIepeIadyn JaHHBIX HAa OCHOBE OelbIX TIOMHUHO(OPHBIX cBeTonro10B U RGB cBeroanoos,
KOTOpBIEC UCIIONB3YIOT Pa3IMYHbIC CXEMbI MOAYJISIIUK U 00pabOTKH CHTHAJIA AJIsl TOBBIICHUS] CKOPOCTH Tiepeaadn HHPOPMaILUH.

Kniouesvie cnosa: cBs3p B BumuMoM auamnasone juut BoiH (VLC); ontudeckas OecripoBoanas cesizb (OWC); free space optics
(FSO); OFDM, QAM wmonymsiwust; Li-Fi
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