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2 Li-Fi: current status, advances and future projection

Abstract

Introduction: This literature review is the product of the research on Li-Fi technology entitled “LI-FI: Current status,
advances and future projection” carried out in the technological faculty of the Francisco José de Caldas District
University from 2018 to 2020.

Problem: The increase in wireless devices connected to the internet, the saturation of the electromagnetic spectrum
used by current wireless technologies based on radio frequencies (Wi-Fi, Bluetooth, ZigBee, among others) and the
new requirements for bandwidth, speeds and energy efficiency for the new generations of telecommunications have
all resulted in the birth of Li-Fi as an alternative and / or complementary technology of wireless telecommunication

that is based on the visible light spectrum.

Objective: The objective of this research is to expose the development of Li-Fi technology in the field of telecom-
munications, covering it in three main aspects such as the current state of technology, recent advances, and future

projections.

Methodology: Different types of bibliographic sources were used, including research and opinion articles, marketing
studies, forums, books, conferences, among others with a publication date of 20712 onwards (some exceptions are
found in the references); using selection criteria for title, authors, date of publication, abstract, results and / or con-

clusions in relation to the research guidelines (Current Status, Advances and Future Projection of Li-Fi technology)

Results: 61 sources were found including articles, conferences, books, marketing studies, newspaper articles and

others that met the research guidelines.

Conclusion: The literature review manages to highlight the importance of Li-Fi in the new generations of telecom-
munications of the future and its complementarity with current networks, optimally contextualizing the technology,
exposing its advantages and recent advances in technical and commercial aspects, as well its disadvantages and

weaknesses that should be addressed in the development of this technology in the future.

Originality: The article manages to organize, present and contextualize the development and research of Li-Fi to date.

No similar research has been done in Colombia.

Limitations: Certain research and data in bibliographic sources are not freely accessible. Certain alliances and re-

search mentioned in the article may vary over time.

Keywords: Internet of Things, Internet of Everything, LED, Li-Fi, Optical Wireless Comunication, Wireless Networks,

Wi-Fi, Visible Light Communication.

Resumen
Introduccion: El articulo de revision de literatura es el producto de la investigacion sobre la tecnologia Li-Fi titu-
lado " LI-FI: Estado actual, avances y proyeccion a futuro” realizado en la facultad tecnoldgica de la Universidad

Distrital Francisco José de Caldas durante los afios 2018, 2019 y 2020.

Problema: El aumento de dispositivos inalambricos conectados a internet, saturacion del espectro electromagnético
usado por las tecnologias inaldmbricas basadas en radio frecuencias actuales (Wi-Fi, Bluetooth, ZigBee, entre otras),
nuevos requerimientos de ancho de banda, velocidades y eficiencia energética para las nuevas generaciones de
telecomunicaciones son causales del nacimiento de Li-Fi como tecnologia alternativa y/o complementaria de tele-

comunicacion inaldambrica que basa en el espectro luz visible la cual logra solventar dichos.

Objetivo: El objetivo de esta investigacion es exponer el desarrollo de la tecnologia Li-Fi en el campo de las telecomu-
nicaciones, abarcandolo en tres aspectos principales como lo es el estado actual de la tecnologia, recientes avances
y proyeccion a futuro.

Metodologia: Se usaron diferentes tipos de fuentes bibliograficas entre ellas articulos de investigacion y opinién,
estudios de marketing, foros, libros, conferencias, entre otras con fecha de publicacion del 2012 en adelante (se

encuentran algunas excepciones en las referencias); tomando como criterios de seleccion titulo, autores, fecha de
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publicacion, resumen, resultados y/o conclusiones en relacién con el lineamiento de la investigacion (Estado Actual,

Avances y Proyeccion a futuro de la tecnologia Li-Fi),.

Resultados: 53 trabajos encontrados entre articulos, conferencias, libros, estudios de marketing, articulos periodisti-

cos y demas que cumplian con el lineamiento de la investigacion.

Conclusion: Se logra destacar la importancia de Li-Fi en las nuevas generaciones de telecomunicaciones del futuro y
su complementariedad con las redes actuales, exponiendo sus ventajas y recientes avances en aspectos técnicos y
comerciales al igual que sus desventajas y puntos débiles que se deberan trabajar en el desarrollo de esta tecnologia

en el futuro.

Originalidad: El articulo logra presentar y contextualizar de manera organizada el desarrollo e investigacion de Li-Fi

a la fecha, no se han hecho investigaciones similares en Colombia.

Limitaciones: Ciertas investigaciones y datos en las fuentes bibliograficas no son de acceso libre; ciertas alianzas e

investigaciones mencionadas en el articulo pueden variar con el tiempo.

Palabras clave: Internet de las cosas, Internet del todo, LED, Li-Fi, Comunicaciones Opticas Inalambricas, Redes
Inaldmbricas, Wi-Fi, Comunicaciones de Luz Visible.

Resumo

Introdugéo: O artigo de revisao de literatura é o produto da pesquisa sobre a tecnologia Li-Fiintitulada “LI-FI: Situagao
atual, avancos e projegdes futuras” realizada na faculdade de tecnologia da Universidade Distrital Francisco José de
Caldas durante os anos de 2018, 2019 e 2020.

Problema: O aumento de dispositivos sem fio conectados a internet, saturagao do espectro eletromagnético usado
pelas tecnologias sem fio baseadas nas radiofrequéncias atuais (Wi-Fi, Bluetooth, ZigBee, entre outros), novos re-
quisitos de largura de banda, velocidades e eficiéncia energética para o Novas geragdes de telecomunicagdes sao a
causa do nascimento do Li-Fi como uma alternativa e / ou complementar tecnologia de telecomunicagdes sem fio

baseada no espectro de luz visivel que consegue resolvé-los.

Objetivo: o objetivo desta pesquisa é expor o desenvolvimento da tecnologia Li-Fi no campo das telecomunicagdes,

abrangendo-o em trés aspectos principais como o estado atual da tecnologia, avangos recentes e projecoes futuras.

Metodologia: Foram utilizados diferentes tipos de fontes bibliograficas, incluindo artigos de pesquisa e opiniao,
estudos de marketing, foruns, livros, conferéncias, entre outros com data de publicagdo a partir de 2012 (algumas
excegdes encontram-se nas referéncias); tomando como critérios de selegao titulo, autores, data de publicagéo, re-
sumo, resultados e / ou conclusdes em relagao as diretrizes de pesquisa (Status Atual, Avangos e Projegdes Futuras
da tecnologia Li-Fi).

Resultados: 53 trabalhos encontrados entre artigos, conferéncias, livros, estudos de marketing, artigos jornalisticos
e outros que atenderam as diretrizes da pesquisa.

Concluséo: E possivel destacar a importancia do Li-Fi nas novas geracdes de telecomunicagdes do futuro e sua
complementaridade com as redes atuais, expondo suas vantagens e avangos recentes nos aspectos técnicos e co-
merciais, bem como suas desvantagens e fragilidades que devem ser abordada no desenvolvimento desta tecnologia
no futuro.

Originalidade: O artigo consegue apresentar e contextualizar de forma organizada o desenvolvimento e a pesquisa
do Li-Fi até o momento, nenhuma pesquisa semelhante foi feita na Colémbia.

Limitagées: Determinadas pesquisas e dados em fontes bibliograficas nao sao de acesso livre; Certas aliangas e

pesquisas mencionadas no artigo podem variar com o tempo.

Palavras-chave: Internet das Coisas, Internet de Todas as Coisas, LED, Li-Fi, Comunicagdes Opticas Sem Fio, Redes

Sem Fio, Wi-Fi, Comunicagdes de Luz Visivel.
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4 Li-Fi: current status, advances and future projection

1. INTRODUCTION

Li-Fi (Light-Fidelity) is a data transmission technology that uses the spectrum of
visible light to send and transport information. This technology is presented as an
alternative to Wi-Fi for the transmission of wireless data, representing a significant
increase in capacity, speed, available bandwidth and the necessary security for
a world in constant technological growth. Since it was presented in 2011, various
researchers and private companies have advanced in the development and imple-
mentation of this technology, with the premise of using each existing light bulb as a
signal transmitter and receiver through LED lights. The following article will review the
background of Li-Fi, the operation of this technology, the current state of the different
advances and a future projection of the appropriation of Li-Fi in Colombia and the
world in general.

2. CURRENT STATE

To exhibit Li-Fi technology and achieve a quick contextualization, this section is
divided into 5 sub-sections which include the elements that make up Li-Fi, Li-Fi ar-
chitecture, Li-Fi workflow, advantages, and disadvantages of Li-Fi.

2.1. Elements that make up Li-Fi technology

VLC (Visible Light Communication) systems are short-range optical wireless com-
munication systems that make use of the visible light spectrum. In a general scheme
it is composed of 3 simple elements (see Figure 2) [1]:

a) Light Emitting Diodes (LEDs)

b) Photodetector

c) Encoders / Decoders of light pulses, (Modulator - Demodulator), Signal
amplifier.

Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
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Fig. 1. General VLC Scheme.
Source: Adapted from [1]

Figure 1 shows the operation through each of the elements that make up a VLC
system, starting from the input of an initial digital signal from the data source, being
processed to encode it within the processing circuit of the transmitter device. This is
then converted by a controller into light pulses to be emitted by a light source, so that
said signal is sent to the receiving device, where a light detector captures the signal.
Later it is redirected to the receiver's processing circuit. There it performs the inverse
process of converting light pulses into a digital signal and is finally delivered as an
output to the device that makes use of the connection through VLC.

2.2. Li-Fi architecture

The Li-Fi architecture described in the IEEE 802.15.7 standard identifies two layers:
physical layer and MAC layer [1].

f

Physical Medium

Application Layer Application Layer
o ________ » ______
| Y :
I
| MAC Layer MAC Layer :
! I
| T |
I A |
! I
: Physical Layer Physical Layer I
| |
! I
! I
! I
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Fig. 2. VLC Layered architecture.
Source: Adapted from [2]
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6 Li-Fi: current status, advances and future projection

Physical layer
The physical layer involves turning the optical transceiver on and off (On, Off)
as the main task, checking the channel status (active, inactive, busy), data
transmission and response (Data Flow) [3].

« MAC layer

The tasks designated to the Medium Access Control (MAC) layer in Li-
Fi technology are Mobility Support, Dimming Support, Security Support,
Flicker Mitigation Schemes, Visibility Support, Color Function Support, VPAN
Decoupling (Virtual Personal Area Network) and association support, gener-
ation of network beacons when the device is a coordinator in a link between
two pairs of MAC entities. The network topology is also described thanks to
the MAC layer. For Li-Fi there are three types of topology, Peer to Peer (P2P),
star, Broadcast[2], [4].

Observing the Li-Fi operation with respect to the propagation channel, two
methods of propagation exist: propagation in the line of sight (LOS) and propagation
in the line of no sight (NLOS). LOS describes the channel between the source and the
unobstructed destination, that is, direct line between the light emitting device and the
light detector in the receiver. The NLOS channels describe the path of light propagation
through reflections in obstacles (walls, ceiling, among others.) [3], [5].

2.3. Li-Fi Work Flow

Harald Hass in 2013 proposed a high-speed block diagram through the alloca-
tion of signal bits between subcarriers, applying the OFDM modulation technique
[6]. Christophe Jurczak adapts this diagram as follows (see Figure 3) showing in
more detail all the elements and subsystems that intervene in the Li-Fi workflow
such as modems, signal amplifiers, analog and digital signal converters, filters,
among others:
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Fig. 3. High speed block diagram via signal bit allocation between subcarriers.
Source: Adapted from [7]

2.4. Advantages and disadvantages of Li-Fi

One of the greatest advantages of Li-Fi is the property that this technology has to
overcome the limit of the electromagnetic spectrum that currently has wireless net-
works based on radio frequencies. The bandwidth used by devices that implement
Wi-Fi or other technology based on the radioelectric spectrum are being completely
saturated; the increase in devices that use this wireless technology to communicate
on the network is estimated at more than half a billion new devices according to cisco
in the range from 2015 to 2020 [8]. There are several examples of this phenomenon in
homes, companies or places where the use of devices that access the network wire-
lessly converges; there are interferences in connections, low latency and connection
problems to the network by presence of multiple networks that use the same radio
frequency spectrum to communicate.

Currently, there are quite simple and useful applications to analyze the traffic
and saturation of the channels in which the internet is connected wirelessly. Just in-
stall these applications on smartphones and observe the congestion of the medium
and the number of devices that exchange data in it [9].

The advantages of Li-Fi arise from the problems that RF-based wireless tech-
nologies face today. To evaluate them in a general way, there are advantages at the
level of capacity, availability, efficiency and security.

Capacity and Availability

+  The availahility of electric light sources today provides a great infrastruc-
ture for the implementation of Li-Fi anywhere, large and small cities have
electric lighting, in many cases already with LED light, where the deploy-
ment of Li-Fitechnology will only be in the implementation of the LED bulbs

Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
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g Li-Fi: current status, advances and future projection

suitable for the use of Li-Fi and its access to the network, granting internet
connections with multiple APs (Access Points) in the public space.

Efficiency

There are more than 1.4 million cellular radio masts worldwide [10]. These
masts consume enormous amounts of energy, where they are used to a
greater extent to cool the station at the site of radio wave transmission. In
fact, the efficiency of such stations is only 5% [11]. The implementation of
Li-Fi stations is not only cheaper for making use of LED lights, they adapt
the current LED light sources with those that cities, companies or homes
have. Not only do they have better electrical efficiency and consumption,
but also a greater deployment of stations that provide Li-Fi connections for
access to the network.

Security

Ingenieria Solidaria

One of the strengths of Li-Fi technology is with the indoor connections and
the confidentiality component at the physical level of the network. Although
light does not have the ability to penetrate objects, walls or non-translucent
surfaces, in a closed environment where it is sought to provide network
connections to a certain group of devices that are only found in said closed
space, Li-Fi is the solution ideally, avoiding data leaks outside the place as
current RF-based wireless networks do (see Figure 4), it is very common
to hear of data interception by third parties in places where the wireless
network has coverage; the result of non-authorized access if the security of
the network can be decrypted. Despite attempts to improve the encryption
algorithms and protocols that are implemented in RF-based wireless ne-
tworks, the exponential growth of devices with greater processing capacity
puts at risk the preventive and access control that these algorithms and
protocols provide to the wireless networks, as was recently exposed to the
WPA2 protocol vulnerability - with PSK and TKIP / AES encryption [12].

e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
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Li-Fi RF TECNOLOGIES
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Fig. 4. Li-Fi vs Wi-Fi propagation mode.

Source: own work

The disadvantages found in this technology are based in the same way on the
benefits that it has. It is mentioned that one of the advantages of Li-Fi with respect to
security is the property that it has of not penetrating walls or opaque materials, avoid-
ing the interception of data; but that limits the use of Li-Fi as a method of propagation
of access to the network in a homogeneous way, as RF-based technologies do. For
several offices or closed sites, the device that wants to make use of the connection
through Li-Fi must be almost directly with the Li-Fi AP (Access Point) so that the
connection is stable, creating a disadvantage in terms of accessibility.

Security problems with respect to technology are not yet taken as a priority
in recent research, although studies focus on optimization to achieve improvements
in speeds, latencies, bandwidth, among others. Not enough attention has been paid
to the risks and vulnerabilities that may arise as an emerging technology, although
Li-Fi achieves a better level of physical security than RF technologies, it still does
not achieve a much higher level of deterrence against security issues presented by
wireless technologies [13].

Regarding modulation, Li-Fi technology has different challenges to meet to
achieve stability and speed in its connections. The technical difficulties that this tech-
nology encounters today is the mitigation of non-linearity, as a consequence of the
variations that are applied to the intensity of the light causing the LED temperature to
rise and therefore memory effects are generated [11]. Li-Fi has a limited bandwidth
in the communication channel which gives way to the generation of Inter-Symbolic
Interference (ISI). This concept is understood as a distortion of the signal that gener-
ates noise, as a result of the extension and / or propagation of the pulse beyond the

Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
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10 Li-Fi: current status, advances and future projection

assigned time interval, increasing the error rate in the receiver [14]. For this, the mod-
ulation techniques studied to date limit the bandwidth modelled under an electronic
filter that allows the lower frequencies to pass and attenuate the higher frequencies,
known as the Low Pass Filter, allowing the selection of the channels of frequencies
that oscillate between 2-20MHz in the LEDs that are popularly marketed, but that limit
the potential of LI-FI reducing it to a cut-off frequency of 3dB. Therefore, future mod-
ulation techniques have the challenge of breaking this limit without sacrificing system
efficiency and without forgetting the primary requirement of generating illumination
first, rather than just a data transmitting device.

3. ADVANCES OF LI-FI TECHNOLOGY

In the last decade, various researchers in various university institutions and private
entities around the world have achieved important experimental advances, with prac-
tical laboratory results. Here are some of the most important investigations:

3.1. Li-Fiin Europe:

+ At the University of Oxford, researchers managed to reach a transmission
speed of 224 Gbps using a prototype of bidirectional Li-Fi of around 3 me-
ters, divided into 6 aggregated links of 37.4 Gbps to cover a field of view of
60 °. They also managed to reach 112 Gbps with a configuration of 3 links
added at 37.4 Gbps, with which they managed to cover a field of view of 36 °.
This configuration was the first demonstration of a wireless link that could
have a practical coverage of a room greater than 100Gbps and routes for
these types of networks. [15]

+ At the Fraunhofer Heinrich Hertz Institute in Berlin, Germany, researchers
succeeded in creating a prototype of a bi-directional Li-Fi system under
realistic conditions, made with low-cost hardware, which adapted the data
sending rate according to the conditions. of light. In a distance of approxi-
mately 2 meters, the system reached 200 Mbps per user. Using the same
configuration, but with a narrower beam of light, speeds of 100 Mbps were
reached over a distance of 20m; reducing the distance resulted in a peak
of 500 Mbps being achieved[16]. Despite achieving a lower send rate than
the Oxford researchers, this model represents a system closer to a com-
mercial one, which can be optimized to achieve more shipping capacity at
a lower cost.

Ingenieria Solidaria e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
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Researchers from the University of Edinburgh, including Professor Harld
Haas, conducted an experimental study that looked at the transmission
capabilities of LED lights compared to RGB-type laser diodes (LDs). Their
results revealed that this type of LD exhibits a much higher modulation rate
than LEDs, with sufficient efficiency to cover Tm? at a distance of 2.88m,
with a sending rate of 3.43 Gb / s with a single RGB triplet. This means that
fulfilling a double task of lighting and sending data, these LDs can reach a
rate of 14GB/s in well-lit areas. Furthermore, LDs have the advantage, over
LEDs, of having a much narrower emission profile, which makes it possible
to improve the efficiency of the use of the visible light spectrum. This can
achieve over 100 Gb/s with standard lighting, following the same pattern
but under wavelength division multiplexing. [17]

At Motol University Hospital in Prague, Czech Republic, a group of German
researchers carried out the first measurement tests of a Li-Fi channel in
a neurosurgery room to demonstrate the capabilities of this technology in
spaces where Wi-Fi cannot be achieved, bringing the entire hospital ne-
twork structure to the degree of “smart hospital” by combining individual
channels in a multi-user virtual MIMO link. The results of the experiment
were based on measuring the performance of the network according to
the predetermined systems for data transmission such as TDMA (Time
Division Multiple Access), SDMA (Space Division Multiple Access) in addi-
tion to the method ZF (Zero Forcing) for interference control. The results
show that the combination of TDMA + SDMA + ZF achieved a higher per-
formance for this case. These were the first experimental tests in a medical
setting, and they reveal an important basis for defining the following Li-Fi
systems in similar environments. [18]

These advances have led to the establishment of several commercial Li-Fi
solutions companies such as purelLifi, Global LiFi Tech or Signify. These companies,
in the company of various collaborators, have managed to design and assemble Li-Fi
systems in various environments:

+  The pureLifi Li-Fi-XC system, comprised of 9 Li-Fi-enabled LED bulbs, was
deployed at 02 Telefonica's UK headquarters in a ‘'scan room'. The system
allowed data to be sent through an LED bulb at high speeds by setting
the light level of the bulb. The result was a high-speed, two-way wireless
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12 Li-Fi: current status, advances and future projection
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network for communication. This network has the potential to provide all
the necessary elements for a future implementation of 5G technology [19].
In a joint project of the Scottish government, the University of Edinburgh,
the Scottish futures trust and pureLifi, a network of 8 Li-Fi bulbs was im-
plemented in a work area of students and teachers (classrooms) of the
Kyle Academy of Scotland. Each student was given a data transmitter /
receiver (Lifi-XC Stations) that connects via USB to their laptops. This will
considerably improve the downloading and viewing times of multimedia
material, the consequence of which was the optimization of study times.
These implementations in educational environments will close the techno-
logical gap between different schools around the world and open the door
to high-quality virtual and augmented reality solutions. [20]

Babcock international is a company that offers engineering, maintenance
and technology coverage services for various types of assets that include
navy ships, nuclear submarines, police and fire vehicles, among others.
Through the implementation of the communication system based on Li-Fi
(Lifi-X) in their facilities in Plymouth (United Kingdom) they managed to
overcome the disadvantages of wireless communications they had with
Wifi, such as interference, security risks or signal stability. Due to its mis-
sion objectives, these aspects are quite critical to guarantee a high-quality
service to its clients. With this implementation, Babcock engineers were
able to obtain information from sensors that previously could not be achie-
ved due to the various interference of the radio frequencies of the devices
and the Wi-Fi network. In addition, they were able to improve the mainte-
nance information display system for customers through portable tablets,
obtaining user manuals, work instructions or 3D models instantly. [21]
The AAL X AAL project allowed the Aviano Oncology Reference Center,
Italy, to obtain a wireless communication network based on Li-Fi using
the light infrastructure current; not generating electromagnetic pollution
that would otherwise affect the operation of medical devices within the
institution. This project focused on improving geolocation services to im-
prove pattern compression, resource management and workforce location,
in addition to improving the administration and communication proces-
ses of critical information from patients and professionals throughout the
medical center. [22]

The Signify company has Trulifi as a solution to the need for a business fo-
cused Li-Fi service. In the announcement of its launch, Signify showed its
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experience in this field with two clients. The first is Globalwoth, an institu-
tional investor with offices in Poland and Romania that installed 18 Phillips
Trulifi-capable luminaires in its office meeting rooms at the Spektrum
Tower in Warsaw, Poland, providing reliable and secure communications
for its corporate clients. The second is Claerhout Communication Campus,
a Belgian marketing and communications company, which installed Phillips
LED luminaires in a large meeting room used by the company and its cus-
tomers. [23]

3.2. Li-Fi in North America:

+ Among the advances of Li-Fi, one can mention the progress of Basic6.

This emerging company, founded in the United States, focuses on the
development of an indoor positioning system, called GeoLiFi, which uses
the lighting infrastructure of stores to anonymously distribute proximity
messages, product information, related promotions, and visual shopping
lists to customers and employees. This company actively works with other
lighting companies that provide physical Li-Fi supplies. [24]
Researchers from several universities and institutes have worked on the
coexistence of Wi-Fi and Li-Fi in hybrid networks, demonstrating expe-
rimentally that, through channel aggregation, the performance for users
can be tripled. This research was carried out looking for communication
solutions for mobile devices in closed places, since 80% of cell phone and
tablet communications take place in these places. In addition, it is stated
that the stationary users would prefer to use Li-Fi. [25]

+  LVX System is a company that offers Li-Fi products and services in the
United States that is located in Florida at the Kennedy Space Center.
This company is associated with the United States government through
an agreement with NASA, where its researchers develop applications for
communication through visible light, with potential use of these advances
in "deep space” missions such as a visit to Mars, along with various inno-
vations to improve the everyday lives of Americans. [26]

+ In the department of electrical and computer engineering at Boston
University in the United States, an indoor 3D localization project was deve-
loped using low-cost Li-Fi components. This project was aimed at offering
a better experience of location and placement of objects in a closed space,
using the information transmitted by LED bulbs that were transmitted to a
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mobile device through a technique called Ray-Surface Positioning (RSP)
on the surface. What this team wanted to demonstrate is that, by using
a few LED bulbs in a room, it is possible to make a very detailed mapping
of the objects present there by means of Li-Fi in a more economical and
precise way than conventional multilateration (or position triangulation)
[27]. Although the errors in the results were greater than those expected,
this project demonstrated new capabilities of Li-Fi technology at the time
of fulfilling its double task of data transmission and lighting, since com-
bining these two characteristics was achieved locating various objects
in a closed room.

3.3. Li-Fiin Asia, Africa and Oceania

Ingenieria Solidaria

Among Lifi's most important advances in the Asian continent is the asso-
ciation between Latécoeére, a leading company in the field of aerostructures
and interconnection systems, Signify, formerly known as Phillips Lighting,
and Huneed Technologies, a South Korean communication company; ae-
rospace tactics and teams that started the industrialization phase to deve-
lop and produce the Li-Fi cockpit system to implement wireless internet in
airplanes, something impossible with Wi-Fi. [28]

Hyperion Technologies is a Turkish company focused on optical wireless
communication in order to empower next-generation wireless networks at
both access and return levels. The company made important contributions
to the 802.15.7rl regulatory project and continues to support the 802.11
regulatory group on communication with light and 802.15.13 on optical
wireless communication. [24]

CRRC Corporation, a Chinese state-owned rolling stock manufacturer, at
AusRail at the Sydney International Exhibition Center in Sydney, Australia
presents futuristic models of trains with the implementation of Li-Fi tech-
nology as a means of connection to the network. According to CRRC, with
the ease of connection that Li-Fi presents, both inside and outside of the
trains, connections can be made between the different trains, tracks and
tunnels of the railway system, saving construction and maintenance costs
by not requiring large additional ethernet cabling deployments. [29] [30]
Different investigations developed in institutions of China and India have
achieved optimizations regarding hybrid systems between Wi-Fi and Li-Fi,
from adaptations to the modulation algorithms for VLC as data processing

e-ISSN 2357-6014 / Vol.17,n°. 2 / may - august 2021 / Bogota D.C., Colombia
Universidad Cooperativa de Colombia



Geral Alexander Torres Guzman, David Andres Rodriguez Erazo, Miguel Angel Leguizamén Paez 15

techniques in which both technologies are implemented to achieve con-
nection improvements. In [31], optimization of the multipoint hybrid wire-
less connection is achieved by balancing the loads between the different
clusters and the Li-Fi and Wi-Fi connection systems, maximizing efficiency
and reducing interference between multiple APs and user equipment in
the previously proposed connection models of Hass and his team [32]. In
[33], a parallel transmission is achieved with multiple connections throu-
gh multiple Li-Fi APs called PT-Li-Fi, a design that helps mitigate the loss
of connection of a Host susceptible to intermittent blockages of light
paths, achieving an increase in performance; 150% and 15% in fairness
of user connections.

+  The use of QR codes by smartphone users has increased dramatically in
recent years. Its ease and practicality in multiple daily scenarios such as
product control, payments, advertising, among others, have managed to
position this technology in a very promising place. As a result of this, in
Japan a proposal based on Li-Fi called LiQR is presented that helps to
replace the active static QR codes with dynamic QR codes generated by
Li-Fi connections that increase the security and ease of renewal of the QR
code should it be required. [34]

+  "LiFi:the solution to radio frequency saturation” is a study conducted at the
Federal University of Technology, Minna - Nigeria. This study shows the
benefits of Li-Fi technology in simulations developed in MATLAB software,
simulating a Li-Fi work environment complementary to a 100m 5G system,
obtaining average received power values of 3.87 dBm and 2.28 dBm on
the downlink channel, checking that these values are possible in standard
interior lighting spaces. [35]

3.4. Li-Fi in Latin America:

+  The Sisoft company is a pioneering Mexican company in the production
and commercialization of Li-Fi technologies in Mexico and Latin America.
For the year 2016 they managed to put on the market a type of LED ceiling
lamp called “Lumux" together with the Ledcom USB Dongle Mini receiver.
The highlights of this product were [36]:

a) 12 Mbps links both upstream and downstream
b) 2 meter maximum range
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c)
d)

infrared system to maintain connection when LEDs are off.
16W Power.

However, the company has not updated its products since 2017, in addition,

they have two projects without sufficient funds in Kickstarter where they

sought to obtain aid for the construction of 20 LEDCOM Kits made from their

own Li-Fi prototype.

Ingenieria Solidaria

Signify, formerly known as Phillips Lighting, presented at the Iberoamerican
Meeting of Lighting Design (IMLD) in 2019 in the cities of Bogotd, Colombia
and on Colonia del Sacramento, Uruguay, its information transmission
system based on Li-Fi, called TruLifi. In these conferences, the operation
of this technology was demonstrated and the prototypes of projects with
TruLifi in Europe were discussed, as well as a possible expansion into
South America through investors and state contacts in both countries.
Also, Signify presented its loT platform "Interact” designed to manage
the data collected by each of the connected light points (devices, sensors
and lighting systems) including Li-Fi tecnology in is your smart solutions
for cities (Interact City), sports lighting (Interact Sports), offices (Interact
Office), commercial lighting (Interact Retail) and small and medium enter-
prises (Interact Pro). [23][37]

Signify implements, in the city of Buenos Aires, Argentina, one of the first
“Interact City" projects to monitor more than 100,000 points of light. The
system allows you to remotely manage consumption, create scenes to
save energy, verify the optimal functioning of the luminaires and schedule
eventual replacements in maintenance tasks. In addition, this company will
be in charge of lighting the new "Estudiantes de La Plata" stadium through
Interact Sports technology, making it the first 100% LED football stadium
in Argentina. Likewise, it will have a control system that will allow it to offer
a unigue experience to viewers. [38]

In several Latin American countries, Li-Fi technology has become very
important in the field of implementing this technology. Different research
groups from Latin American universities have carried out various research
on prototypes and designs of telecommunications systems that imple-
ment Li-Fi technology as a means of transmitting information. Some of
those works are:
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a) "Analysis and study of the use of Li-Fi technology in multimedia playback
via streaming for use at medium term in Ecuador” (University "Catdlica de
Santiago de Guayaquil”, Ecuador). This research carries out a study of the
functionality of the Li-Fi technology applicable at the national level, to re-
produce multimedia content through various platforms and websites that
offer access via streaming with next-generation video quality, compared
to the technologies of wireless networks that are most used in Ecuador for
residential and corporate use. [39]

b) "Design of a Li-Fi network for block 4 of the Queri headquarters”
("Universidad de las Américas", Ecuador). The purpose of this work is to
design an Li-Finetwork for Lot 4 of the Queri Headquarters of the University
of the Americas in Ecuador. The activities to be carried out are detailed
as follows: the extraction of information from the study site, comparative
tables of the network current compared to the network proposed in the
design and possible applications of the Li-Fi technology in Ecuador. In
addition, it also presents a cost-benefit analysis compared to currently
implemented technology. [40]

c) "LI-FI technology, safety and innovation in the home" (University of San
Carlos de Guatemala, Guatemala), is a research and analysis of Li-Fi tech-
nology that seeks, based on comparisons in the development of the tech-
nology and from surveys carried out, to find a pattern of future trends in the
technology market regarding the implementation of Li-Fi as a technology
transmission of data and information. [41]

d) "Li-Fitechnology in communications in Argentina” (“instituto universitario
aeronautico"”, Argentina), This work aims to understand and understand the
operation of the new Li-Fi technology to later be implemented in wireless
communications in Argentina. This project considers the use of the elec-
tromagnetic spectrum in wireless communications, as the main element
to improve security in access networks, and also increase the speed and
reliability of data transfer. [42]

e) Services based on geopositioned information through the use of Li-Fi
technology (Univerisity "Argentina de la Empresa”, Argentina), is an inves-
tigation on the implementation of information services in digital format
whose access has the characteristic of being limited to a geographic area;
and it is consumed by users through Li-Fi technology. It also presents the
proposals for five business models with the application of this technology.
Each of which has its respective economic-financial-technical feasibility
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analysis regarding its implementation, which correspond to services that
use geopositioned information and are implemented with Li-Fi technology,
also exposing the effectiveness of the development of these services and
how these concepts can improve or replace existing wireless data trans-
mission services and their contribution to the development of I0T. [43]

Likewise, there are many other works that show the growing participation of
Latin America in the development and implemetation of Li-Fi technology.

4. PROJECTION OF LI-FI'IN THE FUTURE

This section describes the estimated projections for the development and commer-
cialization of Li-Fi technology worldwide and in a local context, such as Colombia,
highlighting innovations in technology, new alliances and investments at the inter-
national level, as well as a brief description of the development of the new standard
for Li-Fi; taking as a starting point both the current limitations of the technology
in question, as well as the challenges to overcome at a technical, strategic, and
commercial level.

4.1. Li-Fi projection worldwide

The solutions of the current limitations of Li-Fi will determine how viable and accept-
ed the technology will be in a larger market niche in the future; the low speeds in the
initial solutions, weakness in the signal, interference by physical elements between
the receiver and the issuer of the signal, among others, filled the market with uncer-
tainty [44], [45]. However, with the investigation of new elements at a technical level,
such as new materials and new connection devices, have made it possible to partially
reduce these limitations. Recent research on new materials, such as perovskite, as a
faster, more reliable and cheaper photodetector than current photodetectors [46] is an
example of it.

Other research worth highlighting is the integration of solutions in a LAN (Local
Area Network), such as the Enlighint system proposed by Disney research, achieving
intercommunication between different bulbs with bidirectional links within the same
room with a speed of 600 bps [47], which opens the door to developments of indoor
solutions and developments in PAN (Personal Area Network) networks in loT (Internet
of Things) and IoE (Internet of Everything).
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With loT, lIoE and 5G, other markets have also been opened to Li-Fi beyond
conventional network connections. In fact, as previously mentioned, the incorpora-
tion of Li-Fi technology in the development of future generations of telecommuni-
cations is getting stronger; evidence of this can be seen in the new alliances and
recent studies in the implementation of the 5G network with the help of Li-Fiand OWS
devices [48]. At a strategic level, new alliances have been established that allow Li-Fi
to continue in constant growth and development for the future market. LCA (Light
Communications Alliance) was born in June 2019 with the aim of promoting research
in Li-Fi and promoting new wireless technologies that allow for the development of
communication through light. In this alliance you can find large companies and public
and private entities such as Nokia, Commissariat for atomic energy and renewable
energies CEA, PureLiFi, Lucibel, Institut Mines-Télécom, Liberty Global, Orange, Li-Fi
Center - University of Edinburgh, Emirates Integrated Telecommunications Company
(du), Velmeni and Zero.1 [44], [49].

Other important recent alliances are the company Getafe and pureLiFi with the
aim of exploring solutions for clients in the military, automotive and manufacturing
sectors in which Getafe has a large market niche. It is expected that with this alliance
it would be possible to implement the advantages of Li-Fi at a more robust level [50].
Signify and Vodafone Germany establish an alliance so that 5G and Li-Fi can provide
higher speed and better mobile connectivity to the consumer, taking, as a reference,
reliable and secure broadband with low latency for different applications such as
cellular connections, solutions for medical communications and applications in au-
tonomous driving on vehicle-to-vehicle (V2V) and vehicle-to-infrastructure networks
(V2X) [51], [62]. With the above alliances, the global Li-Fi market is expected to achieve
the projected growth of approximately USD 50,985.46 million by 2023; approx. 70.20%
of the CAGR (Compound Annual Growth Rate) between 2017 and 2023 [53].

Regarding regulation, norms and standardization, since 2018 the IEEE group
has been working on the implementation of a new standard for Li-Fi technology, with
the creation of an opinion group of experts and specialists which seeks to establish a
new standard involving all stakeholders (researchers, manufacturers, operators and
end customers, both corporate and home) of Li-Fi technology, seeking to determine
technical specifications and economic guidelines for the use of Li-Fi as wireless com-
munication technology for new network solutions 5G, loT and IoE; this standard is
planned for the year 2021 [54]-[56).
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4.2. Li-Fiin Colombia

Currently, Colombia has become the focus of several companies for the possible im-
plementation of Li-Fi. The Signify company chose the country to carry out the first
commercial Li-Fi research in Latin America. In the words of Felipe Uribe, Signify's
general manager for the North Latin America region: "Expectations are high, as this is
an interesting market; it grows, is healthy and demands innovation, so we are very ex-
cited to offer innovations like Li-Fi to Colombians” [57]. In August 2019, the Innovation
forum dedicated to Li-Fi technology was held in Colombia with the participation of
various scientists and entrepreneurs who promote Li-Fi technology, such as Gunter
Pauli, founder and director of ZERI (Zero Emissions Research Initiatives) and creator
of the Blue Economy concept, Suat Topsu, French scientist, co-creator of Li-Fi, pro-
fessor at Paris-Saclay University and Saint Quentin University of Versailles, and Franz
Otten, Dutch businessman, who has focused on developing a sustainable and eco-
logically clean business around light. In this forum, proposals such as those of Otten
were heard; this extends to the development in Colombia of a business model that
allows it to produce Li-Fi-based solutions for the national and regional market, to
make it a point of reference in research and innovation in the Worldwide data business
through light.

Otten, Topsu and Pauli, are in talks with experts and national investors for the lo-
cal production of solutions, both for the use of individuals and families in their homes,
as well as for government and industry [58]. However, there are still no successful
implementations of Li-Fi in the national environment despite the advances made in
other countries and the technological needs of the nation. This is expressed in the
degree project of Leonardo Rodriguez and Oscar Guevara at the Catholic University of
Colombia, entitled "Scope of the development of the new Li-Fi technology for telecom-
munications in Colombia" where the current situation of technology and the future
implementation of a prototype Li-Fi system in the Latin American country are present-
ed. However, the authors analyze the possible implementations of Li-Fi in Colombia
in two specific cases [59]:

+ Avirtual study network for the vulnerable population, where it is proposed
to the national government, taking advantage of light and electricity in-
frastructure, to bring the internet to the poorest populations in the country.
Likewise, thanks to the conditions of the sale of the spectrum where the
winners are asked to take tablets to the most needy populations of the
country, the delivery of the data transmission and reception equipment
would be guaranteed.
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An efficient data transmission network for traffic control where traffic sig-
nals, traffic lights and police officers have tools for data reception, which
will receive signals transmitted from the lights of the cars; this, with the
purpose of having a greater control of traffic violations, reduce accidents
and improve safety by obtaining all the information of a vehicle instantly.

Other advances in the nation around Li-Fi have been made from the creation
of VLC prototypes, such as the one carried out by the telecommunications systems
research group of the Universidad del Valle (SISTEL-UV) [60] where the interference
of ambient light on an LED receiver was studied, taking into account the distance
and location angle with respect to the emitting signal. The results obtained by this
group show that communication is possible and maintains its quality despite the
interference of ambient light in a room. This is due to the fact that the power of this
interference is weak compared to the potential of the emitting signal. In addition, the
angle of reception of the ambient light was greater than 45 °, which does not generate
any obstruction, since the angles of greater efficiency are close to 0 °.

Colombia has the same technological implementation needs as other countries
thanks to therise of electronic devices and the limited use of spectrum bandwidth. This
means that government entities and the business sector should begin to worry more
about the implementation of new communication technologies such as 5G and think
about a possible integration of Li-Fi technology, since currently, the competitiveness
of companies and economic growth of the nation depend on a correct implementation
of new technologies [67].

5. DISCUSSION

The research carried out for the development of this article has allowed us to glimpse
the evolution of Li-Fi from its invention to the current development phase in order to
make a diagnosis of its future projection. The development of Li-Fi began with the
objective of looking for a wireless data transmission technology that could fill all the
deficiencies of the current standard; it was even thought that Li-Fi could replace Wi-Fi
in the future according to its inventors and first exponents. However, one thing that
most of the articles and authors reviewed agree on is that Li-Fi cannot replace Wi-Fi,
at least not in its entirety. The current focus of research and development of this new
technology has been based on the creation of hybrid networks between Li-Fi and
Wi-Fi to provide more personalized solutions according to the infrastructure, users
and purpose of the network. For example, for traffic management projects using car
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lights and traffic signals, Li-Fi is presented as an ideal and practical solution due to
its low installation cost and great utility. On the other hand, in a company network or
a solution for a home, the installation of Li-Fi requires a greater effort to cover the
distances that the light of the LED bulbs does not reach, in addition to dealing with the
disadvantage of Li -Fi of not being able to pass through walls. In this case, we speak of
a hybrid network where Li-Fi makes its appearance in large and closed spaces such
as meeting and conference rooms, while Wi-Fi will continue to work in other aspects.

This hybrid functionality is described in the concept proposed by Harald Hass:
“Li-Fi goes where Wi-Fi cannot go." As an example, we can review the case of hospi-
tals where Li-Fi would be used as a transmission medium in spaces where Wi-Fi can
cause interference with medical instruments, but in public spaces this latest technolo-
gy would be followed in a hybrid network. In the same way, there is talk of underwater
exploration ships where Li-Fi has the advantage of traveling more easily through the
water or the possible use of Li-Fi to provide internet to airplanes in flight. In this way,
research, and development of Li-Fi can establish various uses of this technology in
hybrid networks that would work in a complementary way with Wi-Fi.

Observing the technical and commercial limitations that Li-Fi currently has,
one could hastily give a negative verdict on the development of the technology, as
has been found in some sources of this research; the technology is still at a very early
stage of development, in which it is still exploring how to take full advantage of all the
technical and commercial advantages that this technology has. Perhaps it has not
had the prominence and boom with which it was exhibited in its beginnings today, but
that does not mean that it does not achieve the main objective, which is to expand
wireless connections, solving the problems of current ones in a complementary way
or in replacement of some of these. The results found in the development of this arti-
cle are clear; examples that there are more achievements, advances and innovations
achieved than the difficulties and barriers that have arisen at the same time in the
research and development of Li-Fi.

There is still a lot of interest in large organizations worldwide for the develop-
ment of this technology, which is clear evidence that Li-Fiis in constant development.
The current alliances and research groups found in the development of this research
show that Li-Fi continues to receive significant economic and intellectual investment
from different sectors that ambitiously seek to promote the output of Li-Fi to the
consumer market, where not only the business sector (which currently has access to
Li-Fi solutions of an initial generation) can make use of this technology but it can be
used in homes and in public places increasingly bringing the development of more
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robust and accessible internet connections from anywhere, including places where
wireless connection was previously impossible.

6. CONCLUSIONS

Li-Fi technology is an emerging solution with great potential for development and
expansion in the telecommunications market, the properties that it has will help ex-
pand the connection to the network in a complementary way to the current wireless
solutions that are in the market. Despite having the limitations of any emerging tech-
nology, Li-Fi is beginning to have a great reception in the business sector, which may
encourage this technology to soon reach the consumer market in homes at prices
that are more accessible to the general public.

The advantages of Li-Fi help to solve the current problems of bandwidth
consumption, limitations of data transmission speed, security and energy efficien-
cy. These would be able to promote other technologies such as home automation,
telemedicine, 10T, 5G and Wi-Fi, increasing their current potential and reaching places
where it was previously impossible to have a wireless network connection.

Li-Fi is here to stay, the innovative and risky proposal has already managed
to awaken interest in network and telecommunications developments in areas that
had not been explored before due to the different problems generated by RF-based
wireless solutions, such as integration of wireless network connections in the medical
sector in sensitive areas, use of the internet in commercial aviation, submarines and
space communications, Smartcities, loT and loE, among others. With the develop-
ment of Li-Fi and OWC technologies, it can be estimated that the access and evolution
of the Internet will be much more extensive and efficient in the near future, either
because these are the leading technologies in said change or, on the contrary, they are
complementary technologies to much more robust solutions that implement them.

Observing the alliances and new advances that Li-Fi has had in the last 5 years,
a great interest and investment in the development of this technology, in the new
generation telecommunication networks by different groups and entities worldwide,
can be seen. It is important that countries such as Colombia begin to work hand in
hand with experts, such as scientists, researchers and entrepreneurs to, based on
the current tests and advances of Li-Fi, implement wireless connectivity solutions
through light, taking advantage of the low cost that it represents; its installation and all
the capabilities this technology has to offer in a better, more powerful, safe and healthy
network infrastructure in family, industrial or government environments.
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The future of Li-Fi will depend on how versatile the research field is and how the

market niche of this technology behaves. Although the expected market goal of Li-Fi

has not been the expected one, the integration of new companies and new research

spaces will allow the technology to reach a state of maturity in which it manages to

exploit all its properties and solve the limitations that it currently presents, such as the

promised laboratory speeds of 100Gb/s, compatibility with factory devices (without

external interfaces), comfort, no dependence on a direct line with the light emitting

source, among others, thus achieving and even exceeding the investment and devel-

opment projections in the market with which it was foreseen in the past.
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