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ABSTRACT

With the widespread deployment of Internet of
Things (IoT), more and more devices are involved
in wireless networks, and the fifth generation (5G)
network requires to support the massive connectiv-
ity and diverse services for the huge number of loT
devices. Visible light communications (VLC) and
visible light positioning (VLP) are two promising
supplementary technologies to assist 5G networks
to support the massive connectivity, high reliability,
high data rate, high positioning accuracy, low laten-
cy, low power consumption and improved securi-
ty of loT. Hence, this article presents a multi-layer
network architecture by integrating VLC and VLP
within 5G networks, in order to support the above
mentioned diverse requirements of 10T devices. In
the multi-layer network, the macrocell and pico-
cell layers support better coverage and reliability
via the radio frequency (RF) spectrum, while the
optical attocell layer provides the high-speed trans-
mission and high-accuracy positioning services
operating at the visible light spectrum. We then
briefly describe some key technologies for the per-
formance improvement of the multi-layer network,
including energy harvesting, modulation and multi-
ple access schemes. An exemplary case study and
simulation analysis are provided to demonstrate
the advantage and significance of the presented
multi-layer network for loT. Finally, we point out
some future research directions.

INTRODUCTION

With the widespread development of wireless
communication technologies and the Internet of
Things (IoT), more and more devices are involved
in loT, and the fifth generation (5G) wireless net-
work needs to support various communication
connectivity and diverse services of the massive
number of loT devices [1], [2]. Pervasive loT will
require massive connectivity, high reliability, high
data rate, high positioning accuracy, low latency,
low power consumption and improved securi-
ty. In this case, it is not easy for current radio fre-
quency (RF)-based wireless networks to support
the massive connectivity due to limited RF spec-
trum, guarantee the high-accuracy positioning
because of the severe multipath reflections, and
satisfy colorful requirements of loT devices [3].
Visible light communications (VLC), also
known as Li-Fi, has been identified as a promising

candidate technology for 5G networks to address
these challenges [3]. While RF-based wireless net-
works can support the seamless coverage and reli-
ability for devices in outdoor environments, VLC
is capable of serving devices in indoor environ-
ments because of the following main advantag-
es [3]: 1) low cost due to the use of the existing
lighting infrastructure; 2) high-speed transmission
with the abundant license-free visible light spec-
trum; 3) guaranteeing communication security,
since visible light signals cannot penetrate walls;
4) offering high-accuracy localization visa visible
light positioning (VLP) for object tracking and
navigation; 5) no interference between RF com-
munications due to the different spectrum, and it
cannot generate the electromagnetic interference
so VLC can be employed in electromagnetic inter-
ference-sensitive scenarios; 6) energy harvesting
from visible light for power-constrained devices to
extend their battery life.

Thanks to the above benefits of VLC, densely
deployed light emitting diodes (LEDs) points can
be employed into access points (APs) to support
the high density of indoor loT devices and satis-
fy the diverse services, since many studies have
reported that wireless devices will spend about
80 percent of their time indoors [4]. Compared
with existing low-accuracy and high-cost indoor
RF-based positioning systems, VLP can achieve
sub-meter positioning accuracy level and even
centimeter level accuracy in some cases [5].
Nevertheless, VLC-only systems have some key
challenges, such as lack of uplink support, sus-
ceptibility to line-of-sight (LoS) blocking and small
coverage area. However, the challenges can be
solved by combining RF into VLC, where the
co-deployment of RF and VLC architecture has
the ability to addressed these shortcomings and
highlight their advantages [6], [7].

The use of VLC and VLP for loT has been
investigated recently to enhance both communi-
cation and positioning performance. The litera-
ture [8] proposed light energy harvesting models,
where energy transmitted from light signals can
be harvested at receivers over VLC downlinks
and the harvested energy is then employed to
support data transmissions over RF links. The het-
erogeneous RF/VLC network architecture was
proposed to support better services for devices
[31, [5]-[71, [9], where VLC networks provide
high data rate and RF networks support wide-ar-
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ea coverage. In addition, Zhuang et al. in [10]
experimentally demonstrated the proposed posi-
tioning approach by adopting the received signal
strength (RSS) algorithm for indoor devices with
low positioning error. Moreover, a new visible
light positioning technique is presented to per-
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ent a multi-layer network architecture by integrat-
ing VLC and VLP within 5G networks, in order to
support the massive connectivity and diverse of
10T devices. We outline some key technologies
employed in the multi-layer network to improve
the loT performance, including energy harvesting,
modulation and multiple access schemes, and we
provide an exemplary case study and evaluates the
performance improvement accordingly. Finally,
the conclusion of this article and future research
directions are presented in the final section.

CHALLENGES IN SUPPORT OF |oT

As the massive number of 10T devices are
involved in wireless networks, 5G wireless net-
works will support various connectivity and
diverse services of loT devices [2]. This section
describes the main types of 10T devices and ana-
lyzes the challenges in support of loT.

In wireless networks, different 1oT devices have
different service requirements, traffic characteris-
tics and resource constraints. Generally, these loT
devices can be classified into the following five
groups based on their required services [1], [2],
as illustrated in Table I.

+ Massive loT: This class of loT refers to serve
a large number of low-cost, long range and
low-energy consumption devices. They are
less latency sensitive and require relatively
low data rates, e.g., smart home, smart grid,
smart city, and smart industry.

+ loT with ultra-reliable and low latency com-
munications (URLLC-10T): This kind of loT
devices have strict low latency, high reliabil-
ity and stable connectivity requirements, but
do not need the high date rates, e.g., indus-
trial automation, emergency response and
real-time control.

+ loT with high-accuracy positioning (HAP-loT):
These 10T devices require high positioning
accuracy, and they are used for indoor track-
ing and navigation.

+ loT with high-speed data rates (HSR-1oT):
These devices have high data rate require-
ments but are less interested in strict latency
constraints, e.g., video surveillance, software
downloading, and webpage surfing.

+ loT with security (S-loT): This class of loT
devices requires high communication securi-
ty. Examples of devices are those envisioned
for industrial manufacturing and automatic
payment.

The challenges to support the above men-
tioned different types of loT devices for the 5G
network can be summarized as follows in detail.

TABLE1. Types of loT devices.

High-speed data rate challenge: For future
communication, many works have reported that
wireless devices will spend about 80 percent of
their time indoors and 20 percent of their time out-
doors [4]. The demands for high-speed data trans-
mission to support the various application services
of devices, things and machines in both indoor
and outdoor environments are rapidly ever grow-
ing, such as various Internet access, video/voice
conferencing, high-definition television, and so on.
Even though the millimeter wave (mmWave) spec-
trum can support high speed short-range com-
munications, wireless networks will finally face a
skyrocketing capacity explosion that could even
overstretch the millimeter wave spectrum and
other limited radio frequency spectrum.

Severe interference challenge: Small cells
have been presented in 5G wireless networks to
improve network capacity/coverage for massive
loT devices. However, densely deployed small
cells lead to severe co-channel interference.
Although heterogeneous 5G cellular architecture
over radio frequency (RF) spectrum can address
this issue to some degree, the cross-layer interfer-
ence over the same RF frequency still degrades
network performance. How to mitigate severe
interference is a key challenge.

High-accuracy localization challenge: For
localization systems, the global positioning system
(GPS) has been most widely used for outdoor
localization, but it has poor localization accuracy
in indoor environments due to line-of-sight block-
age. RF-based positioning systems, infrared-based
systems and ultrasonic-based systems also have
been widely applied for indoor positioning. How-
ever, the RF-based positioning systems (such as
Wi-Fi, Bluetooth etc.) are not safe to be used in
some environments (hospitals and airplanes), and
the negative effects of the multipath reflections
and shadowing on the positioning performance
degradation are significant. Infrared-based and
ultrasonic-based positioning systems are capable
of achieving high-accuracy positioning perfor-
mance, but ultrasonic systems pose high instal-
lation cost and the coverage range of infrared
systems is limited.

Security challenge: Since some loT devices
require high communication security, e.g., indus-
trial manufacturing and automatic payment, secu-
rity is one of the most key challenges that 5G
networks require to meet the protection of per-
sonal data, as RF waves easily penetrate walls and
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FIGURE1. The architecture of integrating VLC and VLP within 5G networks for loT.

buildings, so they suffer from security issues. In
addition, the projected increase in connected loT
devices will bring a corollary increase in potential
attack vectors.

Cost and energy efficiency challenge: 5G net-
works need to support the massive number of
devices, which may consume a large amount of
power. At the same time, mmWave communica-
tion requires to be equipped with advanced com-
plementary metal oxide semiconductor chips, and
high-gain and steerable antennas at both trans-
mitter and receiver, which mandates nontrivial
hardware costs and implementation complexity.
Hence, it is important to search economic and
high energy efficiency architecture to support loT
for 5G networks.

When more and more devices are involved in
5G networks, it is difficult for current RF-based 5G
wireless networks to support the massive connec-
tivity, provide high-speed transmission data rate,
guarantee communication security, and satisfy
varying quality of services (QoS) requirements of
the massive number of devices [3]. Central issues
in designing a new network architecture include
how to support the massive connectivity of mas-
sive loT devices, how to address the above men-
tioned challenges and how to satisfy their colorful
service requirements.

INTEGRATION OF VLC AND VLP
WITHIN 5G NETWORKS FOR l0T.

There is a need to integrate VLC and VLP with-
in 5G networks to support massive connectivity
and meet the diverse service requirements of loT
devices. In this section, we propose a multi-layer
network (integrating VLC and VLP within 5G net-
works) with the objective to address the challeng-
es mentioned in the previous section.

INTEGRATION OF VLC AND VLP WITHIN 5G NETWORKS

The presented multi-layer network architecture
is shown Fig. 1, which mainly consists of three
layers: macrocell layer, picocell layer and optical

attocell layer, which are classified by their cover-
age ranges. The macrocell layer is associated with
macrocell base stations (BSs) operating in low
RF frequencies, which supports seamless cover-
age. The picocell layer is associated with picocell
access points (APs) with smaller coverage areas
(e.g., factory, home or building). The optical atto-
cell layer is the lowest layer which is composed
of VLC APs (refer to femtocells), and it is mainly
employed for indoor services. The former two lay-
ers operate in the RF spectrum while the bottom
layer is on the visible light spectrum. The objec-
tive of the presented multi-layer network is to
increase data rate and improve indoor positioning
accuracy via VLC APs while the larger cells (mac-
rocells and picocells) support the better coverage
and reliability.

We take one unit of the multi-layer network to
show the working principle. As illustrated in Fig.
1 (inset (a)), a number of VLC APs are uniformly
equipped on the room celling, while the RF BSs/
APs also support communication services for loT
devices. Each VLC AP has a LED lamp to support
the lighting requirements, communication and
positioning services, and each VLC AP covers a
small area to generate an optical cell. In contrast,
RF BSs/APs provide full coverage for the entire
room. Both the VLC APs and RF BSs/APs connect
to the central controller to support the applica-
tion services of indoor loT devices, where VLC
APs transmit information to devices by visible light
signals and RF BSs/APs provide communication
services over RF spectrum. Since it is difficult for
VLC to support uplink wireless communications
[3], VLC mainly provides downlink service while
RF supports both uplink and downlink data trans-
mission.

In addition to communication services, posi-
tioning services are provided via the optical
layer based on VLP systems. So far, many meth-
ods have been proposed for VLP systems, such
as angle of arrival (AOA), time of arrival (TOA),
time difference of arrival (TDOA), and RSS [5]. In
the network, for TOA, TDOA and RSS, each VLC
AP has its unique frequency identification (F-ID)
which is utilized to perform positioning at devices
according to the received optical signals. These
three methods mainly evaluate the distances from
the selected VLC APs to its equipped photodetec-
tor (PD) by measuring the received optical signal
strengths or the propagation times. After that, the
location of the device can be estimated by using
trilateration and triangulation. AOA realizes posi-
tioning based on the angles between the VLC APs
and devices, where it uses optical channel model
or trigonometric relationship of light beacons to
calculate the radiation angle.

Due to the mobility behaviors and dynamic ser-
vice requests of loT devices in RF/VLC networks,
handover processes need to be implemented to
satisfy both connectivity and QoS requirements
of indoor loT devices. Generally speaking, there
exist two types of handover mechanisms: vertical
handover and horizontal handover.

Vertical handover: This handover mechanism
takes place between different access layers, such
as the handover between the RF AP and the VLC
AP. For example, the mobile device connects the
RF links when the VLC LoS link is blocked or it
may connect the VLC links if it needs the high
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FIGURE 2. The spectrum structures of the integrated VLCP system models.

transmission data rate. The handover mechanism
can be implemented based on received signal
intensity (RSI) or non-LoS conditions at loT devic-
es. In addition, downlink traffic is dynamically
adjusted between RF and VLC spectrum, in order
to improve the system throughput and QoS satis-
faction levels.

Horizontal handover: This handover mecha-
nism allows the devices to transfer from one AP
to another AP in the same layer while moving,
such as switching the current VLC AP to another
VLC AP seamlessly. The horizontal handover can
be executed in the network to avoid the effect of
inter-cell interference and maintain the connec-
tivity of mobile devices. In addition, the VLC APs
selection is also processed to perform position-
ing at devices when they move in indoor envi-
ronments, where devices regard the positioning
parameters with corresponding VLC APs as refer-
ences to select the available VLC APs to estimate
their locations.

Both the vertical and horizontal handovers
need to be triggered when the mobile loT devices
move in indoor environments, in order to improve
connectivity and guarantee the QoS requirements
of indoor loT devices.

INTEGRATION OF VLC AND VLP (VLCP)

In indoor environments, high-speed transmission
data rate and high-accuracy positioning need to
be deployed simultaneous in certain scenarios,
hence, the integration of VLC and VLP needs to
be performed to support simultaneous communi-
cation and positioning services for loT devices. As
shown in Fig. 1, some loT devices need communi-
cation services, some devices (i.e. indoor vehicles)
require positioning services and other devices (i.e.
robots) may require both communication and
positioning services.

Here, we describe the existing and proposed
integrated VLCP system models as follows, as
illustrated in Fig. 2. The system has L APs, so L
subcarriers are employed for positioning (note:
each AP has one unique identified positioning
subcarrier which is used for indoor positioning).

Orthogonal frequency-division multiple access
(OFDMA)-based VLCP [12]: This method directly
combines orthogonal frequency-division (OFDM)
modulation and two dimensional (2D) position-
ing algorithms for integrated VLCP systems, as
represented in Fig. 2a. However, as shown in Fig.
2a, OFDM signals usually leak high out-of-band
interference (OOBI) to adjacent subcarriers, which
degrades the communication and positioning per-

formance. In addition, this system needs a large
guard band (GB) to mitigate OOBI, which decreas-
es the bandwidth utilization efficiency.

Filter bank multicarrier (FBMC)-based VLCP
[13]: This scheme applies the FBMC technique
to mitigate the OOBI by filtering the interference
leakage of each communication subcarrier, as
shown in Fig. 2b, which can effectively minimize
the negative effect of OOBI and improve the posi-
tioning accuracy compared with OFDMA-based
VLCP. However, it needs extra signal processing
complexity compared with OFDMA-based VLCP.

OFDMA-interleaving-based VLCP: As shown
in Fig. 2c, when the L subcarriers are not adopt-
ed to transmit any communication signal (L idle
subcarriers), we can find there has L specific fre-
quency holes in frequency domain, which have
negligible OOBI from OFDM signal. Let N denote
the size of the Inverse Fast Fourier Transform
(IFFT), then the bandwidth of each subcarrier
is Bsup = B/N. When we set the first positioning
subcarrier is the n-th subcarrier, its correspond-
ing frequency hole is at the middle frequency of
this subcarrier with being at nBy,, - 0.5B,,, the
second frequency hole is at (n+1) By, - 0.5 Bgp,
similarly, the L frequency holes can be detected
at [nBgy, = 0.5Bgyp,(n + 1)Bgy, — 0.5 By, -..,(n + L
- 1) Bgyp = 0.5 Bgypl . In this case, the positioning
signals (blue color) can be put into these frequen-
cy holes, which is capable of avoiding the OOBI
on positioning subcarriers from the adjacent com-
munication subcarriers as well as achieves the
higher positioning accuracy and bandwidth utiliza-
tion performance compared with OFDMA-based
VLCP. Moreover, it has the lower complexity than
FBMC-based VLCP, because FBMC needs filters
to filter each subcarrier at transmitters.

KEY TECHNOLOGIES FOR MULTI-LAYER NETWORKS

Based on the above presented multi-layer net-
work architecture, we describe some promising
key technologies that can enable the network to
fulfill the performance requirements.

ENERGY HARVESTING DESIGNS

In indoor rooms, some energy-constrained loT
devices, e.g., sensors, are for monitoring, date
collecting and alarming, etc. Therefore, extend-
ing the lifetime of these devices is important as
their barrery energy is limited. In our proposed
multi-layer network, at each loT device, light ener-
gy harvesting can be realized by adopting photo-
detector (PD) and the harvested energy can be
used for packet transmission over RF links [8].
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FIGURE 3. The performance comparisons versus the number of loT devices.

Recently, the paradigm of energy harvesting
was investigated in hybrid RF/VLC networks to
prolong the lifetime of indoor devices, where
devices equipped with PDs are designed to har-
vest the energy from the visible light. In indoor
scenarios, the devices, like sensor nodes, can
directly harvest the energy from the light transmit-
ted from LED lamps over the downlink, which is
used for data transmission over the uplink [8]. In
addition, in dual-hop heterogeneous RF/VLC net-
works, the relay harvests energy from the firsthop
VLC link, and uses it to support the communica-
tion services over the second-hop RF link.

MODULATION SCHEMES

Different from RF-based systems, flicker and dim-
ming control need to be taken into account the
modulation schemes for VLC systems. On-off key-
ing (OOK) and pulse position modulation (PPM)
are the two simple modulation schemes that have
been used in VLC systems, but the data rate of
these two modulation schemes are very low.
Then, some VLC-specific modulation schemes
are presented, such as pulse width modulation
(PWM), variable PPM (VPPM), differential PPM
(DPPM) and color shift keying (CSK) [14], where
additional designs require to be considered to
take care of the dimming control.

For CSK, the transmitted bit corresponds to
a specific color in the color space chromaticity
diagram. In practice, CSK is not applicable to
VLC systems where phosphor-based LEDs are
used, and moreover, the implementation of CSK
requires a very complex circuit structure. Unfortu-
nately, the above mentioned modulation schemes
generally cannot provide the high spectrum effi-
ciency in VLC systems.

In order to support high transmission data
rate, and decrease the inter-system interference
(IS1) and multipath fading effect, OFDM has been
widely applied in VLC systems, where multiple
orthogonal subcarriers are utilized to simultane-
ously transmit parallel data streams. Different from
RF systems, due to the intensity modulation/
direct detection (IM/DD) nature of LEDs, Her-
mitian symmetry is usually imposed on VLC sys-
tems to obtain LED-compatible real-valued OFDM
signals. OFDM surfers from the high peak-to-av-
erage power ratio (PAPR) which degrades the
system performance, but several schemes (e.g.,
commanding transform and selected mapping
techniques) have been proposed for the PAPR

reduction. Moreover, some modified OFDM
schemes were proposed for VLC systems, includ-
ing direct current (DC) biased optical OFDM
(DCO-OFDM), asymmetrically clipped optical
OFDM (ACO-OFDM) and asymmetrically clipped
DC biased optical OFDM (ADO-OFDM).

MULTIPLE ACCESS SCHEMES

In the multi-layer network, OFDMA, code-division
multiple access (CDMA), spatial-division multi-
ple access (SDMA) and non-orthogonal multiple
access (NOMA) are four main multiple access
techniques to improve the network performance
for loT devices.

OFDMA: OFDMA can be regarded as the
multi-user version of OFDM, which has the ability
to provide flexible subcarrier and power alloca-
tion to guarantee QoS requirements of devices. It
is capable of eliminating both intra-cell and inter-
cell interferences by flexibly allocating the subcar-
riers to devices.

CDMA: CDMA is widely used in RF systems,
where several transmitters can send information
simultaneously over a single communication
channel or over the same frequency band. Opti-
cal CDMA (O-CDMA) has the similar basic struc-
tures to CDMA with the difference that O-CDMA
requires optical codes [6]. O-CDMA can deal
with the multi-user and multipath interference
problems in VLC systems, and it flexibly supports
adding devices and asynchronous access.

SDMA: SDMA is a key multiple access tech-
nique for 5G networks by exploiting the spatial
diversity, which enables frequency-time resources
to be shared among a group of devices. How-
ever, SDMA cannot be applied to VLC direct-
ly, because it is an IM/DD system. Fortunately,
LEDs have the limited field-of-view (FOV) feature,
which can be employed to generate directional
light beams, resulting in the application of SCMA
for VLC systems.

NOMA: NOMA multiplexes a number of
devices in the power domain over the same band
and it can greatly improve the spectral efficiency
compared with OFDMA, which has been widely
investigated in RF systems. NOMA is a valuable
multiple access technique for VLC systems for
the following reasons [15]: 1) It is efficient and
flexible in multiplexing a small number of devices,
which is applicable in VLC systems where each
small optical cell only serves a few devices in its
close proximity; 2) NOMA needs channel state
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FIGURE 4. The performance comparisons versus the number of loT devices.

information, which can be estimated accurately
in VLC systems due to the constant channel gains
for most of the time.

SIMULATION-BASED EVALUATION

This section mainly evaluates and analyzes the
performance of the proposed integrated network
architecture for loT devices. A typical indoor
room is considered with the area of 20m x 20m
x 4.0m, where 5 x 5 VLC APs and 2 x 2 RF APs
(Wi-Fi APs) are uniformly distributed at the height
of 3.5m. K loT devices are randomly distributed
on the floor with the height of 0.5 m. K/4 devices
need both the normal communication and posi-
tioning services with 0.5 Mbps per device; K/4
devices require URLLC services; the other K/2
devices only require the normal communication
services with high data rate requirement (5 Mbps
in downlink and 0.5 Mbps in uplink per device).
For URLLC services, the maximum latency and
transmission reliability are 1 ms and 99.99 percent
with each message size being 500 bits, respective-
ly. The number of subchannels of each AP is 12.
The fixed power consumption of each RF AP and
VLC AP are 6.7 W and 4 W [7], respectively. The
maximum transmit power of each AP is 250 mW.
The available bandwidth of each AP is 10 MHz.
Other parameters can be found in [9].

COMMUNICATION PERFORMANCE COMPARISONS

We compare the performance of the following
network architectures: 1) the presented multi-lay-
er network including the three layers (RF-RF-VLC);
2) the presented multi-layer network including
the picocell layer and the optical attocell layer
(RF-VLC); 3) the RF-based network including the
macrocell layer and the picocell layer (RF-RF).

Fig. 3 compares the network energy efficiency
(EE), the satisfied service levels of normal services
and URLCC services versus the device density. We
can observe that the EE performance of RF-RF-VLC
and RF-VLC architectures is much better than the
performance of the RF-RF architecture because of
the energy efficient nature of VLC. Furthermore,
relying on the abundant bandwidth resource of
VLC as well as by exploiting the better channel
conditions of small optical cells, the two RF/VLC

architectures significantly outperform the RF-RF
architecture in terms of both the normal and
URLLC services satisfied levels, especially the per-
formance advantage gradually increases as the
increased number of served loT devices.

We would like to mention that RF-RF-VLC
has the similar EE performance to RF-VLC, but it
achieves the higher satisfied service levels than that
of RF-VLC because of the flexible service provision-
ing by the multi-layer architecture. The performanc-
es of all the network architectures decrease with
the increased number of devices due to the fixed
spectrum and power resource, but the presented
RF-RF-VLC still achieves the best performance.

POSITIONING PERFORMANCE COMPARISONS

This subsection compares the indoor 2D posi-
tioning performance of the following position-
ing schemes in the RSS-based positioning system:
1) OFDMA-interleaving-based VLCP; 2) OFD-
MA-based VLCP [12]; 3) Wi-Fi fingerprint; 4) Wi-Fi
positioning.

The indoor positioning results and the Cumula-
tive Distribution Function (CDF) of the positioning
errors by using the above mentioned positioning
schemes are shown in Fig. 4a and 4b, respectively.
From Fig. 4a, as we can see, the positioning accu-
racy of the two VLCP schemes is much higher than
that of the two Wi-Fi based positioning schemes,
especially the advantage is obvious at the room
edges and corners, because the negative effects of
multipath reflections and shadowing on the posi-
tioning performance degradation are significant in
Wi-Fi based positioning systems. Although finger-
print can greatly enhance the positioning accuracy,
it requires a large amount of labeled data to train
the positioning model which requires extra compu-
tation and storage space at loT devices.

In addition, the mean position errors of OFD-
MA-interleaving-based VLCP, the OFDMA-based
VLCP, Wi-Fi fingerprint and Wi-Fi positioning are
7.19 cm, 19.75 cm, 68.76 cm and 113.54 cm,
respectively. In Fig. 4b, in our presented integrat-
ed VLCP system, most of the positioning errors
in the room are below 10 cm, and only a few
locations are over 12 cm. The performance eval-
uation indicates the higher positioning accura-
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cy achieved by our presented integrated VLCP
system, because it puts positioning signals into
frequency holes, which avoids OOBI on the posi-
tioning subcarriers from adjacent communication
subcarriers. In the existing OFDMA based inte-
grated VLCP system [12], the high OOBI from
OFDM signal leads to the severe interference on
adjacent positioning subcarriers, which degrades
the positioning accuracy.

CONCLUSION AND RESEARCH DIRECTIONS

This article presents a multi-layer network archi-
tecture by integrating VLC and VLP into 5G net-
works for 10T, in order to support massive loT
connectivity and satisfy diverse service require-
ments of devices. Key technologies are discussed
for performance improvement, including ener-
gy harvesting, modulation and multiple access
schemes. Furthermore, an exemplary case study
and simulation analysis are provided to demon-
strate the advantage of the presented multi-layer
network for loT. Possible future research direc-
tions are presented below.

+LoS blocking is a key problem in VLC or VLP
systems due to movements of loT devices and
obstructing objects, which significantly decreases
the network performance. Thus, it is important to
study robust handover mechanisms to guarantee
the communication connectivity, and present new
positioning schemes to maintain the positioning
accuracy under LoS blockages.

Achieving both energy harvesting and com-
munication in VLC systems might violate the
illumination requirements, because VLC systems
need to provide energy and information to indoor
devices. As a result, the investigation of the above
mentioned functions in multi-layer RF/VLC net-
works by formulating optimization problems that
allocate direct DC bias, transferred energy, and
available resources is needed.

«Since the transmission power at LED lamps is
fixed, transmission power allocation is a key issue
that affects the tradeoff performances between
VLC and VLP. Allocating power for one metric
with larger value will lead to the less power value
allocated to another metric. In this case, the per-
formance of the one metric improves while the
performance of another metric decreases. Hence,
how to balance the tradeoff is important.

*In the multi-layer network, different loT devic-
es may have different QoS requirements, ranging
from high reliability and low-latency, high position-
ing accuracy to high transmission data rates. The
varying requirements expect to search an efficient
resource management strategy or network archi-
tecture to guarantee different QoS requirements.

ACKNOWLEDGMENT

This work is support by Delta-NTU Corporate
Lab for Cyber-Physical Systems with funding sup-
port from Delta Electronics Inc. and the National
Research Foundation (NRF) Singapore under the
Corp Lab@University Scheme, and National Nat-
ural Science Foundation of China under Grant
61901065.

REFERENCES
[1] N. Saxena et al., “Efficient loT Gateway over 5G Wireless: A
New Design with Prototype and Implementation Results,”
IEEE Commun. Mag., vol. 55, no. 2, Feb. 2017, pp. 97-105.

[2] B. Khalfi, B. Hamdaoui, and M. Guizani, “Extracting and
Exploiting Inherent Sparsity for Efficient loT Support in 5G:
Challenges and Potential Solutions,” IEEE Wireless Commun.,
vol. 24, no. 5, Oct. 2017, pp. 68-73.

D. Karunatilaka et al., “LED Based Indoor Visible Light Com-

munications: State of the Art,” IEEE Commun. Surveys Tuts.,

vol. 17, no. 3, Third Quarter 2015, pp. 1649-78.

[4] Cisco, “Cisco Service Provider Wi-Fi: A Platform for Busi-
ness and Revenue Generation,” CISCO White Paper, ID:
1458684054151755, Nov. 2012.

[5]1 Y. Zhuang et al., “A Survey of Positioning Systems Using

Visible LED Lights,” IEEE Commun. Surveys Tuts., vol. 20, no.

3, Third Quarter 2018, pp. 1963-88.

L. Feng et al., “Applying VLC in 5G Networks: Architectures

and Key Technologies,” IEEE Network, vol. 30, no. 6, Nov.

2016, pp. 77-83.

[7] H. Zhang et al., “Energy Efficient Subchannel and Power
Allocation for Software-Defined Heterogeneous VLC and RF
Networks,” IEEE J. Sel. Areas Commun., vol. 36, no. 3, Mar.
2018, pp. 658-70.

[8] Z. Wang et al., “On the Design of a Solar-Panel Receiver
for Optical Wireless Communications with Simultaneous
Energy Harvesting,” IEEE JSAC, vol. 33, no. 8, Aug. 2015,
pp. 1612-23.

[9] H. Yang et al., “Learning-Based Energy-Efficient Resource
Management by Heterogeneous RF/VLC for Ultra-Reliable
Low-Latency Industrial loT Networks,” to appear in IEEE
Trans. Ind. Informat.

[10] Y. Zhuang et al., “Low-Power Centimeter-Level Localiza-
tion for Indoor Mobile Robots Based on Ensemble Kalman
Smoother Using Received Signal Strength,” IEEE Internet
Things J., vol. 6, no. 4, Aug. 2019, pp. 6513-22.

[11] S. Ma, Q. Liu, and P. C. Sheu, “Foglight: Visible Light-En-
abled Indoor Localization System for Low-Power loT Devic-
es,” IEEE Internet Things J., vol. 5, no. 1, Feb. 2018, pp.
175-185.

[12] B. Lin et al., “Experimental Demonstration of an Indoor VLC
Positioning System Based on OFDMA,” IEEE Photon. J., vol.
9, no. 2, Apr. 2017, pp. 1-9.

[13] H. Yang et al., “Demonstration of a Quasi-Gapless Inte-
grated Visible Light Communication and Positioning Sys-
tem,” IEEE Photon. Tech. Lett., vol. 30, no. 23, Dec. 2018,
pp- 2001-04.

[14] S. Rajagopal, R. D. Roberts, and S. Lim, “IEEE 802.15.7
Visible Light Communication: Modulation Schemes and
Dimming Support,” IEEE Commun. Mag., vol. 50, no. 3, Mar.
2012, pp. 72-82.

[15] H. Marshoud et al., “Optical Non-Orthogonal Multiple
Access for Visible Light Communication,” IEEE Wireless
Commun., vol. 25, no. 2, Apr. 2018, pp. 82-88.

BIOGRAPHIES

HELIN YANG [S15] (hyang013@e.ntu.edu.sg) is a Ph.D. can-
didate in the School of Electrical and Electronic Engineering,
Nanyang Technological University, Singapore. He serves as a
reviewer for IEEE international journals such as I[EEE Commu-
nications Magazine, IEEE Wireless Communications Magazine,
IEEE Transactions on Wireless Communications, etc. His current
research interests include wireless communication, visible light
communication, Internet of Things and resource management.

[3

[6

WEN-DE ZHONG [SM’03] received his Ph.D. degree from the
University of Electro Communications, Tokyo, Japan. He is a full
professor with the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University, Singapore. His current
research interests include visible light communication/position-
ing, optical fiber communication systems and networks, optical
access networks, and signal processing.

CHEN CHEN [S"13] received the Ph.D. degree from Nanyang
Technological University, Singapore, in 2017. He is currently a
tenured-track assistant professor with the School of Microelec-
tronics and Communication Engineering, Chongging University,
China. His research interests include visible light communica-
tions, Li-Fi, visible light positioning, optical access networks, and
digital signal processing.

AROKIASWAMI ALPHONES [M’92, SM’'98] received his Ph.D.
degree in optically controlled millimeter wave circuits from
Kyoto Institute of Technology, Kyoto, Japan. He is an associate
professor with the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University, Singapore. His current
research interests include electromagnetic analysis on planar RF
circuits and integrated optics, microwave photonics, metama-
terial-based leaky wave antennas, and wireless power transfer
technologies.

140

|EEE Network - September/October 2020

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on September 21,2020 at 05:10:41 UTC from IEEE Xplore. Restrictions apply.



