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Abstract
White light emitting diodes (LEDs) have attracted much attention recently in the
lighting market for their long lifetime, low power consumption, fast switching time and
reliability. Besides illumination, LEDs are also used for visible light communications
(VLC) and visible light positioning (VLP). On the one hand, VLC has been emerging
as a promising candidate for indoor wireless communications due to its supporting
high-speed data rate, economic, electro-magnetic interference free and high security,
compared with traditional radio-frequency (RF) systems. On the other hand, VLP
can provide high-accuracy positioning performance compared with RF based indoor
positioning systems. However, the development and deployment of indoor VLC and
VLP systems face some key challenges, such as integration of VLC and VLP to provide
simultaneous communication and positioning services, inter-cell interference (ICI) in
indoor multi-cell VLC systems, negative effect of line-of-sight (LoS) blockages on the
performance, and guaranteeing different quality of services (QoS) of various indoor
devices. The goals of this thesis are to address the above mentioned challenges, and
propose integrated system, robust optimized design, ICI mitigation scheme and resource
management strategy to improve the system performance.
The combination of orthogonal frequency division multiplexing (OFDM) and positioning algorithm can provide simultaneous communication and positioning for indoor devices, but the performance is degraded due to the high out-of-band interference (OOBI) generated from OFDM signals on adjacent subcarriers. This thesis first

i

proposes a quasi-gapless integrated VLC and VLP (called VLCP) system based on
filter bank multicarrier-based subcarrier multiplexing (FBMC-SCM). Compared with
OFDM-based SCM (OFDM-SCM), FBMC-SCM is capable of mitigating OOBI and
therefore requires much smaller guard band (GB) spacing. Simulations and experimental results verify that our proposed FBMC-SCM can improve the effective bandwidth
utilization ratio and enhance the positioning accuracy in the integrated VLCP system,
compared with OFDM-SCM.
The FBMC-SCM needs extra computational complexity of signal processing compared with OFDM. An OFDM-SCM-interleaving based integrated VLCP system is
further proposed, where the sinusoidal positioning signals can be placed into the idle
subcarriers (called frequency holes) which have the negligible OOBI from OFDM communication signal. In order to maximize the system data rate while guaranteeing the
minimum data rate and high positioning accuracy requirements, a QoS-driven optimized design with joint adaptive modulation, subcarrier allocation and weighted preequalization is proposed to improve the system performance. The LoS blockage issue
is investigated in this thesis, and robust communication and positioning schemes are
presented to maintain the system performance. Furthermore, this thesis also extends
the system model into multi-cell integrated VLCP networks, where a joint VLC access point section, bandwidth allocation, adaptive modulation and power allocation
approach is proposed to maximize the network data rate while guaranteeing different
QoS requirements of indoor devices. The experimental results and simulations show
that the presented integrated VLCP system model and solutions effectively enhance the
data rate, improve the positioning accuracy and guarantee devices’ QoS requirements.
In indoor multi-user multi-cell multiple-input multiple-output (MIMO) VLC systems, ICI and inter-user interference (IUI) are the two key factors that could severely
degrade the system performance. In this thesis, a novel joint precoder and equalizer
design based on interference alignment (IA) is proposed to mitigate both IUI and ICI

ii

in multi-user multi-cell MIMO VLC systems under both perfect and imperfect channel
state information (CSI). The proposed design aims to choose proper precoder and receiving equalizer to minimize the mean square error (MSE) under unique optical power
constraints. Furthermore, this thesis considers optical channel estimation errors in the
formulated joint optimization problem. Numerical results show that the proposed design achieves better performance under different users’ locations, channel estimation
errors and transmitter/receiver spacing, compared to the existing designs.
In wireless indoor networks, Internet of Things (IoT) devices and industrial IoT devices may have different QoS requirements, ranging from high reliability and low-latency
to high transmission data rate, leading to high complex and heterogeneous network environments. Hence, this thesis presents a heterogeneous RF/VLC network architecture
to guarantee the different QoS requirements, where RF is capable of offering seamless
coverage and VLC has the ability to provide high transmission data rate. Then, a joint
uplink and downlink energy-efficient resource management decision-making problem
(network selection, subchannel assignment and power management) is formulated as
a Markov decision process. After that, a new deep post-decision state (PDS) based
experience replay and transfer (PDS-ERT) reinforcement learning (RL) algorithm is
proposed to learn the optimal policy. Simulation results corroborate the superiority
in performance of the presented heterogeneous network, and verify that the proposed
PDS-ERT learning algorithm outperforms other existing algorithms in terms of meeting
energy efficiency and QoS requirements.

Keywords
Visible Light Communication, Visible Light Positioning, Integrated System, Interference Mitigation, Robust Designs, Resource Management.
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Chapter 1

Introduction
1.1
1.1.1

Background
Background of VLC

In the last several decades, demands for mobile data traffic to support various services,
devices in both indoor and outdoor environments are rapidly ever growing, such as
various Internet access, video/voice conferencing, high-definition television, and so on
[1-3]. In addition, with widespread developments of wireless communication technologies, more and more devices are involved in wireless networks, the fourth generation
(4G) or the fifth generation (5G) wireless network needs to support various communication connectivity and diverse services of massive number of devices [4, 5]. Devices
will require massive connectivity, high reliability, high data rate, high positioning accuracy, low latency, low power consumption and improved security. Under ever increasing
demands for bandwidth, it is difficult for current radio frequency (RF)-based wireless
networks (such as 4G, 5G etc.) to support massive connectivity due to limited RF
bandwidths, guarantee high-accuracy positioning because of severe multipath reflections, and satisfy colorful quality of services (QoS) requirements of devices [4-6].
Light emitting diodes (LEDs) have achieved much attention recently in the lighting
market and will replace traditional light sources due to its long lifetime, low power
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consumption and reliability [7]. The lifetime of LEDs ranges from about 30, 000 to
50, 000 hours, which is higher than that of fluorescent lamps which is just only about
10 000 hours [8]. In addition, the luminous efficacy of commercial LEDs can achieve
about 200 lumens/watt by the year 2020 [8], which is much higher than conventional
light bulbs.
In addition to the above benefits, LEDs are also used to serve as emitters for visible
light communications (VLC, also known as Li-Fi,) due to fast switching capability of
LEDs [7]. The visible light spectrum in VLC systems ranges from 375 nm to 780 nm,
resulting in the abundant unlicensed bandwidth, much greater than that RF spectrum.
This enables VLC systems to provide high-speed wireless data transmission for indoor
communications. Hence, LEDs can provide both the simultaneous illumination and
high-speed data rate communication services in indoor environments. The first work
on VLC was presented by Tanaka, et al., from Japan in 2000 [9], where white LEDs were
adopted to set up visible light links, and amplitude modulation was used at visible light
frequencies to offer a data channel without affecting LEDs’ illumination function. The
literature [10] reported a fundamental analysis on VLC systems based on white LEDs,
where the basic system model, influence of reflection and inter-symbol interference (ISI)
were discussed in detail. Since then, the development of VLC systems based on white
LEDs has attracted much attention from both academia and industry. In 2007, two
standards, VLC System Standard and Visible Light ID System Standard, were reported
by VLC Consortium in Japan [11]. In 2011, the first IEEE standard (IEEE 802.15.7)
for VLC was adopted [12].
VLC has been identified as a promising candidate technology for 4G or 5G networks
to support different QoS requirements of devices [4-6]. VLC is capable of serving devices in indoor environments because of the following main advantages [4-6]: 1) low cost
due to the use of the existing lighting infrastructure; 2) high-speed transmission with
the abundant license-free visible light spectrum; 3) guaranteed communication secu-
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Table 1.1: Three PHY Modes in IEEE 802.15.7 Standard

rity, since visible light signals cannot penetrate walls; 4) high-accuracy localization via
visible light positioning (VLP) for object tracking and navigation; 5) no interference
between RF communications due to the different spectrum, and an absence of electromagnetic interference which is suitable in the electromagnetic interference-sensitive
environments (e.g. hospitals, airports, and gas stations); 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 high density of indoor devices and satisfy diverse services, since many studies have reported that wireless devices will spend
about 80% of their time indoors[4-6].
Specifically, as listed in Table 1.1, IEEE 802.15.7 defines three physical layer (PHY)
modes with adopting a combination of different modulation schemes (e.g., On-off keying
(OOK), variable pulse position modulation (VPPM) and colour shift keying (CSK)) [12,
13]. The supported data rates defined in PHY II and PHY III are up to about 96 Mbit/s
[12, 13], much higher data rate that has been achieved in laboratory experiments. For
example, the data rate of 500 Mbit/s over a 2 m distance was achieved in prototype
VLC systems based on high-quality LEDs [14]. The data rates of 1.3 and 1 Gbit/s over
the distances of 3 and 10m were implemented in [15]. Moreover, in [16], D. Tsonev,
et al., utilized gallium nitride (GaN) LEDs to achieve about a 3 Gbit/s VLC link over
a distance of 5 cm. In addition, several new VLC related standardization activities,
such as the IEEE 802.11bb and ITUT G.9991 for the highspeed indoor VLC, etc [17].
Fig. 1.1 indicates the relationship between the data rate and the link distance
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Figure 1.1: Different common technologies for short-range wireless communications [17].

for some common used technologies and standards in short-range wireless communication networks [17]. We can observe that even though wireless-fidelity (Wi-Fi) achieves
longer transmission distance than VLC, VLC can get much higher transmission data
rate (up to several Gbit/s) than the current Wi-Fi technology (about 350 Mbit/s for
IEEE 802.11n) [17]. In addition, other technologies (ZigBee, Bluetooth, etc.) have quite
lower data rates, which may fail to support high-speed transmission demands. Compared with RF based indoor communication systems, VLC systems based on LEDs
have some attractive advantages, such as low-cost front-ends, low power consumption,
no electromagnetic interference radiation, abundant unregulated bandwidth and high
security [5, 7, 10, 18-21]. According to the above discussions, VLC has the potential
to be an integral part of 5G networks to guarantee the diverse QoS requirements of
devices.

1.1.2

Background of VLP

In addition to supporting illumination and communication functions, white LEDs are
also adopted for indoor visible light positioning (called VLP) [22-25], where receivers
equipped with photodetectors (PDs) can perform positioning function by using the
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received optical signals from LED transmitters at known locations. In recent years, VLP
has become an attractive research topic for indoor positioning and tracking, because it
provides high positioning accuracy and guaranteed security compared with RF-based
indoor positioning systems [22-25].
As a matter of fact, researchers have attempted to develop indoor localization or
positioning systems with high positioning accuracy. For localization systems, the global
positioning system (GPS) has been most widely used for outdoor localization [26], but
it has poor localization accuracy in indoor environments due to link blockages and multipath effects. In addition, RF-based positioning systems, infrared-based systems and
ultrasonic-based systems also have been widely applied for indoor positioning [27]-[32].
However, the RF-based positioning systems (such as Wi-Fi, Bluetooth etc.) are not
safe to be used in hospitals and airplanes [28-30], and the negative effects of multipath
reflections and shadowing on the positioning performance degradation are significant.
Ultra wide band (UWB) and ultrasonic positioning systems have good positioning accuracy, but they are costly [31, 32]. Hence, among these indoor RF-based positioning
systems, VLP is considered as a promising technique for indoor positioning, navigation,
tracking and location-aware services, due to its high positioning accuracy, low cost and
guaranteed security [22-25].
Currently, many algorithms have been adopted for VLP systems, such as received
signal strength (RSS), time of arrival (TOA), angle of arrival (AOA), time difference
of arrival (TDOA), and phase difference of arrival (PDOA) [22-25, 33-42]. Among
these algorithms, RSS has low estimation accuracy when the receiver is located at
the edges of a room [34, 35, 41]; TOA requires synchronization between transmitters
and receiver [40]; AOA can achieve a high positioning accuracy, but needs a highly
complicated image sensor arrays [36, 37]. Compared with RSS, TOA and AOA, the
accuracy of TDOA and PDOA is related to the sampling rate at receivers. These two
approaches have high positioning accuracy, but TDOA requires high time resolution
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Table 1.2: Summary of indoor positioning technologies (Sakpere Adeyeye, 2015 and
[43]).

due to the short distance between transmitters and receivers in indoor environments,
so that PDOA is more appropriate in indoor VLP systems [38, 39, 42]. Table 1.2
summarizes and compares the common indoor positioning systems and positioning
algorithms in terms of positioning accuracy, cost, complexity, scalability and secure
levels [4]-[6]. From Table 1.2, we can conclude that VLP systems achieve the high
positioning accuracy with the medium complexity, low cost and high secure level.
Generally speaking, VLP systems mainly adopt two kinds of optical receiver to
perform indoor positioning: PD and camera [44, 45]. Camera based VLP does not
need the additional hardware equipment when mobile terminals are equipped with
cameras, but it is expensive and has low transmission data rate, while PDs have the
ability to achieve a high data rate. For these two different types of receivers, the AOA
positioning algorithm is adopted in camera based VLP systems while the RSS, TOA,
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TDOA and PDOA algorithms are mainly used in PD based VLP systems. This thesis
employs the PD based VLP systems to provide both the high-speed data rate and the
high-accuracy positioning services.

1.2

Challenges, Motivations and Objectives

1.2.1

Challenges

Despite the above-mentioned benefits or advantages of VLC and VLP systems, the
capacity of VLC systems is greatly limited by the limited modulation bandwidth of
white LEDs and the positioning performance needs to be improved in VLP systems.
On the one hand, so far, many techniques have been proposed to increase the capacity of VLC systems, such as multiple-input multiple-output (MIMO) transmission [46,
47], frequency domain equalization [48. 49], orthogonal frequency division multiplexing (OFDM) using high-order constellations [50, 51], non-orthogonal multiple access
(NOMA) [52, 53], and so on. More specifically, OFDM has also been widely applied
in VLC systems to overcome multipath-induced ISI and inter-carrier interference [54].
On the other hand, machine learning techniques have been applied for VLP systems to
correct the positioning errors caused by transmitters or receiver hardware [39, 55], and
the high precision positioning algorithms based on Bayesian model were presented to
improve the positioning capability based on the historical information [56, 57].
However, the developments of both VLC and VLP systems still face some key
challenges, which can be summarized as follows:
• Most researchers only focused on VLC [10-21, 46-54] or VLP independently [22-25,
33-42, 55-57]. In practical indoor environments (such as supermarket, hospital,
robotic industry, etc.), both communication and positioning might be expected
in the same system. Hence, how to integrate both VLC and VLP in the same
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system to provide both high-speed transmission data rate and the high-accuracy
positioning accuracy still remains a significant challenge.
• Since each VLC cell associated with some LEDs generates an optical attocell and
it provides a small illuminated coverage area, a practical VLC system or network
usually consists of multiple attocells to support both the brightness and communication requirements [58-60]. Such a cellular indoor VLC system is referred to
as a multi-cell VLC system [58-60], and the respective illumination areas of the
adjacent cells inevitably overlapp with each other. When the users are located
in the overlapped area, their performance may be greatly degraded due to the
severe inter-cell interference (ICI) from adjacent cells.
• RF based communication systems can cover the entire indoor room with a few
transmitters and it still maintains good performance under the non-line-of-sight
(NLOS) when the RF signal is blocked by walls or obstacles, while VLC or systems
strongly depend on line-of-sight (LoS) links to satisfy the good communication
and positioning performance. In this case, the performance degradation is significant when LoS links are blocked by obstacles or human beings due to the mobility
of devices.
• In indoor environments, different devices (such as phones, computers, sensors, actuators, machines and robots) may have different QoS requirements, ranging from
high reliability and low-latency, high positioning accuracy to high transmission
data rates. The varying requirements expect to search an efficient resource management strategy or network architecture to guarantee different QoS requirements
and enhance the network data rate performance.
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1.2.2

Motivations and Objectives

As mentioned in Section 1.1, the advantages of potential VLC and VLP systems using
white LEDs have motivated the author to investigate them and present novel techniques
to improve both the communication and positioning capabilities of VLC and VLP
systems to satisfy the ever increasing high data rate and high positioning accuracy
requirements. In addition, although lots of potential techniques have been studied
to overcome the challenges of VLC and VLP, there still exist some key problems in
developing high performance in VLC and VLP systems. Hence, the thesis aims to
address the existing challenges and problems of VLC and VLP by proposing advanced
schemes and designs. The major objectives are summarized below.
• The combination of modulation or multiple access techniques and positioning
algorithm is an effective way for the integration of VLC and VLP. For example,
the literatures [61-63] presented the combination of OFDM modulation and RSS
algorithm to provide both communication and positioning services in the same
system. However, the performance of the integrated system is degraded due to the
high out-of-band interference (OOBI) generated from OFDM signals on adjacent
subcarriers [61-63]. Hence, it is important to develop new integrated systems for
the communication and positioning performance improvement.
• Traditional frequency division schemes have the ability to effectively eliminate
ICI in multi-cell VLC systems by partitioning visible light spectrum [64-66], but
the achievable capacity of each cell is greatly decreased due to the spectrum
partitioning. As an effective way to eliminate ICI, precoding or equalizer has
also been applied in multi-cell VLC systems, such as zero forcing (ZF) [67] and
minimum mean square error (MMSE) [68, 69], but the interference is still not
mitigated effectively in the systems. Therefore, it would be interesting if ICI
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can be mitigated without spectrum partitioning. By adopting interference alignment technique based on advanced precoding or equalizer, the capacity can be
significantly improved in indoor multi-cell VLC systems.
• The co-deployment of RF and VLC technologies is straightforward way to improve the network performance and satisfy specific QoS constraints in indoor
environments [70-74], where RF is capable of offering reliable connectivity and
VLC has the ability to provide high transmission data rate. For example, when
the VLC links are blocked, devices can switch the transmission mode from VLC
to RF to continue their services. However, different devices may have different
QoS requirements, ranging from low-latency, high positioning accuracy to high
transmission data rates, leading to highly complex and heterogeneous network
architectures. The conventional hybrid RF/VLC network and resource management strategy may fail to guarantee these devices’ QoS requirements. Hence, it
is of practical meaning to explore a new heterogeneous network architecture and
resource management approach to enhance the network performance.
• When VLC LoS links are blocked, the devices can change the link from VLC
to RF to maintain the communication connection, but the positioning accuracy
will reduce when it is switched to RF-based positioning systems. Utilizing devices’ mobility behavior and historical location information is a very natural way
to estimate or predict device’ locations under blockages, such as pedestrian dead
reckoning (PDR) [75 , 76] and Bayesian perspective [57]. However, the positioning
error will increase during PDR over time and Bayesian perspective has the high
computational complexity at receivers. As a result, under LoS blockages, developing a new positioning scheme with low complexity to maintain high-accuracy
positioning services by utilizing device’ historical location information is important for indoor VLP systems.
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1.3

Major Contributions

In order to address the above-mentioned challenges and problems, novel advanced system architecture, interference mitigation scheme, resource management approach and
robust design are explored and presented in this thesis. The major contributions of the
thesis are summarized as follows
• This thesis first proposes a quasi-gapless integrated VLC and VLP (called VLCP)
system based on filter bank multicarrier-based subcarrier multiplexing (FBMCSCM). Compared with OFDM-based SCM (OFDM-SCM), FBMC-SCM has lower
OOBI and therefore requires much smaller guard band (GB) spacing. PDOA is
applied for positioning. Simulations and experimental results verify that our
proposed FBMC-SCM can improve the effective bandwidth utilization ratio and
enhance the positioning accuracy in the integrated VLCP system, compared with
OFDM-SCM. (Chapter 3)
• This thesis proposes OFDM-SCM-interleaving based integrated VLCP system,
where the sinusoidal positioning signals can be put into the idle subcarriers (called
frequency holes) which have the negligible OOBI from OFDM signal. In order
to maximize the system data rate while guaranteeing the minimum data rate
and high positioning accuracy requirements, a QoS-driven optimized design with
joint adaptive modulation, subcarrier allocation and weighted pre-equalization
is proposed to improve the system performance. The LoS blockage issue is investigated in networks, and the robust communication and positioning schemes
are presented to maintain the systems performance. The experimental results
show that the presented solutions can effectively enhance the data rate, improve
the positioning accuracy and guarantee devices’ QoS requirements. Furthermore,
this chapter also extends the system model into multi-cell integrated VLCP networks, where a joint AP section, bandwidth allocation, adaptive modulation and
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power allocation approach is proposed to maximize the network data rate while
guaranteeing the different QoS requirements of indoor devices. The simulation
results corroborate the superiority in performance of the presented integrated
VLCP system and the proposed solutions. (Chapter 4)
• In multi-user multi-cell MIMO VLC systems, ICI and inter-user interference (IUI)
are the two key factors that could severely degrade the system performance. In
this thesis, for the first time, a novel joint precoder and equalizer design based on
interference alignment (IA) is proposed to mitigate both IUI and ICI in multi-user
multi-cell MIMO VLC systems under both perfect and imperfect channel state
information (CSI). The proposed design aims to choose proper precoder and receiving equalizer to minimize the mean square error (MSE) under the unique
optical power constraints. Furthermore, this thesis considers optical channel estimation error in our formulated joint optimization problem. Numerical results
show that the proposed design achieves a better performance under different users’
locations, channel estimation errors and transmitter/receiver spacing, compared
to the existing MMSE and max-rate designs. (Chapter 5)
• In wireless indoor networks, IoT devices and industrial IoT devices have different
QoS requirements, ranging from high reliability and low-latency to high transmission data rates. These indoor networks will be highly complex and heterogeneous,
as well as the spectrum and energy resources are severely limited. Hence, this
thesis presents a heterogeneous RF/VLC network architecture to guarantee the
different QoS requirements, where RF is capable of offering reliable connectivity
and VLC has the ability to provide high transmission data rate. A joint uplink and downlink energy-efficient resource management decision-making problem
(network selection, subchannel assignment and power management) is formulated
as a Markov decision process. Then, a new deep post-decision state (PDS) based
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experience replay and transfer (PDS-ERT) reinforcement learning (RL) algorithm
is proposed to learn the optimal policy. Simulation results corroborate the superiority in performance of the presented heterogeneous network, and verify that
the proposed PDS-ERT learning algorithm outperforms other existing algorithms
in terms of meeting energy efficiency and QoS requirements. (Chapter 6)

1.4

Thesis Organization

This thesis comprises seven chapters, which is organized as follows
Chapter 1 briefly introduces the background, challenges and motivations of VLC
and VLP systems, and the summary of the major contributions is provided in this
chapter, too.
Chapter 2 provides an overview of VLC, VLP and integrated VLCP systems. The
comprehensive literature review of VLC and VLP techniques is offered in this chapter.
Moreover, the review on the interference mitigation in multi-cell VLC systems and
resource allocation in RF/VLC networks is presented. The potential applications of
VLC are also introduced.
Chapter 3 proposes a quasi-gapless integrated VLCP system based on FBMC-SCM
to support both the communication and positioning services. The principle of FBMCSCM is first introduced and the comparisons between FBMC-SCM and OFDM-SCM
are presented. The performance of FBMC-SCM and OFDM-SCM is discussed and
compared by both simulations and experiments.
In Chapter 4, the principle of the new integrated VLCP system based on OFDMSCM-interleaving with the low signal processing complexity is presented. Then, the
QoS-driven optimized design with joint adaptive modulation, subcarrier allocation and
weighted pre-equalization is proposed in details. The robust designs for both communication and positioning are presented under LoS blockages. Furthermore, this chapter
also extends the system model into multi-cell integrated VLCP networks. Finally, the
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experimental results and simulations are provided to evaluate the system performance
and analyze the comparisons between the proposed design and other existing designs.
Chapter 5 investigates the ICI and IUI mitigation in multi-user multi-cell MIMO
VLC systems. The system model is first discussed. After that, the joint precoder and
equalizer design based on IA and the solution to the optimization problem are provided.
Then, the analysis in terms of the behavior of the proposed design is presented. Finally,
numerical results are provided to verify the effectiveness of the proposed design in
different scenarios.
Chapter 6 studies the energy-efficient resource management based on heterogeneous
RF/VLC architecture for industrial IoT networks. The heterogeneous RF/VLC network architecture, communication models and services’ requirements are first presented,
and then optimization problem is formulated. The deep reinforcement learning algorithm is provided, and simulations are provided to evaluate the performance of the
proposed solutions.
In Chapter 7, the conclusions of the thesis and the recommendations of the future
works are provided.
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Chapter 2

Literature Review
In this chapter, the system models of VLC and VLP are first introduced, and the
advanced technologies for the performance improvements in VLC and VLP systems
are also discussed. Then, the related works in multi-cell VLC systems and hybrid
RF/VLC networks are reviewed. After that, a review of existing integration models of
VLC and VLP is provided. The corresponding applications of VLC are also introduced.

2.1

Introduction of VLC

Due to the rapid development of LEDs, white LEDs have been widely adopted as optical
transmitters for VLC systems [5, 18], where the signal or data can be transmitted at
the visible light spectrum. In practical indoor environments, a number of LED lamps
are usually installed to set up a VLC system to support lighting requirements, as well as
to provide data communications and to estimate the locations of indoor devices. VLC
systems generally use intensity modulation with direct detection (IM/DD), where the
intensity of each LED lamp is modulated with the real-valued, non-negative transmitted
signal [10, 21], PDs are used as receivers to convert the light into electrical signals.
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Figure 2.1: Block diagram of a typical VLC system.

2.1.1

System Model

Fig. 2.1 shows the basic block diagram of a typical VLC system. At the transmitter
side, the input data stream is first modulated to achieve a real-valued signal and then a
direct current (DC) bias is added to ensure that the modulated signal is non-negative.
After that, the resultant electrical signal drives the LED lamps before passing through
the wireless optical free-space channel. At the receiver side, the received signal is
detected by the PD before converting it back to the digital signals. The signal can be
achieved when the received signal pass through the optical filter, and the demodulation
scheme is applied to demodulate the signal into the output data.
In VLC systems, white LEDs are used to support both the illumination and communication requirements, so LED lights consists of two properties, i.e., luminous intensity
and transmitted optical power, where the first one is adopted for brightness and the
second one is used for optical communications [10].
For LEDs, the luminous intensity can be written by
I = dΘ/dΩ

(2.1)

where Ω denotes the spatial angle, and Θ is the luminous flux, which can be expressed
as a function of the energy flux Θe [18]
Z

780

Θ=$

V (λ)Θe (λ)dλ
380
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Figure 2.2: Propagation model of wireless optical channel links.

where $ is the maximum visibility $ = 683 lm/W at the wavelength λ = 555 nm.
V (λ) denotes the luminosity curve.
Let Pt denotes the transmit optical power and it is the integral of Θe in all directions,
which can be written by
Z

ςmax

Z

2π

(2.3)

Θe dθdλ

Pt = $
ςmin

0

where ςmin and ςmax are the constants determined by the sensitivity of PDs [18].
For the optical wireless channel, the channel response consists of the directed-LoS
links and the reflected path [10, 77], as shown in Fig. 2.2. For the directed-LoS links,
the optical channel gain between the LED lamp and the PD is expressed as [10, 18]

G=

(m+1)Ar
cosm (φ)Ts (ψ)g(ψ)cosψ,
2πd2
ψ > ψc
0

0 ≤ ψ ≤ ψc

(2.4)

where Ar is the active area of the PD, φ is the angle of irradiance from the LED lamp to
the receiver. m denotes the order of Lambertian emission. d and ψ denote the distance
and the angle of incidence between the LED lamp and the receiver, respectively. ψc
stands for the semi-angle field of view (FOV) of the receiver. Ts (ψ) is the optical filter
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gain. g(ψ) is the optical concentrator gain, which can be given by
  2
η sin ψc , 0 ≤ ψ ≤ ψc
g(ψ) =
ψ > ψc
0

(2.5)

where η is the refractive index. In (2.4) and (2.5), the LoS channel link gain is zero
(G=0) when ψ is outside of the FOV of the PD.
In addition, the optical channel gain of the first reflection (also called the diffuse
component) can be given by [10, 77]
(
(m+1)Ar
κAwall cosm (φr ) cos(α) cos(β)Ts (ψr )g(ψr )cosψr , 0 ≤ ψr ≤ ψc
2π 2 d21 d22
Gf irst,ref =
ψr > ψc
0
(2.6)
where d1 denotes the distance from the LED lamp to the reflection point, d2 is the
distance between the reflection point and the PD. κ is the reflectance parameter, Awall
is a small reflection area of the wall, φr is the angle of irradiance from the LED lamp.
α and β denote the angle of incidence to the reflection point and the angle of irradiance
from the reflection point to the PD, respectively, and ψr denotes the angle of incidence
between the reflection point and the PD.
At the receiver side, the total received optical power of the PD from the LED lamp
can be expressed as
Z
Prec = Pt G +

Pt dGf irst,ref

(2.7)

walls

Generally, the weakest LOS component is less than 7dB higher in electrical power
than the strongest diffuse component in general indoor environment [78]. Hence, the
diffuse components are negligible and lots of literatures [46-54, 22-25, 33-42, 78] only
consider the LOS component in the optical channel models.
In addition to the received optical power at the PD, the additive noise is also at
2 ) and
the PD which is the sum of the contributions of both shot noise (denoted by δshot
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2
the thermal noise (denoted by δthermal
). Then, the total additive noise is expressed by

[10]
2
2
2
δtotal
=δshot
+δthermal

with(

(2.8)

2
δshot
= 2qµPrec B + 2qIbg I1 B
16π 2 bTK Γ 2 2
2
2
K
δthermal = 8πkT
Ξ Ar I2 B 3
a ΞAr I1 B +
χ

respectively, where q is the electronic charge, µ is the photo detectors responsivity, B
is the equivalent noise bandwidth, Ibg is the background current caused by ambient
light and I1 is an experimentally determined constant. In addition, b is Boltzmanns
constant, TK is the absolute temperature, a is the open-loop voltage gain, Ξ is the
fixed capacitance of the PD per unit area, Γ is the FETs channel noise factor, χ is FET
transconductance and I2 is also a constant experimental value.
Then, the received signal-to-noise-ratio (SNR) at the PD can be calculated by
.
2
SN R = (µGξPt )2 δtotal

(2.9)

where ξ is the modulation index at the LED lamp. From (2.9), we can observe that
SNR is determined by the transmit power level, the channel gain, the modulation index,
the responsivity of the PD and the background noise at the PD.

2.1.2

Advanced Techniques for VLC

So far, a lot of advanced techniques or designs have been presented to improve the
capacity of VLC systems, such as high-quality micro LEDs, frequency domain equalization, OFDM, and MIMO, which are briefly reviewed as follows.
1) High-quality micro LEDs: Considering the fact that the capacity of VLC systems
is greatly limited by the limited modulation bandwidth of white LEDs, researchers have
examined gallium nitride (GaN), AlInGaN, or InGaN based micro LEDs (also called
µLED), which could achieve a 3-dB modulation bandwidth of more than 100 MHz [15,
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16, 79, 80]. For example, in [16], D. Tsonev, et al., utilized GaN LEDs to achieve about
a 3 Gbit/s VLC link over a distance of 5 cm.
2) Frequency domain equalization (FDE): FDE techniques can significantly enhance
the 3-dB modulation bandwidth of commercially white LEDs, which can be performed
either at transmitters or at receivers [48, 49, 81, 82]. The authors in [48] experimentally
investigated weighted pre-equalization designs to optimize the system performance by
compensating the frequency attenuation of LEDs. Li, et al. experimentally demonstrated a hybrid time-frequency domain equalization design to overcome the nonlinearity and frequency attenuation of LEDs [82].
3) OFDM VLC: The OFDM technique has the ability to reduce ISI by transmitting parallel data streams on the orthogonal subcarriers, and it can achieve the high
spectral efficiency by combining high-order quadrature amplitude modulation (QAM)
constellations, which has been widely adopted in VLC systems [50, 51]. Moreover,
OFDM based multiple access technique i.e., orthogonal frequency-division multiple access (OFDMA) [83, 84] can provide flexible subcarrier allocation to guarantee each
device’ QoS requirements.
4) MIMO VLC: MIMO transmission is an effective way to enhance the capacity
of VLC, where the indoor system consists of multiple transmitters (LED lamps) as
inputs and multiple receiver elements (PDs) as outputs. Spatial multiplexing is a
popular design for MIMO VLC systems, where different signals are transmitted by
different LED lamps [85], as shown in Fig. 2.3 (a). Considering that the inter-channelinterference exists in spatial multiplexing based MIMO VLC systems, the techniques,
i.e., precoding [46, 47, 86], power imbalance [87] and improved receiver design [88] have
been presented to mitigate it. In addition, a spatial modulation technique was proposed
to avoid inter-channel interference by using only one LED lamp to transmit signal at
any point of time [89, 90], as shown in Fig. 2.3 (b).
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Figure 2.3: Illustration of two MIMO transmission designs

2.1.3

Applications of VLC

LEDs have achieved much attention recently in the lighting market and will replace
traditional light sources for indoor environments due to its long lifetime, low power consumption, faster switching time and reliability [5]. At the same time, VLC based on
white LEDs has been emerging as a promising candidate for indoor wireless communication systems due to its many attractive characteristics, such as economic, abundant
unregulated bandwidth and high security [5, 6, 23]. Hence, VLC has gained much
attention for applications in homes, supermarkets, hospitals, airplanes and industries
[5-7]. It has been proved that VLC systems have the ability to achieve data rates up
to several Gb/s, much higher than that of RF based systems (Wi-Fi) [5, 12]. Hence, in
addition to provide illumination, VLC based LEDs systems can be directly employed to
support high-speed Internet access in indoor environments, such as offices, classrooms,
factories, homes and so on. In addition to the high-speed wireless communication, VLC
based on LEDs also has other potential applications, which are discussed as follows.
1) Hospitals and healthcare: As we know, RF-based communication systems are
undesirable in certain parts of hospitals or healthcare due to the electromagnetic interference, especially near magnetic resonance imaging scanners and in operating theatres.
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Figure 2.4: Illustration of VLC based hospitals and healthcare [92].

Hence, VLC is a promising technique for the electromagnetic interference -sensitive environments [91, 92]. Fig. 2.4 indicates the deployment of VLC systems for hospitals
and healthcare.
2) Vehicular communication: Vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I) and vehicle-to-everything (V2X) involve the wireless exchange of massages in
vehicular communications. Vehicular networks have traffic light and street light, which
enable VLC to provide wireless exchanges of data by acting lights as transmitters and
employing PDs or image sensors as receivers to generate communication links [93, 94].
Fig. 2.5 shows the applications of VLC systems for vehicular communication.
3) Underwater communication: Underwater communication is important for underwater observation and sea monitoring [95]. However, in underwater environments,
conventional RF-based systems do not effectively work due to the high attenuation of
RF signals [95], and acoustic (sonar) wave cannot provide the high transmission data
rate even though it has low attenuation. By contrast, visible light is capable of supporting the high-speed data rate over short distances in seawater, this could enable
divers and underwater vehicles effectively communicate with each other [95-97]. Fig.
2.6 shows the application of VLC for underwater communication.
4) Indoor positioning: VLC has become an attractive research topic for indoor po-
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Figure 2.5: Illustration of VLC based vehicular communication [93].

Figure 2.6: Illustration of VLC based underwater communication [97].

sitioning and tracking, because it provides the high positioning accuracy and guarantee
security compared with the RF-based indoor positioning systems [22-25, 33-42, 98]. In
VLC enabled positioning systems, the mobile device performs receiver side positioning
by receiving the optical signal from LED lamps, where each LED lamps has its corre-
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Figure 2.7: Illustrates the deployment of VLC based indoor positioning [98].

sponding identify indicator. Based on the received identify indicators, each device can
perform positioning.
In addition to the above mentioned applications, VLC can be also applied for ranging, detection, monitoring, and sensing.

2.2
2.2.1

Introduction of VLP
System Model

Apart from the illumination and communication functions we have introduced in Section 2.1, visible light LEDs can also provide the indoor positioning services, called
indoor VLP. Nowadays, indoor positioning is an important technology that could benefit both industries and consumers. Fig. 2.8 shows VLP for indoor environments. It
adopts the received optical signals transmitted from different LED lamps referring to
the locations of the LED lamps to perform location estimation of devices. Generally
speaking, each LED lamp has its corresponding ID and it is transmitted via the VLC
link, while the receiver is equipped a PD or camera to receive the different IDs. Finally, the device can adopt different positioning algorithms to perform the location
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Figure 2.8: Illustration of VLP based on LEDs for indoor environments.

estimation, where the major positioning algorithms are RSS, AOA, TOA, TDOA and
PDOA.

2.2.2

Positioning Algorithms for Indoor VLP Systems

An overview of the positioning algorithms for indoor VLP systems are presented herein.
The measurements can be summarized as processing the received optical signals to
achieve either distances or angles between the LED transmitters and the receiver. We
investigate different types of positioning algorithms employed in VLP systems.
1) RSS: In RSS based VLP systems, the receiver evaluates the distances from a
number of LED lamps (transmitters) to its equipped PD by measuring the received
optical signal strength. After that, the location of the receiver can be estimated by
using triangulation or the centroid method [23, 24, 34, 35]. Fig. 2.9 illustrates the
positioning based on RSS for indoor VLP system. Here, a typical example for employing
three LED lamp is introduced for 2-dimensional (2D) positioning. Once the receiver
measures received optical signal strengths, each distance can be calculated by using the
Lambertian model in VLP systems [35]
di =

q

Pitran Ar Ts (ψi )g(ψi )(mi + 1)hmi +1 (2πPirec )

mi +3
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Figure 2.9: Positioning using RSS from different LED lamps.

where Pitran is the transmit power at the i-th LED lamp, and Pirec is the received power
at the device from the i-th LED lamp, other parameter definitions can be seen in (2.6).
Forming three circles of at calculated distances, the location of the receiver can be
estimated by calculating the intersection point of these circles, as shown in Fig. 2.9.
In practical VLP systems, quantization and measurement errors exist, so the circles
do not intersect perfectly, and other methods (such as least square estimation) can be
used to estimate the location of devices [35].
So far, researchers have presented their studies in RSS based VLP systems [24,
34, 35, 39, 41, 55, 56, 57, 99]. In [99], a full analysis of VLP system based on RSS
measurements are provided and the system achieves about sub-meter accuracy. Yang
et al. in [41] utilized a single LED lamp to implement location estimation based RSS
measurements, where the receiver is equipped with multiple PDs. The study in [24] experimentally demonstrated a carrier allocation RSS based VLC system, and the results
illustrated that the system achieves the centimeter level positioning accuracy. In addition, The authors in [34, 35] derived the theoretical positioning accuracy by applying
RSS in VLP systems under indoor multipath reflections, and the estimation accuracy
can be improved by considering the multipath interference mitigation in the room. On
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the other hand, machine learning techniques have been applied for VLP systems to correct the positioning errors caused by the transmitter or receiver hardware [39, 55, 100],
and the high precision positioning algorithms based Bayesian model were presented to
improve the positioning capability based on the historical location information [56, 57].
2) AOA: AOA realizes positioning based on the angles from the LED lamps to the
receiver. Once the direction line of each angle is found, the location of the device can
be estimated. Generally, AOA can be measured by using a number of PDs or a camera
at the receiver side, leading to the two approaches: image transformation and modeling
[101].
Image transformation adopts a camera to take photos of the light, and then uses the
trigonometric relationship between the locations of the light beacons and the positions
of the image on the photo to calculate the angles [36, 37, 102]. For example, Zhang
et al. experimentally evaluated a high positioning accuracy scheme based on AOA by
using image sensors at the receiver [37], but it needs a highly complicated sensor arrays.
While the modeling approach uses the optical channel model to calculate the radiation
angle. After measuring the light intensity at a certain receiver gesture, the angle can
be calculated by using the channel radiation model [103, 104]. The receiver can use an
array of PDs to determine the direction of arrival of the LED lamps by measuring the
differences in RSS at the PDs [105, 106].
3) TOA: Similar to RSS, TOA calculates the distances to different LED lamps from
the signal arrival time. The distances can be calculated by multiplying the light speed
to the propagation times between LED lamps and the receiver. Then, the location of
the receiver can be calculated via the distances to different LED lamps. The TOA
based VLP systems requires that clocks of the LED lamps and the receiver should be
synchronized [107].
Many researchers have presented their works in the TOA based VLP systems [40,
107-109], where TOA can achieve the higher positioning accuracy compared with other
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Figure 2.10: TDOA based VLP system.

positioning algorithms under the theoretical analysis. Moreover, the Cramer-Rao lower
bound (CRLB) was presented for the distance calculation in TOA based VLP systems
[40, 108, 109], and they also proved that the positioning performance mainly depends
on the transmit power, center frequency and LED/PD quality. However, due to the
strict time synchronization requirement, the cost of implementation associated with
clock synchronization is high, which limits its application.
4) TDOA: Compared with TOA, TDOA only needs the time synchronization between the LED lamps that participate in positioning instead of requiring time-critical
synchronization between the LED lamps and the receiver. TDOA measures the propagation time differences between the LED lamps and the receiver.
As shown in Fig. 2.10, the time differences and distance differences between any
two LED lamps to the receiver are ti − tj and di − dj , respectively, where di and ti are
the distance and the propagation time between the i-th LED lamp and the receiver,
respectively. Then, hyperbolas can be drawn based on the above mentioned distance
differences on the map. The intersection of these two hyperbolas is the position of the
receiver.
The fundamental analysis for TDOA based VLP systems using LEDs was presented
in [22], and the literature also proved that no synchronization is needed between the
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LED lamps and the receiver. The work in [110] utilized TDOA of the pilot signals to
calculate the location of the receiver. In [111], a TDOA based VLP system adopting
IM/DD with only two LED lamps was proposed. In addition, the works in [112] and
[113] reported large positioning errors under background noise and the noise caused
by the light reflections from the floors. Moreover, a low complexity TDOA based
VLP approach was proposed in [38], and the experimental results demonstrated the
effectiveness of the approach.
5) PDOA: The principle of PDOA is similar to TDOA, where PDOA calculates
the phase differences between LED lamps to the receiver which is to utilize different
carrier frequencies for the transmit optical signals belonging to different LED lamps
[39, 42, 114, 115]. Then, the phase differences between the different received signals
are converted to distance differences [22]. Similar to TDOA, PDOA requires the synchronization between the LED lamps.
So far, several works [39, 42, 114, 115, 116] of the positioning performance analysis
were presented in PDOA based VLP systems, where the phase differences calculation
was derived and the positioning accuracy was discussed in their studies. In [39], the
authors presented a new differential PDOA scheme without using local oscillators and
experimental results indicated that the high positioning accuracy was achieved by using the scheme. Moreover, a hybrid RSS/PDOA based VLP system was proposed to
improve the robustness under various levels of intensity variations [116].

2.3

Multi-Cell VLC Systems

In practical indoor environments, each VLC cell associated with LEDs generates an
optical attocell and it provides a small illuminated coverage area. In a practical VLC
system or network usually consists of multiple attocells to support both the brightness
and communication requirements [58-60]. Such a cellular indoor VLC system is referred
to a multi-cell VLC system [58-60]. This section introduces the model of the multi-cell

29

2.3 Multi-Cell VLC Systems

Figure 2.11: Illustration of an indoor multi-cell VLC broadcast system.

VLC system, and provides an overview of advanced technologies for ICI mitigation in
multi-cell VLC systems.

2.3.1

System Model

Fig. 2.11 shows a typical indoor multi-cell VLC broadcast system model, where each
VLC access point (AP) generates one small optical cell and the respective illumination
areas of the adjacent cells are inevitably overlapped with each other. When the device
locates in the overlapped area, it will detect the light intensity from LED fixtures in
the overlapped areas, so the performance may be greatly degraded due to the severe
ICI from adjacent cells.

2.3.2

Advanced Technologies for ICI Mitigation

Considering that ICI greatly degrades the system capacity and reduces the satisfied QoS
levels of devices in multi-cell VLC systems, various technologies have been proposed
to mitigate ICI, including frequency division, precoding, using an optical differential
detection as a VLC receiver (called angle diversity receiver) and resource management
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based on multiple access. Here, we provide an overview of the main ICI mitigation
techniques in multi-cell VLC systems as follows.
1) Frequency division and subcarrier allocation: Frequency division has the ability
to effectively mitigate ICI in multi-cell VLC systems by partitioning visible light spectrum and allocating the limited spectrum resource to each cell to accordingly avoid
ICI [117-127]. The ICI coordination schemes, i.e, fractional frequency reuse (FFR) and
soft frequency reuse (SFR), have been reported to improve the spectral efficiency by
enabling each cell to reuse the spectrum [117, 118, 119]. An improved carrier allocation scheme by adopting filter bank multicarrier (FBMC) was studied to suppress the
spectrum leakage interference in [120], where the guard band is greatly reduced. In
[121], a user-centric cluster formation based on the VLC scheduler was proposed to
mitigate ICI. In [122], the ICI mitigation through dynamic subcarrier allocation and
power allocation was investigated. Moreover, in [123] and [124], the cell planning and
ICI coordination approaches were proposed to avoid ICI in multi-cell VLC systems,
which can significantly improve signal-to-interference-plus-noise ratio (SINR) for the
cell-edge users.
Even though the ICI can be effectively mitigated according to the above mentioned
works [117-124], the achievable spectral efficiency within each cell is obviously decreased
due to spectrum division, as well as the use of a large guard band.
2) Precoding: Precoding is one of the advanced signal processing techniques that
can be employed at the VLC APs (transmitters) to alleviate the impact of ICI. This
technique also combines neighboring cells to perform the precoding strategy. For example, in [125], a coordinated precoding approach based on the weighted MMSE was
proposed to mitigate ICI in multi-user multi-cell VLC systems, where the each AP can
particularly or fully coordinate with adjacent APs to share its information (such as
CSI).
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In addition, the first study which concerned the multi-cell configuration and the
cooperative precoding scheme was presented in [126-128], and the literature [128] also
derived the lower and upper bounds on the system capacity under the non-negativity
and amplitude-limited constraints. In order to reduce the overhead cost of information
exchanges, a blind interference alignment (BIA) scheme based on a user-centric design
was proposed to suppress ICI [129]. Moreover, the work in [130] aimed to maximize
the network harvested energy under the individual harvested energy and data rate
requirements of devices, before adopting the ZF precoding approach to mitigate ICI in
multi-cell VLC systems.
3) Angle diversity receiver or transmitter: Recently, angle diversity receiver (ADR)
was introduced for enhancing the performance of indoor multi-cell VLC systems [132135], where an ADR consists of multiple narrow FOV PDs with different orientations.
In this case, ADR can efficiently decorrelate the visible light channel gain and hence
get the high rank of channel matrix. The authors in [131] provided an experimental
demonstration of an indoor ADR optical system, and the data rate of 1.25 Gb/s was
achieved in their presented system. In [132] and [133], Cheng et al. employed ADR to
mitigate ICI in multi-cell VLC systems, where all the PDs of each ADR are attached
to the fixed semi-sphere base. In addition, the equal gain combining, maximum ratio
combining, and optimum combining were investigated in details in [134].
The optimized ADR approach was presented to optimize the system parameters
to reduce the SINR fluctuation and improve the system capacity in indoor multi-cell
VLC systems [135]. Moreover, an optical space division multiple access (SDMA) approach based on angle diversity transmitters for multi-cell VLC systems was proposed
to mitigate ICI [136], and Tran et al., adopted the angle diversity transmitters into the
hybrid RF/ VLC ultra-small cell network to maximize the communication QoS levels
by mitigating ICI [137].
4) Resource management based on multiple access: Resource management (such
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as power allocation, subcarrier allocation and VLC AP selection) based on multiple
access technologies are effective ways to minimize ICI in multi-cell VLC systems and
guarantee the QoS requirements of devices. In [122], an effective subcarrier and power
allocation design was presented to maximize the system capacity under interference
and power constraints. The literatures [138-140] investigated the dynamic throughput
and energy efficiency maximization of user-centric multi-cell VLC systems, where the
joint AP association and power allocation algorithms were presented in their works. In
[141], a load balancing and power control approach for interference management was
proposed for cell-free multi-cell VLC networks, and a dual projected gradient algorithm
was adopted to solve the optimization problem with the low complexity. In addition,
the rate adaptive radio resource allocation approach was presented to maximize the
total system data rate under LoS blockages [142], and the authors in [143] proposed
a careful subcarrier assignment design to mitigate the ICI with considering the user
mobility and handover requirements in each cell.
The above mentioned works in [122, 138-143] paid attention to the interference mitigation in orthogonal multiple access (MA) systems. The studies in [143-146] employed
an efficient MA scheme in multi-cell VLC networks, called the non-orthogonal multiple
access (NOMA), which multiplexes a small number users in the power domain over the
same band and it can greatly improve the spectral efficiency compared with orthogonal MA. The novel overlapped clustering approaches relying on a hybrid NOMA and
orthogonal MA was presented to reduce the severe ICI [143, 144]. The authors in [145]
optimized the power allocation within each cell to enhance the data rate under QoS
constraints.
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Figure 2.12: Illustration of an indoor hybrid RF/VLC network.

2.4
2.4.1

Heterogeneous or Hybrid RF/VLC Networks
System Model

Although VLC is capable of supporting the high-speed transmission data rate, it has
the following two key shortcomings [147]: 1) providing a wireless uplink in VLC systems is challenging, because it is impractical to equip energy-constrained devices with
power-hungry light sources, and the device motion and orientation may frequently stop
communication; 2) VLC systems strongly depend on LoS links to satisfy the good communication performance, so the performance degradation is significant when LoS links
are blocked by obstacles or human being due to the mobility of devices.
Hence, the co-deployment of RF and VLC technologies is straightforward way to
overcome the above mentioned shortcomings, where RF has the ability to provide
the uplink communication services and it is capable of offering reliable connectivity
although its direct LoS link is blocked by walls [149-152]. Fig. 2.12 illustrates a typical
hybrid RF/VLC network model.
As shown in Fig. 2.12, a number of VLC APs (refer to as a femtocell) are uniformly
attached on the room ceiling and one RF AP (refers to as a microcell) is placed in the
center. Each VLC AP contains one LED lamp based luminaries device offering both
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lighting and communications services, and every VLC AP covers a confined area to
generate a small optical cell. By contrast, the RF AP provides the coverage for the
entire room. Both the VLC and RF APs connect the central controller to support
the communication services, where VLC APs broadcast information to devices through
visible light signals and the RF AP provides communication services by the RF signals.
Considering the unpractical components and challenges of the wireless VLC uplink
[149], and VLC only offers the downlink data streams while RF provides both the
uplink and downlink data streams. When the VLC links are blocked, the device can
switch the transmission mode from VLC links to RF links to continue their services.

2.4.2

Related Works in Hybrid RF/VLC Networks

Various heterogeneous or hybrid RF/VLC networking techniques and applications have
be proposed for indoor communications [149-169]. The investigations can be summarized in terms of effective handover mechanism, energy efficiency maximization, energy
harvesting, secrecy guaranteeing and so on. Here, we review the major related works
as follows.
1) Handover mechanism: Due to the mobility behavior of devices in dynamic hybrid
RF/VLC networks, vertical handover and horizontal handover need to be operated to
maintain the good mobile connectivity and guarantee devices’ QoS requirements [149154]. The efficient vertical handover mechanisms based on Markov decision process
were presented to reduce the handover cost and delay while satisfying devices’ delay
requirements [149, 150]. The literatures in [151] and [152] proposed dynamic load
balancing schemes to maximize the systems throughput with considering the device
mobility and handover overheads. Moreover, the received signal strength indicator based handover approaches were proposed to reduce the handover rate and the spectrum
access delay [153, 154].
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2) Energy efficiency maximization: The energy-efficient resource allocation and
transmission protocol designs were presented for the hybrid RF/VLC networks [155160], in order to maximize the network energy efficiency (EE) while satisfying different
QoS requirements of indoor devices. The studied in [155-157] proposed their energy
efficient resource allocation approaches for hybrid indoor RF/VLC networks, where
the problem under multiple constraints was formulated as a non-convex optimization
problem in these works and the iterative algorithm was adopted to converge to the
optimal point.
Also, the works in [158] and [159] formulated the problem of minimizing the energy
consumption of the hybrid RF/VLC network while considering the outage probability
or minimum data rate constrains. Furthermore, a coordinated beamforming design for
hybrid RF/VLC networks was investigated in [160], where the objective is to maximize
EE under both the perfect and imperfect CSI conditions.
3) Energy harvesting: Recently, the paradigm of energy harvesting was investigated
in hybrid RF/VLC networks to prolong life time of indoor devices [161-165], where
devices equipped with VLC receivers are designed to harvest the energy from the visible
light. In indoor scenarios, the devices, like sensor nodes, can directly harvest the energy
from the light transmitted from LED lamps over the downlink, which is used for the
data transmission over the uplink [161, 162]. The authors in [163, 164] investigated
the energy harvesting in dual-hop heterogeneous RF/VLC networks, where the relay
harvests energy from the first-hop VLC link, and uses it to support the communication
services over the second-hop RF link. Moreover, Sharma et al. proposed a novel energy
harvesting model for IoT by integrating of energy harvesting and hybrid RF/VLC
communication techniques [165].
4) Secrecy guaranteeing: Many works [166-169] have considered physical layer security (PLS) into hybrid RF/VLC networks to secure the communication and avoid
eavesdropping and jamming attacks. The authors in [166] studied PLS aspects of hybrid
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Figure 2.13: The integration of VLC and VLP system applied in indoor environments
[170].

RF/VLC networks, and a novel joint relay-jammer selection approach was presented
to guarantee the communication secrecy. In addition, the secure outage probability
and secrecy data rate expressions were derived in [167-169], and the simulations were
provided to evaluate the secrecy performance.

2.5
2.5.1

Introduction of Integrated VLCP Systems
System Model

In practical indoor environments, high-speed communication and high-accuracy positioning might be expected at the same time in certain scenarios (such as supermarket,
hospital, robotic industry, etc.), and therefore the integration of VLC and VLP can be
performed to provide simultaneous communication and positioning for indoor devices.
Fig. 2.13 illustrates the integration of VLC and VLP in indoor environments, where
some devices need the communication services, some devices require the positioning
services and other devices may need both the communication and positioning services.
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2.5.2

Related Works in Integrated VLCP Systems

Effective integration of VLC and VLP have not yet be adequately investigated and only
several works [172-176] have reported integrated configurations for both communication
and positioning purposes.
An integrated transmitter was firstly designed in [171] to flexibly achieve both communication and positioning applications. In [172], an integrated visible light network
(VLN) architecture was proposed to achieve continuous communication as well as location tracking for indoor mobile devices. The integrated system was also applied in
underwater environments [173]. Moreover, in order to mitigate the multipath reflections and realize a high data rate, OFDM VLC systems based on RSS were applied
for both indoor positioning and communication [174-176]. The authors in [175] applied the OFDMA technique to allocate subcarriers for indoor positioning and data
broadcasting. Moreover, the power allocation scheme was further adopted to reduce
the positioning error in VLP system [176]. Thus, by combining communication and
positioning capabilities, the integrated system can enable a new line of applications in
indoor environments.
Fig. 2.14 illustrates two integrated VLCP system models of the existing works.
In [175], as shown in Fig. 2.14 (a), three subcarriers with the three corresponding
LED transmitters (Tx1, Tx2 and Tx3) are used for 2D positioning, while the other
subcarriers are adopted for communication. In [176], as shown in Fig. 2.14 (b), the
system has N LED transmitters and the whole bandwidth is divided into 2N subcarriers
with each LED being allocated with two subcarrier blocks. At each LED transmitter,
one available subcarrier is used for both the communication and positioning services.
Hence, both the communication and positioning purposes can be achieved in the two
works [175, 176]. Nevertheless, OFDM signals usually have relatively high out-ofband interference (OOBI), which might also degrade the performance of the integrated
system.
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Figure 2.14: Illustrations of the existing integrated VLCP system models.

2.6

Summary

This chapter presented a brief review of the research progress in VLC systems, VLP
systems, multi-cell VLC systems, RF/VLC networks and integrated VLCP systems.
The advanced techniques for the capacity improvement for VLC systems, positioning
algorithms for indoor VLP systems, ICI mitigation designs for multi-cell VLC systems,
resource management for hybrid RF/VLC networks, and the integration of VLC and
VLP have also been briefly reviewed. At the same time, some main practical applications of VLC have also been discussed.
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Chapter 3

Quasi-Gapless Integrated VLCP
System Using FBMC-SCM
3.1

Introduction

As discussed in Chapter 1 and Chapter 2, practical indoor environments may expect
to have both the high-speed communication and high-accuracy positioning at the same
time in one system instead of only offering VLC [10-21, 46-54] or VLP [22-25, 33-42,
55-57] independently.
So far, the combination of OFDM modulation and the RSS algorithm has been
proposed for the integration of VLC and VLP in [174-176]. Specifically, in [175], three
subcarriers with the maximum received signal strength with respect to three LED
lamps were selected for RSS-based positioning, and the experimental demonstration was
provided to evaluated the effectiveness of the presented system. In addition, the authors
in [176] applied the OFDMA technique to allocate subcarriers for indoor positioning
and data broadcasting.
Even though the integration of VLC and VLP using the OFDM modulation could
improve both positioning accuracy and error vector magnitude (EVM) performance
[174-176], the high OOBI of OFDM signal results in severe interference between ad-
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jacent subcarriers, leading to the communication performance degradation [120]. In
order to reduce the OOBI, GBs between two adjacent subbands are usually adopted
[120]. The use of GBs can substantially mitigate the OOBI, but the overall spectral
efficiency of the integrated system is inevitably reduced. In order to reduce the OOBI,
an alternative technique called filter bank based multicarrier (FBMC) [177] has been
applied for optical access networks and VLC systems [120, 178-180]. In FBMC-based
systems, each subcarrier is filtered by a filter such that low OOBI can be achieved and
hence the interference is effectively suppressed [120], which reduces the required GBs
and thus improves the overall spectral efficiency.
To address the above issues, this chapter proposes an integrated VLCP system using
FBMC-SCM and PDOA [181-183]. Compared with OFDM-SCM based VLCP systems,
the proposed FBMC-SCM-based VLCP system can effectively suppress the OOBI and
hence improve the performance of positioning accuracy. Simulation results versify that
the VLCP system using FBMC-SCM requires much reduced GBs in comparison to that
using OFDM-SCM, and therefore achieves a higher spectral efficiency and improved
positioning accuracy. In addition, the experimental results show that, in a coverage
area of 1.2×1.2 m2 with a height of 2.1 m, the mean position errors using OFDM-SCM
and FBMC-SCM for a GB of 0.7 MHz are 10.91 and 6.08 cm, respectively. Moreover, a
comparable BER performance can be achieved for both OFDM-SCM and FBMC-SCM.
Due to the negligible GBs when using FBMC-SCM, the effective bandwidth utilization
ratio of the integrated VLCP system is improved from 72% to 98% when OFDM-SCM
is replaced by FBMC-SCM.
The rest of this chapter is organized as follows. Section 3.2 describes the model of
the integrated VLCP system and also present the detailed architecture of the proposed
FBMC-SCM-based integrated VLCP system. Section 3.3 shows the simulation results
where the performances of the FBMC-SCM-based and OFDM-SCM-based integrated
VLCP systems are evaluated and compared under different operation conditions. The
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experimental results are provided in Section 3.4. Finally, Section 3.5 summarizes the
chapter. The content of this chapter is related to the author’s work provided in [181183].

3.2

Integrated VLCP Systems

In practical indoor environments, a number of LED lamps are usually installed to set
up a VLC system to satisfy lighting requirements, as well as provide data communications and estimate the location of user-equipment (UE) in the room. The LED lamps
generally use intensity modulation with IM/DD, where the intensity of each LED lamp
is modulated with the transmitted data and PDs are used as receivers to convert the
light into electrical signals. In the proposed integrated VLCP system, we apply the
improved 2D PDOA localization algorithm without using local oscillators (LOs) at the
receiver to estimate the location of the UE [39].

3.2.1

Improved PDOA Algorithm

In this subsection, we introduce the principle of the improved PDOA algorithm for the
proposed integrated VLCP system. As discussed in [13], three LED lamps are used
in the PDOA algorithm with four different positioning frequencies. As shown in Fig.
3.1, f1 and f4 are modulated onto LED 1 together, while f2 to f3 are modulated onto
LED 2 to LED 3, respectively. All the LED lamps are synchronized. The frequency
gap between two adjacent frequencies is equal to 4f . Hence, these LED lamps can be
distinguished by their respective frequencies.
Note that the frequency band used for positioning is from 8.0 MHz to 8.6 MHz
in our proposed integrated VLCP system [22, 39]. Because the frequency is inversely
proportional to phase resolution, it is directly related to the positioning error [22, 39].
On one hand, if the positioning frequencies are selected at the low frequency region,
the location errors are increased due to low phase resolution. On the other hand, even
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Figure 3.1: Block diagram of the proposed integrated VLCP system. Insets: principle of
OFDM/FBMC.

though high positioning frequency for positioning can achieve good phase resolution, the
severe power attenuation of the high frequency components will reduce the positioning
accuracy performance [22, 39]. Hence, as a trade-off between phase resolution and
power attenuation, we use this range of frequency for positioning.
At the receiver, after separating the received signals with four band pass filters
(BPFs), signals with frequencies of f1 to f4 are distinguished from each other. The
position of the UE is calculated using the improved PDOA algorithm (refer to [22, 39]
for the more details).
The distance between the i-th LED lamp and the PD of the UE is give as
q
di = (xi − xo )2 + (yi − yo )2 + (zi − zo )2

(3.1)

where xi , yi and zi , (i = 1, 2, 3) are the coordinates of the i-th LED lamp, and the
estimated position of the UE is (xo , yo , zo ). Given the location of the three LED lamps,
the location of the UE can be successfully estimated [22, 39].

3.2.2

FBMC-SCM-Based Integrated VLCP Systems

In this subsection, we describe the principle of FBMC and compare it with the widely
used cyclic prefix-based OFDM, and apply these two modulation schemes based SCM
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techniques for the integrated VLCP system.
Insets (a) and (b) in Fig. 3.1 present the modulation and demodulation of OFDM
/FBMC. In order to reduce the large OOBI, FBMC applies a prototype filter to filter
each subcarrier. The basic structures of the two modulation schemes are the same,
except the CP insertion in OFDM is replaced by the polyphaser network (PPN) based
on the well-designed prototype filter [177] in FBMC. Before performing the inverse fast
Fourier transform (IFFT), Hermitian symmetry is imposed to generate a real-valued
signal. The goal of employing PPN in FBMC is to guarantee that FBMC has the same
FFT size and similar complexity with OFDM. Even though FBMC could significantly
reduce the sidelobes through filtering each subcarrier, it may break the pulse-shape
orthogonality between adjacent subcarriers. Hence, the offset OQAM modulation is
applied to guarantee the orthogonality [177].
The OFDM-SCM-based integrated VLCP system applies a low-pass linear phase
finite impulse response (FIR) filter to filter the input data, called the Sinc-filter [177],
the frequency response of the filter can be expressed as
H(f ) =

sin(πf M )
M sin(πf )

(3.2)

where M is the FFT size.
For the generation of FBMC signals in the FBMC-SCM- based integrated VLCP
system, there are many FIR filters that can be used [120, 177], and we apply a prototype
filter based on Mirabbasi-Martin filter (MM-filter) in our work since this filter function
can effectively suppress the sidelobe with the low complexity [177]. In the frequency
domain, the filter function of the MM-filter can be given by
H(f ) =

K−1
X
k=−(K−1)

Hk

sin (π(f − k/M K)M K)
M K sin (π(f − k/M K))

(3.3)

where k is the overlapping factor and the coefficient Hk is used to control the out-ofband filter frequency response [177]. In this work, we choose K = 4 [120], [177].
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The block diagram of the proposed integrated VLCP system based on OFDMSCM/FBMC-SCM schemes is depicted in Fig. 3.1 (c). The total bandwidth is divided
into three subbands and two GBs, where subband 2 is used for 2D PDOA positioning
and the remaining two subbands are reserved for VLC. All the three LEDs transmit the
same communication data. The data stream is then encoded to an OFDM or FBMC
signal, while a sinusoidal signal for VLP is added with the OFDM/FBMC signal at
each LED lamp after being converted the digital-to-analogue (D/A) process. All the
sinusoidal signals for VLP are synchronized at the transmitter side. After adding a DC
bias, each resultant signal is modulated to LED lamps. The four positioning frequencies
from f1 to f4 are all in the subband 2. In addition, the bandwidth of each GB is equal
in the system.
At the receiver, the received signal is detected by the PD before converting it
back to digital signals. On one hand, the positioning data can be obtained after the
received digital signals pass through the band pass filters (BPFs), and the position of
the receiver is calculated through using the improved PDOA algorithm [39]. On the
other hand, the communication signal can be achieved when the received signal passes
through the band stop filter (BSF), and the OFDM or FBMC demodulation scheme
is applied to demodulate the communication signal. Hence, both the communications
and positioning purposes can be achieved in the proposed integrated VLCP system.
The spectra of the communication and positioning signals in OFDM-SCM-based and
FBMC-SCM-based integrated VLCP systems are shown in Figs. 3.2 (a) and (b), respectively. Compared with OFDM, the OOBI of FBMC spectrum is effectively suppressed,
which has low interference leakage to the positioning signal. In the OFDM-SCM-based
integrated VLCP system, the high OOBI results in severe interference between adjacent
subbands, leading to the reduced positioning accuracy.
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Figure 3.2: Illustration of the spectra the integrated VLCP signal.
Table 3.1: Simulation Parameters

3.3

Simulation Results and Comparisons

In this section, we evaluate the performance of the proposed FBMC-SCM-based integrated VLCP system and compare it with that of the OFDM-SCM-based integrated
VLCP system. In a typical 5m×5m×3m room, three LED lamps are mounted in the
ceiling. The receiving plane is 0.85 m above the floor.
The simulation parameters of the integrated VLCP system are listed in Table 1.
The LED lamp semi-angle at half power is 60o . The active area, the FOV and the
responsivity of the PD are 1 cm2 , 120o and 0.5 A/W, respectively. The gain of the
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Table 3.2: Parameters of OFDM and FBMC

Figure 3.3: Received spectra of the integrated signal.

optical filter is 1. We use a modulation bandwidth of 30 MHz and different QAM
mappings in the integrated VLCP system. The frequency gap between two adjacent
positioning frequencies is 0.2 MHz.
For both OFDM and FBMC, the IFFT/FFT size is 256 and the other parameters
are shown in Table 2.

3.3.1

Received Signal Spectrum

Figs. 3.3 (a) and (b) show the received electrical spectra of the OFDM-SCM signal
and the FBMC-SCM signal, respectively. It can be observed that the OOBI of the
OFDM-SCM signal is much stronger than that of the FBMC-SCM signal. The OOBI
level of the OFDM-SCM signal at the positioning frequency is about -49dBm, while the
OOBI level of the FBMC-SCM signal is almost -61dBm, indicating an OOBI reduction
of about 12dB. The high OOBI in the OFDM-SCM-based integrated VLCP system will
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Figure 3.4: Positioning error distribution of the integrated VLCP systems.

lead to severe interference to adjacent subbands, which could degrades the positioning
accuracy performance.

3.3.2

Positioning Accuracy

Figs. 3.4 (a) and (b) show the positioning error distribution over the receiving plane
in the integrated VLCP system based on FBMC-SCM and OFDM-SCM, respectively.
The frequency spacing of the GBs is set to 0.8 MHz. As we can see, the positioning
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Figure 3.5: Comparison of the CDF of positioning errors.

error is low at the center, but is high at the corners. This is because the received power
decreases when the receiver moves away from center to corners. As shown in Fig. 3.4
(a) and (b), most of the positioning errors in the OFDM-SCM-based integrated VLCP
system are much high than those of the FBMC-SCM-based integrated VLCP system.
This is because the high OOBI of OFDM data signal will lead to serious interference
to positioning signals, therefore the positioning accuracy decreases dramatically.
Fig. 3.5 shows the cumulative distribution function (CDF) of the positioning errors.
It can be observed that the 90% confidence interval is at 41.16 cm for the OFDMSCM-based integrated VLCP system, while the FBMC-SCM-based integrated VLCP
system improves it to about 7.33 cm, showing a significant improvement of positioning
accuracy by using FBMC-SCM. In comparison, in the FBMC-SCM- based integrated
VLCP system, most of the positioning errors in the room are below 5cm, and only a
few locations at edge areas are just over 10cm.
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Figure 3.6: Comparison of (a) positioning error and (b) BER performance versus each
GB frequency spacing in the integrated VLCP system.

3.3.3

Impact of Guard Bands

Figs. 3.6 (a) and (b) present the positioning errors and the average BER versus the
frequency spacing of each GB, respectively. As can be seen in Fig. 3.6 (a), the positioning of the FBMC-SCM-based integrated VLCP system outperform that of the
OFDM-SCM-based integrated VLCP system, especially when the frequency spacing
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of each GB is relatively small. The FBMC-SCM-based integrated VLCP system does
not need large GBs to mitigate the OOBI for the adjacent subbands. However, the
positioning accuracy is much sensitive to the frequency spacing of each GB in the
OFDM-SCM-based integrated VLCP system. We can observe that the OFDM-SCMbased integrated VLCP system achieves nearly the same positioning accuracy as the
FBMC-SCM-based integrated VLCP system only when the frequency spacing of each
GB is more than 2.4 MHz. Since the positioning accuracy of the FBMC-SCM-based integrated VLCP system become stable when the frequency spacing of each GB is about
0.15MHz, which is much smaller than that of OFDM-SCM. In addition, we find that
both OFDM-SCM and FBMC-SCM integrated VLCP systems almost maintain at a
same horizontal BER level over the whole GB frequency spacing [177], and the BER
performance of the FBMC-SCM scheme is slightly worse than that of the OFDM-SCM
scheme.
We define the effective bandwidth utilization ratio as the ratio of the bandwidth
occupied by the subbands for communication and positioning to the total bandwidth.
When both OFDM-SCM and FBMC-SCM integrated VLCP systems achieve at a target positioning accuracy, the FBMC- SCM scheme improves the effective bandwidth
utilization ratio from 68% to 98% compared with the OFDM-SCM scheme.

3.4

Experimental Demonstration of the Integrated VLCP
System

3.4.1

Experimental Setup

In this section, we present the experimental results to verify the feasibility of the integrated VLCP system within a practical indoor environment. The experimental setup
of the integrated VLCP system is depicted in Fig. 3.7. Both the OFDM/FBMC signal
for VLC and the sinusoidal signals for VLP are generated offline using MALTAB, AND
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Figure 3.7: Experimental setup of the integrated VLCP system.

then uploaded to a multi- channel arbitrary waveform generator (AWG) with a sampling rate of 100 MSa/s. After amplifying and adding DC biases, the obtained signals
are used to drive three LED lamps (Lumileds LXML-PWCI). After free-space propagation, the light is captured by an avalanche PD (APD, Hamamatsu S8664-50K) after
passing by a blue filter (BF). The detected signal is recorded by a digital storage oscilloscope (Tektronix MDO3104) with a sampling rate of 100 MSa/s. The specifications
of the amplifier is 811AR-16F amp (BUF634) buffer power gain 24 dB, the bias tee is
made by our group with 2KHz to 500MHz, the driving current of each LED is 100 mA,
and the illumination level at the receiving plane under the cell unit was 380 lux which
has reached the standard of indoor illumination. Subsequently, the demodulation of
the communication signal and the estimation of the users location are executed offline
using MALTAB. To extend the modulation bandwidth, digital pre-frequency domain
equalization is used in the system [49].
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Figure 3.8: Received spectra of (a) FBMC-SCM signal and (b) OFDM-SCM signal.

We test the performance of the integrated VLCP system in a quarter area of
1.2m×1.2m and the vertical distance between the LED lamps and the PD is 2.1 m.
The locations of three LED lamps are (0, -0.175, 2.1), (0.25, 0.075, 2.1) and (-0.25,
0.075, 2.1) with the origin (0, 0, 0), where the units are all meters. The APD has an
active area of 19.6 mm2 and a responsivity of 15 A/W at the wavelength of 450 nm.
The system modulation bandwidth is extended to 10 MHz and 4-QAM mapping is used
for communication. For both OFDM and FBMC, the IFFT/FFT size is 512, and the
number of data subcarriers is 51. The overlapping factor in FBMC is set to K=4. The
frequencies of the four sinusoidal signals for positioning are in the range between 5.1
to 5.7 MHz with a frequency gap of 0.2 MHz.

3.4.2

Experimental Results and Analysis

Figs. 3.8 (a) and (b) show the received electrical spectra of the OFDM-SCM signal and
the FBMC-SCM signal, respectively, where the GB spacing is 0.7 MHz. We can see
that, compared with OFDM, the OOBI of FBMC is effectively suppressed, resulting in
much reduced power leakage at the positioning frequency subband. A significant 6-dB
OOBI reduction can be achieved by using FBMC-SCM in comparison to OFDM-SCM.
Figs. 3.9 (a) and (b) demonstrate the positioning results over the testing area in
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Figure 3.9: Positioning results based on (a) FBMC-SCM and (b) OFDM-SCM.

the integrated VLCP system using FBMC-SCM and OFDM-SCM, respectively. The
frequency spacing of GB is set to 0.7 MHz. As we can see, when the user is moving
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Figure 3.10: CDF of positioning errors using OFDM-SCM and FBMC-SCM.

away from the LED lamps, the positioning accuracy is gradually deceased for both
FBMC-SCM and OFDM-SCM. It can be clearly observed from Fig. 3.9 that a higher
positioning accuracy is achieved by using FBMC-SCM compared with OFDM-SCM
over the 1.2 m 1.2 m coverage area. For FBMC-SCM, most of the positioning errors
are less than 8 cm and only a few of them are more than 10 cm when the user is
at edge of the coverage area, and the mean position error is 6.08 cm. However, for
OFDM-SCM, the positioning errors are mainly ranging from 7 to 20 cm, and only a
few of them are below 5 cm when the user is at center of the coverage area, and the
mean positioning error is as high as 10.91 cm.
Fig. 3.10 shows the cumulative distribution functions (CDFs) of the positioning
errors using OFDM-SCM and FBMC-SCM. As can be seen, the positioning errors at
90% confidence for OFDM-SCM and FBMC-SCM are 19.07 and 10.46 cm, respectively,
which indicates a positioning accuracy improvement of up to 8.4 cm.
Fig. 3.11 shows the BER distribution over the testing area using OFDM-SCM
and FBMC-SCM. It can be seen that the BER values over the testing area for both
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Figure 3.11: BER distribution of (a) FBMC-SCM and (b) OFDM-SCM.

OFDM-SCM and FBMC- SCM are all less than 3.8×10−3 . More specifically, due to the
adverse effect of subcarrier filtering in FBMC [16], the BER performance of FBMC-
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Figure 3.12: Positioning error versus GB frequency spacing.

SCM is slightly worse than that of OFDM-SCM, but still remains at a comparable
level.
Fig. 3.12 presents the positioning error versus the GB frequency spacing. For
OFDM-SCM, the positioning error is gradually reduced as the GB frequency spacing is
increased from 0 to 1.4 MHz. However, a rapid reduction of positioning error is shown
for FBMC-SCM when the GB frequency spacing is increased from 0 to 0.1 MHz. We
can observe that OFDM-SCM achieves nearly the same positioning accuracy as the
FBMC-SCM only when the GB frequency spacing is larger than 1.4 MHz. To achieve
the best positioning accuracy, OFDM-SCM requires a minimum GB frequency spacing
of 1.4 MHz; however, FBMC- SCM only requires a negligible GB frequency spacing
of 0.1 MHz. Defining the effective bandwidth utilization ratio (EBUR) as the ratio
of the bandwidth occupied by the communication and positioning signals to the total
modulation bandwidth, the EBURs using OFDM-SCM and FBMC-SCM to achieve the
same positioning accuracy are 72% and 98%, respectively.
In addition, I need to provide a discussion that the extra computation complexity
of the FBMC-SCM based integrated VLCP system, compared with the OFDM-SCM
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based integrated VLCP system.
Complexity of OFDM: We assume that the total of N subcarriers are available
out of which Nf are occupied with symbols. We will consider first the number of real
valued multiplications to transmit one block of Nf symbols. Starting with the fast
Fourier transform (FFT), the number of real multiplications of a -point FFT/ inverse
FFT (IFFT) using a split-radix algorithm is given by N (log2 N − 3) + 4.
Since the transmitter (Tx) of a CP-OFDM system is basic built with one single
IFFT and by including the windowing operation, we get the computation complexity
of OFDM: O (N (log2 N − 3) + 4 + 4(Nf + Lcp )) where Lcp denotes the length of CP.
Complexity of FBMC: Assuming an FBMC-OQAM system where the prototype filter has length KM , where K overlapping factor of FBMC. The FBMCSCM based VLCP system needs the extra signal processing at transmitters compared
with OFDM based VLCP via RSS. We get the computation complexity of FBMC:
O (2N (log2 N − 3) + 4N K + 4Nf )
Obviously, we can find that the complexity of FBMC is slightly higher than that of
OFDM.

3.5

Conclusion

This chapter proposed and investigated an integrated VLCP system based on the
FBMC-SCM technique, which can provide both indoor communication and positioning
functions. Compared with the conventional OFDM-SCM technique, FBMC-SCM can
greatly reduced OOBI, which avoids the need of large GBs spacing and hence improves
SE. Simulation results and Experimental results show that, the positioning accuracy
performance is very sensitive to the frequency spacing of the GBs in the OFDM-SCMbased integrated VLCP system. However, the positioning accuracy performance of the
FBMC-SCM-based VLCP system is much less dependent on the frequency spacing of
the GBs.
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The VLP function will have negative impacts to the VLC functionality because
the positioning will occupy 1 sub-band of the total bandwidth. The VLC will suffer
from short of bandwidth for the communication. Hence, there has tradeoff between
their performances in terms of VLC and VLP, such as tradeoff between sum data rate
(achieved by VLC) and positioning accuracy (achieved by VLP).
Transmission power allocation is a key issue that affects the tradeoff performances
between them. As we know, the more transmission power allocated on the communication subcarriers, the higher received desired power archives, leading to the higher data
rate in the system. In addition, the more transmission power allocated on the positioning signals, the higher received desired power archives, leading to the higher positioning
accuracy in the system to some degree. However, since the transmission power at LED
lamps is limited or fixed, allocating power for one metric with larger value will lead to
the less power value allocated to another metric. In this case, the performance of the
one metric improves while the performance of another metric decreases. For instance,
if the system allocates more power to VLC and VLP will achieve less power, so the
sum data rate of VLC improves while the positioning accuracy of VLP decreases.
Hence, I will consider the tradeoff between VLC and VLP in the integrated VLCP
systems, and efficient power allocation approaches were proposed to optimize both the
sum data rate of VLC and the positioning accuracy of VLP, please see them in Section
4.6.
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Chapter 4

QoS-Driven Optimized Design in
A New Integrated VLCP System
4.1

Introduction

In order to mitigate the OOBI in integrated VLCP systems, Chapter 3 proposed the
FBMC-SCM based integrated VLCP system [181-183] to effectively minimize the negative effect of OOBI on the positioning frequency and improve the positioning accuracy,
compared with OFDM-SCM based integrated VLCP system [174, 175]. However, the
FBMC-SCM based VLCP system needs the extra signal processing at transmitters
compared with OFDMA based VLCP via RSS.
In addition, considering the fact that the signals modulated on the high-frequency
subcarriers are seriously attenuated in VLC systems, adaptive transmission or frequency domain equalization techniques have been proposed to optimize the transmission parameters to enhance the system capacity [49, 82, 184-186, 187-189]. In [184-186],
adaptive modulation designs combined with OFDM based on the signal-to-noise-ratio
(SNR) difference were studied in VLC systems to improve the system data rate, where
lower frequency subcarriers use high-order modulation levels with good SNR while the
higher-frequency subcarriers employ lower order modulation levels with poor SNR. To
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compensate the frequency attenuation, some pre-equalization schemes were proposed
to establish high-speed VLC systems [49, 82, 187-189 ]. Li et al. experimentally demonstrated a hybrid time-frequency domain equalization design to overcome the nonlinearity and frequency attenuation of LEDs [82]. In [187] and [188], bit and power loading
approaches were presented to combat the channel frequency selectivity. The authors
in [49] and [189] experimentally investigated weighted pre-equalization designs to optimize the system performance by compensating the frequency attenuation of LEDs.
Moreover, Yang, et al. investigated the resource allocation for multi-user integrated
VLCP systems under the minimum data rate and positioning accuracy requirements
[190].
It is worth noticing that both the high-speed data rate and high positioning accuracy
strongly depend on the LoS in VLC and VLP systems, while the LoS link is often
partially or completely blocked due to the mobility of devices and human beings in
practical indoor environments [191]. In this case, the system performance is notably
affected and the QoS level is decreased. To the best of our knowledge, almost all of
the above mentioned works did not investigate how to satisfy the minimum data rate
requirements of devices and maintain the high positioning accuracy performance under
blockages in dynamic indoor environments.
Moreover, an indoor VLC system consists of multiple VLC APs, so the AP selection
has not been investigated in integrated VLCP systems or networks. Although the
literatures [59, 66, 73, 141, 193, 194] investigated efficient AP selection schemes in
multi-cell VLC networks to maximize the network transmission data rate and satisfy
QoS requirements of devices with considering the ICI mitigation, the assumption of
perfect location information of devices may be not practical.
Motivated by the above observations, this chapter proposes and experimentally
demonstrates a new integrated VLCP system model to improve both the communication and positioning performance [195]. After that, a QoS-driven optimized design with
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the adaptive modulation, subcarrier allocation and adaptive weighted pre-equalization
is proposed to maximize the system transmission data rate while guaranteeing the
different QoS requirements (the minimum data rate and positioning accuracy requirements of devices). The LoS blockage issue is investigated in the system, and the robust
optimized schemes are presented to maintain the system performance. The experimental results corroborate the superiority in performance of the presented integrated
VLCP system model, and verify that the proposed design outperforms other existing
adaptive transmission designs in terms of effectively enhancing the data rate, improving
the positioning accuracy and guaranteeing devices QoS requirements.
Moreover, this chapter also extends the system model into multi-cell integrated
VLCP networks [196], where a joint AP selection, bandwidth allocation and power
allocation approach is proposed to maximize the network data rate while guaranteeing
the different QoS requirements of indoor devices. The LoS blockage issue is investigated
in networks, and the robust optimized schemes are presented to maintain the network
performance. The simulation results corroborate the superiority in performance of the
presented integrated VLCP network and the proposed solutions.
The rest of this chapter is organized as follows.The new integrated VLCP system
model in a single cell is presented in Section 4.2. Section 4.3 provides the principle
of the proposed QoS-driven optimized design under devices’ QoS requirements. The
effect of LoS blockages and robust schemes are provided in Section 4.4.The experimental
results and analysis are shown in Section 4.5. Furthermore, the extension of the system
model for multi-cell systems and the problem formulation are presented in Section 4.6.
Section 4.7 provides the solution to the optimization problem. Simulations are shown
in Section 4.8. Finally, Section 4.9 concludes the chapter. The content of this chapter
is related to the author’s work provided in [195, 196].
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Figure 4.1: Block diagram of the proposed integrated VLCP system.

4.2
4.2.1

Principle of A New Integrated VLCP System
New Integrated VLCP System Model

In indoor environments, a number of LED lamps (L LED lamps) are attached on the
ceiling to support the illumination requirements, as shown in Fig. 4.1(a). In addition
to offer the lighting requirements, an integrated VLCP system is set up to provide
both the communication and positioning services for indoor devices. In the system,
the communication and positioning signals are modulated into the LED lamps before
passing through the wireless optical channel, and the device is equipped with a PD to
convert the received light into electrical signals.
In the system, a number of devices (K devices) are randomly located in the lighting
coverage area. There exists a central controller in the system, which connects all LED
lamps to broadcast information to multiple devices, and the uplink feedback is offered
by Wi-Fi links. After receiving the feedback information, the central controller can
tackle the transmission scheduling task. The total bandwidth is equally divided into
N subcarriers and a number of subcarriers are used for positioning and the remaining
subcarriers are served for communication. The communication subcarriers are divided
into K groups (subcarrier group, called SG) and the (K+1)-th SG being the subcarriers
used for RSS positioning. In addition, a transmission diversity method is applied, where
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all LED lamps transmit the same communication signal if the communication subcarrier
is allocated to a device.
In this section, we describe the existing and proposed integrated VLCP system
models, the communication model and the RSS-based positioning model.
1) OFDMA based VLCP via RSS [176]: The design directly combines the OFDM
modulation and 2D RSS positioning algorithm for the integrated VLCP system, as
shown in Fig. 4.1(b), where the total available subcarriers are equally divided into four
subbands and allocated to four LED lamps. Then, each subband with respect to its
corresponding LED lamp is used for indoor positioning. The detailed procedures to
implement OFDMA based VLCP via RSS can be seen in [176]. However, as shown
in Fig. 4.1(b), OFDM signals usually leak relatively high OOBI to adjacent subbands
or subcarriers, which degrades the communication and positioning performance of the
integrated VLCP system. In addition, we can observe that the bandwidth utilization
ratio of this system is not effective, because each LED lamp only uses a part of the
bandwidth.
2) Proposed OFDM-SCM-interleaving based VLCP via RSS: As shown in Fig.
4.1(c), we can observe that there exist several specific frequencies (called frequency
holes) having the negligible OOBI from OFDM signal when the number of subcarriers are not used to transmit the OFDM signal (idle subcarriers). In this case, the
RSS sinusoidal positioning signals (blue color) can be put into the frequency holes,
which is capable of avoiding the OOBI on the positioning frequencies from the adjacent
communication subcarriers and achieves higher positioning accuracy performance compared with OFDMA based VLCP. In addition, it has the higher effective bandwidth
utilization than OFDMA based VLCP.

64

4.2 Principle of A New Integrated VLCP System

4.2.2

Communication Model

At the receiver, the received SNR for the k-th device on the n-th communication subcarrier is given by
co
γk,n

=µ

2

XL

2

n=l



Pn,l (Gk,n,l )

δ2

(4.1)

where µ is the PD’s responsivity. Pn,l is the allocated electrical power on the n-th
subcarrier at the l-th LED lamp. Gk,n,l represents the optical channel gain from the
l-th LED lamp to device k on the n-th subcarrier. δ 2 is the additive white Gaussian
noise (AWGN) power including the shot noise and the thermal noise.
At the k-th device (receiver), if it assigns the n-th subcarrier and the OFDM signal is
modulated by Mn -QAM with the modulation order Mn , the BER can be approximated
by [197],
√

BERk,n = √

s

Mn − 1
√
erf c 
Mn log2 ( Mn )

co
3γk,n



2(Mn − 1)



(4.2)

The sum transmission data rate of all devices across all the subcarriers can be
expressed as [197]
Rsum = Bsub

XN/2−1
n=1

log2 Mn

(4.3)

where Bsub is the subcarrier bandwidth Bsub = B/N with B being the system transmission bandwidth. In (4.3), for both OFDM and FBMC modulation schemes, the
IFFT/FFT size is N , and the number of available data subcarriers is N /2-1 due to the
Hermitian symmetry [184, 197].

4.2.3

RSS-based Positioning Model

For the k-th device, the received electrical power on the i-th positioning subcarrier
rec = G P [35, 176]. In addition, the
from the l-th LED lamp can be expressed as Pk,i,l
k,l i,l

PD axis and the LED lamp axis are perpendicular to the ceiling, we have cos(φk,l ) =
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cosψk,l = h/dk,l with h being the height from LED lamps to the receiver plane [35,
176]. Consequently, Gk,l in (2.4) can be rewritten as
Gk,l =

hml +1 (ml + 1)Ar
l +3
2πdm
k,l

Ts (ψk,l )g(ψk,l )=C(ml + 1)

hml +1
l +3
dm
k,l

(4.4)

where Ar denotes the PD’ active area. dk,l , φ and ψk,l are the distance, the angle of
irradiance and the angle of incidence between the l-th LED lamp LED and the k-th
device, respectively. ml denotes the order of Lambertian emission of the l-th LED lamp,
which can be measured in the experimental preparation [198]. Ts (ψk,l ) and g(ψk,l ) are
the gain of the optical filter and the optical concentrator gain at the PD, respectively.
C = Ar Ts (ψk,l )g(ψk,l )/2π is a constant value which depends on the characteristic of
LEDs and PDs.
rec is rewritten as
Then, the received electrical power Pk,i,l
rec
l +3
= Pi,l C(ml + 1)hml +1 /dm
Pk,i,l
k,l

(4.5)

From (4.5), we can derive the distance dk,l as follows
dk,l =

q
rec
Pi,l C(ml + 1)hml +1 /Pk,i,l

ml +3

(4.6)

In fact, in practical indoor systems, it is quite hard to find the accurate relationship
between estimated distance and the received positioning power like (4.6). However, the
estimated distance can be polyfit by a function, such as the formulated polyfit function
shown in Eq. (10) in [175]. Hence, the final estimated distance dk,l can be expressed
rec , which is
as a function with respect to the received positioning power Pk,i,l
rec
dk,l = Ql (Pk,i,l
)

(4.7)

We would like to mention that each LED lamp has its corresponding function Ql (·),
because the order of Lambertian emission (ml ) of each LED lamp and the attenuation
of its corresponding positioning frequency is different from each other [175, 198]. As
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mentioned, it is difficult to find the accurate relationship between the estimated distance and the measured received positioning power (i.e, Eq. (4.7)). Hence, we take
measurements at a number of points during the offline preparation in the integrated
VLCP system to obtain (4.7) before estimating the positions of devices, more details
can be found in [175].
rec is measured at the k-th device, the distance d
When the received power Pk,i,l
k,l can

be calculated by (4.7). Finally, the estimated location of the device can be calculated
by using the RSS-based trilateration algorithm [175, 198], the detailed procedures to
experimentally implement RSS-based positioning can be seen in [175, 198].

4.3
4.3.1

Adaptive Transmission for Integrated VLCP Systems
QoS Requirements in Integrated VLCP Systems

In integrated VLCP systems, some certain QoS requirements of devices should be
considered in the optimized design, which are discussed and analyzed as follows.
1) Minimum data rate requirements of VLC: The minimum data rate requirements
of devices should be considered in the performance optimization design. Thus, the
resulting constraint is expressed by
Rk = Bsub

XN/2−1
n=1

(ρk,n log2 Mn ) ≥ Rkmin

(4.8)

where Rk and Rkmin are the current achievable data rate and the minimum data rate
threshold of the k-th device, respectively; ρk,n is a binary variable, ρk,n ∈ {0, 1} ,
and ρk,n = 1 indicates the n-th communication subcarrier is allocated to the k-device;
otherwise, it takes the value 0.
2) Positioning accuracy requirements of VLP: In addition to the requirement in
(4.8) of VLC, integrated VLCP systems should guarantee the positioning accuracy
requirement of the devices who need positioning services.
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Let Θk = (xk , yk ) and Θek = (xk,e , yk,e ) denote the true location and the estimated
location of the k-th device, respectively. The positioning error (root square error (RSE))
of the k-th device is given by
q
RSEk = (xk,e − xk )2 + (yk,e − yk )2

(4.9)

The positioning accuracy constraint of the k-th device who needs the positioning
service can be expressed as
RSEk ≤ RSEkmax

(4.10)

where RSEkmax is the tolerant positioning error threshold of the k-th device. Without
loss of generality, when other parameters (such as the positioning frequencies, PD
responsibility and so on) are fixed, the positioning error is determined by the transmit
power level (or received SNR values) [199, 200]. Hence, the transmit power allocated on
positioning subcarriers need to be carefully considered in the integrated VLCP system,
where we adopt the water-filling algorithm to gradually allocate transmit power on
the positioning subcarriers to improve the positioning accuracy in the experiment [187,
188], which will be shown at the end of the Section 4.3.2.

4.3.2

Adaptive Transmission Design

The block diagram of the proposed QoS-driven optimized design for integrated VLCP
systems is depicted in Fig. 4.2 (we take the system model shown in Fig. 4.1(c) as
an example), where the joint adaptive modulation, subcarrier allocation and adaptive
weighted pre-equalization is presented to guarantee the QoS requirements shown in
(4.8) and (4.10). The details to implement it are shown in the following analysis.
At the transmitters, the sinusoidal signals for VLP are added with the OFDM
signal at each LED lamp after allocating the SGs to devices, where the four positioning
frequencies from f1 to f4 are all in the (K+1)-th SG and the communication data for
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Figure 4.2: Block diagram of the proposed adaptive transmission design.

the devices are all in the K SGs. After collecting the feedback information (channel
information, SNR, QoS requirements, etc.) from the devices by the Wi-Fi uplink, the
communication data stream is then encoded to the OFDM signal with the adaptive M QAM mapping based on the users’ different minimum data requirements and the users’
received SNR values. When the BER target is BERmax , the modulation thresholds
can be expressed as [184, 197]
co )
γjth = (γk,n
Mn



3(Mn −1)
erf c−1 BERmax
2
Mn = 2j , j = 1, ...., J

=

√


√
Mn log2 ( Mn )
√
Mn −1

(4.11)

where erf c−1 (·) is the inverse erf c-function, and γ1th ≤ γ2th ≤ .... ≤ γJth . Then, the
co , which is
system can select the modulation order according to the SNR value γk,n


co
th
 0, γk,n < γ1
co ≤ γ th , j = 1, ..., J − 1
2j , γ th ≤ γk,n
Mn =
j+1
 J jth
co .
2 , γJ ≤ γk,n

(4.12)

The above analysis from (4.11) and (4.12) shows the selection of the modulation
order according to the feedback SNR values from devices. The adaptive modulation
scheme can effectively improve the transmission data rate and guarantee the devices’
minimum data rate requirements.
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Due to the severe attenuation of LED lamps in high frequency domains in integrated
VLCP systems, the pre-equalization design is applied to compensate the frequency attenuation at transmitters. Considering the conventional pre-equalization scheme is not
optimal due to the attenuation of high frequency domains is balanced at the cost of
the SNR reduction of low frequency domains, the authors in [49] presented a weighted
pre-equalization design to improve the communication performance of all subbands.
However, weighted pre-equalization in [49] was still not the optimal approach in terms
of the system throughput improvement due to the fixed-order modulation format and
fixed bandwidth of each sub-band. Moreover, the weighted pre-equalization factor for
the positioning SG should be carefully set to satisfy the positioning accuracy requirements, because the weighted pre-equalization factors of the two adjacent communication
SGs near the positioning SG should not be too large to generate the high OOBI on
the positioning SG, which directly degrades the positioning performance. Hence, the
adaptive modulation, subcarrier allocation and weighted pre-equalization can be adaptively updated to optimize the system capacity while considering the QoS requirements
of devices.
Let Mk denotes the modulation order in the k-th SG. Let ρk denotes the subcarrier
allocation indicator vector for k-th device in the k-th SG and we set that these subcarriers are continuous. Then, the k-th SG signal in the frequency domain after the joint
adaptive modulation, subcarrier allocation and weighted pre-equalization can be given
by
S0k (Mk , ρk ) = Wk · H−1
k (ρk ) · Sk (Mk , ρk )

(4.13)

where S0k (Mk , ρk ) and Sk (Mk , ρk ) are the k-th SG signal vector in the frequency domain before and after pre-equalization, respectively. Wk and Hk are the weighted preequalization coefficient and the transfer function matrix of the k-th SG, respectively,
where Hk is also a diagonal matrix. Hk can be firstly measured in the integrated VLCP
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system. After that, the pre-equalized signals are converted to the time domain before
being modulated on the LED lamps.
At the receiver, on the one hand, the received power values on the four positioning
frequencies from different LED lamps can be measured in OFDM-SCM-interleaving
based VLCP. After measuring the four received positioning power values, the position
of the device can be estimated by using the RSS positioning algorithm, which has
been analyzed in Section 4.2.3. On the other hand, the communication signal can be
obtained when the received signal passes through the band stop filter (BSF), and the
OFDM demodulation method is applied to demodulate the communication signal.
In practical indoor environments, different devices have different QoS requirements,
ranging from the positioning accuracy constraints to the transmission data rate requirements. The system aims to maximize the transmission data rate while satisfying the
QoS requirements shown in (4.8) and (4.10), the detailed procedures to implement it
are shown as follows:
Step 1: The central controller collects the feedback information from devices by
the WiFi uplink, which mainly refers to channel information, SNR values, QoS requirements, etc.;
Step 2: The central controller iteratively optimizes the subcarrier allocation indicators {ρk } , the weighted pre-equalization coefficients {Wk } and the modulation orders
{Mk } to the satisfy the minimum data rate requirements in (4.8) and the positioning
accuracy constraints in (4.10) first, by using the iteration algorithm [187, 188];
Step 3: After satisfying the QoS requirements of devices, the extra power and
subcarriers are allocated to the devices with highest channel quality to maximize the
system data rate by updating {ρk }, {Wk } and {Mk }.
The pseudocode of the designed scheme In Section 4.3.2 is shown in Algorithm 1.
Here, I provide a brief evaluation of the complexity of the presented design scheme.
Let I denotes the number of iterations required for convergence in Algorithm 1.
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Let J denote the total number of modulation level candidates. It is obvious to see
that the subcarrier group (SG) allocation step takes K × K comparison operations
(K communication SGs and K devices). Moreover, we know from [72] and [193] that
the power allocation step can be solved in (K+1)log2 (K+1) operations by using the
iterative algorithm over K+1 SGs. In addition, for adaptive modulation, the complexity of modulation order selection for K devices is K × J. Since the total number of iterations is I, the complexity of the proposed adaptive transmission scheme is
O (I(K × K + (K+1)log2 (K+1) + K × J)), which is not very high so that it can be
implemented in real-time systems.
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Figure 4.3: Two cases of LoS blockages in integrated VLCP IoT networks.

4.4
4.4.1

Robust Schemes under Blockages
LoS Blockages in Integrated VLCP Systems

In practical indoor environments, the optical signals being broadcast from VLC lamps
to the devices may be blocked by obstacles due to the movement of devices or human
beings, as shown in Fig. 4.3 (we take Case I and Case II as examples to analyze the
negative effect of blocked links on the system performance). In this case, LoS is often
blocked and Non-LoS (NLoS) cannot support effective communication and positioning
services, leading to the degradation of the system performance.
In Case I, for the k-th device, the optical signal from its currently associated LED
lamp 3 is blocked by an obstacle, hence the received SNR value is reduced, resulting in
decreasing the satisfied QoS levels and the system data rate. In this case, although the
signal from LED lamp 3 is blocked, the 2D location of device k can be still successfully
estimated by using the RSSI values from LED lamp 1, LED lamp 2 and LED lamp 4.
However, in Case II, the optical signals being broadcast from a number of LED lamps
(such as, the LED lamp 2 and LED lamp 3, even more LED lamps) to the k-th device
are missing. In this case, it is hard to estimate the locations of devices with the high
positioning accuracy only using less than two RSSI values. Moreover, the data rate
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performance is degraded in this case, too.
According to the above analysis, how to estimate the locations of the devices with
the high positioning accuracy and how guarantee the minimum data rate requirements
of devices are still key challenges under blockages in dynamic integrated VLCP systems.
Hence, the following subsections introduce two proposed schemes to address the
above mentioned challenges, in order to improve both the communication and positioning performance under LoS blockages.

4.4.2

Robust Communication Scheme Under Blockages

For each device, when its received optical signal from one LED lamp is blocked, the
power allocated to the device at the corresponding LED lamp may be waste due to the
unsuccessful communication service under the blockage. In this case, the LED lamp
can allocate this part of power to other devices to enhance the system performance.
Under LoS blockages, the k-th SG signal in the frequency domain after the joint
adaptive modulation, subcarrier allocation, and weighted pre-equalization can be given
by
S0 k (Mk , ρk ) =

XL
l=1

0
Wk,l ·H−1
k (ρk ) · Sk (Mk , ρk )

(4.14)

where Wk,l denotes the weighted pre-equalization coefficient of the l-th VLC lamp
allocated on the SG of the k-th device. As mentioned before, when the optical link
from one VLC lamp is blocked, the allocated electrical power to the device is set to
be zero (set Wk,l = 0) and allocate this part of electrical power to other devices to
enhance their QoS satisfaction levels or improve the transmission data rate. Generally,
the device detects the optical link blockages from corresponding LED lamps based on
the received SNR values, and then send the feedback information to the controller.
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Figure 4.4: Signals transmitted from some LED lamps are blocked by obstacles.

4.4.3

Robust Positioning Scheme Under Blockages

As shown in Fig. 4.4(a), the k-th device only receives the optical signals from the LED
lamp 1 and LED lamp 2 while the available signals being broadcasted from other LED
lamps are blocked by the obstacles. According to the RSSI signals received from the
LED lamp 1 and LED lamp 2, two circles centered at these two LED lamps are identified
with black lines. The intersection of the two circles generates two possible locations
(the black dots shown in Fig. 4.4(a)) of the k-th device at the time slot t, denoted by
(1)

(1)

(2)

(2)

A(1) (xk,t , yk,t ) and A(2) (xk,t , yk,t ), respectively. These two possible locations A(1) and
A(2) can be calculated by solving the following two equations
r
(1) 2

(1) 2

led
(xled
1 − xk,t ) + (y1 − yk,t ) = d1,k,t

q

(xled
2

2

− xk,t ) +

(y2led

(4.15)

2

− yk,t ) = d2,k,t

where dl,k,t denotes the distance from the l-th LED lamp to device k at the time slot t
which can be calculated by (4.7).
We would like to mention that the literature [75] presented a simple scheme to select
the most likely current location from these two possible locations, where the scheme
calculates the distances from the previous location to the two possible locations and
selects the possible location as the current location with the smallest distance. However,
the scheme in [75] does not consider the movement behaviors of devices, hence it still
has the high positioning errors during devices’ traveling under blockages.
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In order to improve the positioning accuracy under blockages, we present a new
robust positioning scheme by combing the PDR method [202] with the RSS-based VLP
system (called PDR-assisted RSS), where PDR is the process of predicting the device’
current location by using the previously locations’ information.
In PDR, each device has its corresponding movement prediction model by sampling
its periodical location information. When one device only receives at most two RSSI
signals from the LED lamps and other optical RSSI signals are missing at one time slot,
it adopts PDR to calculate its velocity components vk,x and vk,y along the X-axe and
Y-axe from the previous location information (xk,t−1 , yk,t−1 ) and (xk,t−2 , yk,t−2 ) taken
at the time slots t-1 and t-2. Here, the velocity components in the last time slot can
be calculated by
y
x
= (yk,t−1 − yk,t−2 )/τt−1
= (xk,t−1 − xk,t−2 )/τt−1 ; vk,t−1
vk,t−1

(4.16)

respectively, and τt−1 is the time duration at the time slot t-1.
After calculating the velocity components by (4.16) according to the two latest
previous location samples, the k-th device predicts its location at the current time slot
t
y
0
x
τt
= yk,t−1 + vk,t−1
x0k,t = xk,t−1 + vk,t−1
τt ; yk,t

(4.17)

According to the above analysis, the k-th device predicts its current location P 0
(the blue hollow square in Fig. 4.4 (a)) by adopting the PDR method, and calculates
the possible locations (A(1) and A(2) ) by using RSS positioning algorithm. In this case,
the predicted location P 0 is close to one of the possible locations (A(1) and A(2) ) due to
the movement behavior of devices, especially in indoor positioning environments. This
allows the selection of the most likely current location of the device through comparing
the distances between the predicted location and the two possible locations, i.e.,
P 0 →A(1)
dk,t

r
=

(1) 2

(1) 2

(x0 k,t − xk,t ) + (y 0 k,t − yk,t )
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P 0 →A(2)

dk,t

r
=

(2) 2

(2) 2

(x0 k,t − xk,t ) + (y 0 k,t − yk,t )

(4.19)

The most likely current position (xk,t , yk,t ) at the current time slot t is selected from
the two possible locations by
(
(xk,t , yk,t ) =

(1)

(1)

0

(1)

≤ dPk,t→A

(2)

(2)

0

(1)

> dPk,t→A

(xk,t , yk,t ), dPk,t→A
(xk,t , yk,t ), dPk,t→A

0

(2)

0

(2)

(4.20)

As shown in Fig. 4.4 (b), if the device only receives the RSSI signal from one
LED lamp while other RSSI signals broadcast from LED lamps are missing, the device
perform positioning by the following analysis. According to the RSSI signal from the
LED lamp 1, one circle centered at the LED lamp 1 is identified and the possible
location of the device is on the circle. By adopting the PDR method, the device
predicts its current location P 0 (the blue hollow square in Fig. 4.4 (b)), and the most
likely current position of the device (the black dot) is selected on the circle with the
minimum distance from it to the predicted location P 0 . It is worth noticing that all
RSSI signals being broadcast from all LED lamps to the device may be blocked in
dynamic indoor environments, but it happens with a very small probability. In this
case, the device can directly adopt the PDR positioning method to predict its current
location according to the previous location samples.

4.5
4.5.1

Experimental Demonstration
Experimental Setup

As shown in Fig. 4.5, the experimental setup is provided to evaluate the system performance. We use Matlab to generated the integrated communication and positioning
signal with an IFFT size of 512, then load the signal in an arbitrary waveform generator
(AWG, Spectrum M4x. 6622-x4) with a sampling rate of 100 MSa/s, before adding
it to the DC bias of the four LED lamps (LXK8-PW27-0016) after passing through
the amplifiers and adding DC biases. After optical free-space propagation, the light
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Figure 4.5: Experimental setup of the integrated VLCP system.

is detected by an avalanche PD (APD) before using a digital storage oscilloscope to
record the detected signal with a sampling rate of 500 MSa/s. After that, the communication signal demodulation and the device location estimation are completed by
using Matlab. The specifications of the amplifier is 811AR-16F amp (BUF634) buffer
power gain 24 dB, the bias tee is made by our group with 2KHz to 500MHz, the driving
current of each LED varies between 60 mA and 140 mA for different simulation settings, which is shown in Fig. 4.9. The illumination level at the receiving plane under
the cell unit was 380 lux which has reached the standard of indoor illumination. The
experiment is in a coverage area of 2×2×1.35 m3 . The locations of four LED lamps
are (-0.4, 0.4, 1.35), (0.4, 0.4, 1.35), (-0.4, 0.4, 1.35) and (-0.4, -0.4, 1.35) with the
origin (0, 0, 0) in meters. The transmission modulation bandwidth is 20 MHz and the
available bandwidth is 10 MHz due to the Hermitian symmetry [184], [197]. The range
of the four positioning frequencies is from 5.07 to 5.67 MHz. The modulation order
M = {2, 4, 8, 16, 32, 64, 128, 256} and BERmax = 3.8 × 10−3 . Four devices randomly
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Figure 4.6: Received spectra of (a) OFDM-SCM-interleaving based integrated VLCP and
(b) OFDMA based integrated VLCP [176].

locate on the receiving plane, two of them need both communication and positioning services and each requires the low data rate (1 Mbit/s), while other two devices
only need communication services and each has the high data rate requirement (12.5
Mbit/s). In addition, the maximum positioning error threshold is 10 cm.

4.5.2

Performance Evaluations Under LoS Condition

Fig. 4.6 (a) and (b) indicate the received electrical spectrum of the integrated signals
in the proposed OFDM-SCM-interleaving integrated VLCP system and the OFDMA
based integrated VLCP system [176] when the device locates at (0m, 0m, 0m), respectively. In Fig. 4.6 (b), the power in the high-frequency subcarriers (modulated on LED
3 and LED 4) is seriously attenuated, leading to the low received SNR, which degrades
the positioning accuracy in the existing design [176]. By contract, our proposed design has high SNR values for all positioning subcarriers to guarantee the positioning
performance. In addition, OFDMA based VLCP in [176] has high OOBI to adjacent
subbands and it needs larger GBs’ spacing, while our design has negligible OOBI on
the positioning frequency holes.
Fig. 4.7 shows the positioning results of the two integrated VLCP systems. We
find that positioning error is low at the center areas, but is high at the edges, because
of the decreased received power. The mean position errors of our proposed design and
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Figure 4.7: Comparisons of positioning results

Figure 4.8: Comparisons of positioning errors’ CDF.

the existing design [176] are 6.88 cm and 10.56 cm, respectively, which indicates the
higher positioning accuracy achieved by our proposed design.
The CDF of the positioning errors is provided in Fig. 4.8. From Fig. 4.8, when
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Figure 4.9: (a) Sum data rate and (b) the satisfied QoS level vs. bias current (mA).

RSE max = 10 cm, our proposed design has the probability of 84.26 % to satisfy devices’
positioning accuracy requirements, while the design in [176] only has the probability of
42.43 %.
Fig. 4.9 represents the sum data rate of devices and the satisfied QoS level versus the
bias input current for the three designs (note: W-p-eq. means weighted pre-equalization
and AM denotes adaptive modulation). As the increase of the input current, the
performance of the sum data rate and the satisfied QoS service level increase due
to the high received SNR. Our proposed design (OFDM-SCM-interleaving w/Joint)
outperforms the design in [49] (OFDM-SCM-interleaving w/Wei-pre-eq.AM), because
we consider subcarrier allocation in the transmission optimization design. However,
the data rate performance of the design in [176] is worse, the main reasons are listed
as follows: 1) it has low effective bandwidth utilization when the total bandwidth is
divided into for subbands for four LED lamps as shown in Fig 4.1 (b) and the analysis
shown in Section II.A; 2) four LED lamps transmit their signals independently in four
subbands, which exists high OOBI at the edge of each sub-band, so it needs some
number of subcarriers as GBs. Hence the low effective bandwidth utilization degrades
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Figure 4.10: Trajectory performance comparisons of the three positioning schemes under
blockages

the data rate performance in the design [176]. From Fig. 4.9(b), we can observe that
our proposed design can effectively satisfy the QoS requirements.

4.5.3

Performance Evaluations Under LoS Blockages

This subsection evaluates both the communication and positioning performances of the
following positioning schemes under LoS blockages: 1) Our proposed robust positioning
scheme by combining PDR the RSS-based VLP (denoted by PDR-RSS-based VLP); 2)
The VLP-assisted PDR positioning scheme, similar to [76] (denoted by VLP-assisted
PDR [76]); 3) The RSS-based VLP positioning scheme by using the previous location
information to predict devices’ locations under blockages [75] (denoted by RSS-based
VLP prediction [75]).
The indoor tracking performances of the three positioning schemes under blockages
are provided in Fig. 4.10. All the three schemes have the similar positioning accuracy
performance under the LoS condition (no blockages). However, the positioning error
is huge for the VLP-assisted PDR scheme [76] under blockages, and it is still increas-
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Figure 4.11: CDF of positioning errors under blockages.

ing as the increase of traveling distance in this case. Because the positioning error
will gradually increase over time using the PDR method to predict devices’ locations
in VLP systems under blockages. By contract, the best positioning performance is
achieved by using our proposed PDR-RSS-based VLP, where the information of RSS
results are used to correct the positioning error under blockages, hence the trajectory
is pulled back to the true path as analyzed in Section 4.4.3. In addition, the RSS-based
VLP with prediction scheme [75] obtains the high positioning error under blockages,
because it does not consider the movement behaviors of devices and choose the most
likely predicted location based on the historical information, hence it still has the high
positioning errors during devices traveling in this case.
The CDF of the positioning errors of the three schemes under blockages are shown
in Fig. 4.11. The mean positioning errors of the PDR-RSS-based VLP, VLP-assisted
PDR and RSS-based VLP prediction schemes under LoS blockage events are 7.08 cm,
14.72cm and 10.13 cm, respectively.
The effect of the blocking probability of LoS links on the sum data rate and the
satisfied QoS level are shown in Fig. 4.12. From Fig. 4.12, the data rate and satisfied
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QoS performances of all approaches are decreased upon increasing the LoS blocking
probability. However, our proposed scheme with robust communication and positioning
can still achieve a good performance and it outperforms other approaches with different
blocking probability values. In addition, the probability of the satisfied QoS services
decreases during this process, because the blockage significantly degrades the received
desired power or SNR, results in failing to guarantee the different QoS requirements of
devices. However, for all blocking probabilities, our proposed scheme still outperforms
other schemes.

4.6

Multi-cell Integrated VLCP System Model and Problem Formulation

This section extends the system model into multi-cell integrated VLCP networks [196],
where a joint AP section, bandwidth allocation and power allocation approach is proposed maximize the network data rate while guaranteeing the different QoS requirements of indoor devices.

4.6.1

System Model

We consider an indoor integrated VLCP networks, which consists of a set of L VLC
APs uniformly installed on the ceiling and each VLC AP covers a confined area to
generate a small optical cell, as shown in Fig. 4.13(a). In addition to offer the lighting
requirements, they also set up to provide both the communication and positioning
services for indoor devices. In the network, the communication and positioning signals
are modulated into the APs before passing through the wireless optical channel, and
each device is equipped with a PD to convert the received light into electrical signals.
In the network, a number of devices (K devices) are randomly located in the lighting
coverage area, and some devices may suffer from ICI from adjacent cells when they are
in the overlapped areas. There exists a central controller in the network, which connects

84

4.6 Multi-cell Integrated VLCP System Model and Problem Formulation

Figure 4.12: (a) Sum data rate and (b) the satisfied QoS level against the blocking
probability of LoS links.
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all APs to broadcast information to devices, and the uplink feedback is offered by the
Wi-Fi links. After receiving the feedback information, the central controller can tackle
the resource management task. The total available subcarriers is equally divided into
N + 1 SGs, where the subcarriers in the (N + 1)-th SG are used for positioning and
the remaining N SGs are served for communication. In order to improve the subcarrier
utilization, the network adopts the unity frequency reuse (UFR) design in the integrated
VLCP network, where the communication SGs are reused across all cells. Let L and
K denote the AP set and the device set, respectively. Let Nl denote the SG set in the
l-th cell.
At each AP, the sinusoidal signals for VLP are added with the OFDM signal after
allocating the SGs to devices, where the L positioning subcarriers from f1 to fL are
all in the (N +1)-th SG and the communication data for the devices are all in the
N SGs. After collecting the feedback information (channel information, SINR, QoS
requirements, RSSI etc.) from the devices, the communication data stream is then
encoded to the OFDM signal with the adaptive QAM mapping based on the devices’
different minimum data requirements and the received SINR values.
At the receiver, if the k-th device assigns the n-th SG of the l-th AP, the received
SINR is given by
co
γk,n,l
= PL

µ2 Pn,l (Gk,n,l )2

i=1,i6=l

Pn,i (Gk,n,i )2 + δ 2

(4.21)

where µ is the PD’s responsivity. Pn,l is the allocated electrical power on the n-th SG
at the l-th AP. Gk,n,l represents the optical channel gain from the l-th AP to device k
2 ), the
on the n-th SG. δ 2 is the noise power including the shot noise (denoted by δshot
2
thermal noise (denoted by δthermal
) and the inter symbol interference (ISI, denoted by
2 ) caused by the multipath propagation [5, 35], which can be expressed as
δISI
2
2
2
+ δthermal
+ δISI
δ 2 = δshot
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Figure 4.13: (a) The integrated VLCP network for indoor devices and (b) the spectrum
structures of the integrated VLCP network.
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In (4.22), the received signals at the PD through diffuse path may suffer from the
multipath propagation which causes ISI in complex indoor environments. The more
details about the above mentioned multipath propagation can be found in the literatures
[5, 35].
Other details of the communication model and positioning model can be seen Section 4.2 in this chapter.

4.6.2

Problem Formulation

In the network, our objective is to maximize the overall network transmission data rate
while guaranteeing the above mentioned QoS requirements of devices shown in Section
4.3. Here, the resource management problem (joint AP selection, SG allocation and
power allocation) can be mathematically formulated as
max Rsum =

α,ρ,P

P P

αk,l Rk

l∈L k∈K

s.t. a : (4.8), (4.10);
b : αk,l , ρk,n,l ∈ {0, 1}, ∀k, ∀l, ∀n;
P
c:
l∈L αk,l = 1, ∀k;
P
P
d:
k∈K
n∈Nl ρk,n,l Pn,l ≤ Pmax , ∀l;
P
P
e:
k∈K
n∈Nl ρk,n,l ≤ N, ∀l.

(4.23)

where α, ρ and P represent the matrix or vectors of the AP selection, SG allocation
indicator, modulation order and transmit power level, respectively. In order to reduce
the AP selection complexity, constraint (4.23c) is used to ensure that one device can
only select a single AP to apply the communication services. Constraints (4.23d) is that
the transmit power of each AP allocated to its served devices should not exceed the
maximum transmit power. (4.23e) is imposed to guarantee that the sum of assembled
SGs should not exceed the number of the available SGs of each AP.

88

4.7 Solution to the Resource Management Problem

4.7

Solution to the Resource Management Problem

Clearly, the optimization problem in (4.23) is a mixed-integer programming problem
due to that the binary variables and the non-negative power variables are involved, as
well as it is non-convex, so it cannot be solved directly. Hence, we should make the
optimization problem tractable. In this section, we solve the joint optimization problem
in (4.23) by decomposing it into two subproblems: 1) AP selection and SG allocation;
2) power allocation. Consequently, after solving these two subproblems alternately, we
can achieve the optimized solution of the joint optimization problem in (4.23) by using
an iterative algorithm.

4.7.1

AP Selection Formation

The network generally consists of multiple optical cells, hence the VLC AP selection
should be considered to improve the network performance and guarantee devices’ QoS
requirements. The traditional max-RSSI approach [203] is widely adopted to address
the AP selection problem, but it fails to enable devices to achieve the desired service
qualities, because the devices may simply associate with the nearest AP with the largest
RSSI value, which may result in the intense channel contention and significantly unbalanced data rate distributions. In addition, some optimal AP selection approaches
[59, 66, 73, 141, 193] were presented in RF networks or VLC networks, but they have
the high complexity and the perfect assumption of devices’ location information.
Hence, we propose a new AP selection to find the suitable AP selection strategy
among L APs composing the integrated VLCP network where devices can be associated
such that: 1) VLP APs could satisfy the different QoS requirements of devices, and 2)
the AP selection needs to optimize the overall network performance.
Considering the fact that different devices have different service requirements, we
first divide the devices into two kinds of devices based on their different services:

89

4.7 Solution to the Resource Management Problem

Primary devices: Devices in this group have specific requirements on low service delay, high transmission reliability and service steadiness, such as instant online
software installation and real-time data stream.
Secondary devices: This kind of devices are not interested in the service delay and steadiness such as short message service, web browsing, software/document
downloading and email sending.
We set that primary devices have the higher priority to associate its needed AP,
while second devices are with the lower priority to associate its needed AP compared
with the primary devices. Let KAP,l denote the set of devices currently selected by the
l-th AP.
Implementation: We now carry out the VLC AP selection for devices step by
step.
Step 1 (Candidate AP selection): Each device first sorts the RSSI values of all APs
in the candidate-selected AP subset, and it searches the AP with the highest RSSI
denoted by APk , which refers to the candidate-selected AP, hence we have
rec
)
AP(k) = arg max(Pk,l
l∈L

(4.24)

If more than one devices select the same candidate AP and the corresponding AP
has no device association, the AP selects the primary devices to associate its channel
resource with the high priority. And other secondary devices should search their next
available APs if this candidate AP has no enough channel and power resource for them,
until each device searches its unique candidate AP. If more than one devices with the
same priority level select the same candidate AP, the AP adopts the proportional fair
(PF) priority scheduling scheme to serve the devices from the high PF-priority devices
to the low PF-priority devices if the AP has enough resource [204], otherwise, the low
PF-priority devices have to select their next nearby APs.
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Hence, according the above analysis, each AP l ∈ L has its current candidate-served
device set, which is expressed as
KAP,l = {AP∗(k) : k ∈ K }

(4.25)

After the AP selection for all devices has been completed, the minimum data requirements and service quality can be effectively guaranteed. However, the network
still needs to adjust the candidate AP selection strategy to address the following issues:
1) balance the data rate distributions, where some APs may be idle while other APs
are busy serving devices, leading to the unbalanced resource allocation. Hence, the
networks needs to adjust its AP selection strategy to optimize the overall network performance, which is shown in step 2; 2) minimize the overall ICI to improve the network
performance, which is shown in step 3.
Step 2 (Resource balance based-AP selection adjustment): For the idle APs, the
candidate-served device set of the l0 -th idle AP is expanded first by including the
nearby devices with a certain range d0 , which is written as
KAP,l0 = (KAP,l0 ∪ {k ∈ KAP,l :

q
(xl − xk )2 + (yl − yk )2 ≤ d0 } )

(4.26)

In (4.26), when the l0 -th idle AP selects the k-th device from the l-th AP candidateserved device set: KAP,l = KAP,l − {k}, but the update subset KAP,l 6= ∅. If the k-th
device was included in several idle APs, it selects the nearest idle AP.
Step 3 (ICI minimum based-AP selection adjustment): We would like to mention
that the device located in the overlapping area may suffer severe ICI form adjacent cells,
leading to the significant degradation of the network performance and the satisfied QoS
level. However, if the device changes its decision by selecting the nearby AP with the
lower ICI instead of its current associated AP , its performance and satisfied QoS level
can be effectively improved. Based on this observation, the network needs to adjust the
AP selection strategy to reduce the negative effect of ICI on the network performance
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improvement. Here, we define the signal-to-interference ratio (SIR) as the RSSI value
of the current associated AP over the sum of the RSSI values from other adjacent APs
(or optical cells). When the k-th device currently associates with the l-th AP, its SIR
can be written as
rec
SIRk,l = Pk,l

.X
l̂∈L, l̂6=l

rec
Pk,
l̂



(4.27)

Similarly, according to the RSSI values, the device can calculate other SIR values
if it selects other APs, and it compares its current SIRk,l with SIRk,l̂ , ˆl ∈ L, finally
selects the AP from the these candidate APs with the highest SIR value by
AP(k) = arg max(SIRk,l )
l∈L

4.7.2

(4.28)

Suboptimal SG Allocation

We can observe that the optimization problem in (4.23) is a combinatorial problem,
which has a prohibitive computational complexity if we solve it through using the
exhaustive search for all the possible cases, especially when the number of devices and
SGs are large in the network. Hence, we propose a low complexity scheme to achieve
the suboptimal SG allocation under the constraints in (4.8).
The key principle of the proposed approach is that the primary devices first access
the SGs of its selected AP, and the primary device whose rate is the farthest away from
its target minimum data rate requirement has the priority to be allocated the SGs with
highest channel quality to meet its minimum data rate requirement. Then, the AP
allocates the SG resource to the secondary devices to meet their minimum data rate
requirement. After satisfying the devices’ QoS requirements, we allocate the excess
SGs of each AP to the devices with high channel gains to maximize the overall network
data rate.
Let Ωk denote the SG subset allocated to the k-th device. The proposed AP selection
and SG allocation approach is shown in Algorithm 1.
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The optimal AP selection and SG allocation can be achieved if we adopt the exhaustive search for all the possible SG allocation cases. In the multi-cell network with
the K devices, L cells and N SGs per cell, it is prohibitive to search the optimum due to
the high computational complexity, since the exhaustive search method has O(K N ×L )
possible SG allocation cases. Hence, in the system, there exists N × L communication
SGs over all cells. It is obvious to see that each device needs compute the SG allocation
and AP selection step which takes N × L comparison operations. For all the devices,
then the total complexity of the AP selection and SG allocation is O(K ×N ×L), which
is greatly lower than the exhaustive search method.

4.7.3

Power Allocation

Here, given the AP selection and SG allocation strategies, we aim to obtain the optimized power allocation strategy P which includes the communication power allocation
strategy P co and the positioning power allocation strategy P po . We find that the positioning power allocation strategy P po is not related to the objective function in (4.23),
we use the water fulling algorithm for positioning allocation allocation to guarantee
the positioning constraint (4.10) first [187, 188]. After that we achieve the optimized
communication power allocation strategy P co by the following analysis.
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The partial Lagrange function of the problem (4.23) in term of the P co is expressed
as
P
P P
βk (Rk − Rkmin )
αk,l Rk +
Υ(β, χ, P co ) =
k∈K
l∈L k∈K
P
P
P
χl (Pmax − Plpo − k∈K n∈Nl ρk,n,l Pn,l )
+

(4.29)

l∈L

where β = {βk , ∀k} and χ = {χl , ∀l} are the dual Lagrange multiplier vectors or
variables for the constraints in (4.8) and (4.23d). Plpo is the positioning power allocation
level at the l-th VLC AP.
Then, the dual function of the Lagrange function (4.29) can be given by
J(β, χ) = max
{Υ(β, χ, P co )}
co
P

(4.30)

In (4.30), when the dual function value is optimized, we can get the optimized
power allocation variables P co . The dual problem to the original problem (4.23) can
be written as
min{J(β, χ)}
β,χ

(4.31)

s.t. β ≥ 0, χ ≥ 0.
The value of J(β, χ) can be calculated by using the Lagrange dual decomposition
method. Notably, J(β, χ) is a concave function due to the pointwise infimum of a set
of affine functions of Lagrange multipliers. Hence, we can use the subgradient method
to solve the optimization problem (4.23) [205].
Accordingly, we present the solution process for the AP selection, SG allocation
and power allocation in integrated VLCP networks, as shown in Algorithm 2.
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In this section, we solve the joint optimization problem in (4.23) by decomposing it
into two subproblems: 1) AP selection and SG allocation; 2) power allocation. Consequently, after solving these two subproblems alternately, we can achieve the optimized
solution of the joint optimization problem in (4.23) by using an iterative algorithm.
Hence, it not an optimal solution, and it is a suboptimal solution.
By every iteration, the sum-rate is increasing. As the optimized sum-rate is bounded
due to limitations in access points (APs), bandwidth and power resources, the iterative algorithm must converge to a convergence point. The optimization problem of
(4.23) is composed of three AP selection, power and subchannel allocation subproblems which are solved iteratively. Consequently, the optimality criteria for the solution
of optimization problem of (4.23) will be the criteria set for its constituent problems.
The convergence point of the presented solution is satisfying these optimality criteria
and thus provides the final solution point. Additionally, the references [72]-[74] verify
the convergence property of the iterations and provide convergence conditions of the
iterative algorithm.
In Algorithm 2, the presented resource management approach consists of SG
allocation, AP selection, and power allocation. As shown in the last comment, the
complexity of the AP selection and SG allocation is O(K ×N ×L). For power allocation,
since there exist the overall (N + 1) × L SGs of all APs (note that each AP has N
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communication SGs and one positioning SG), according to [R8, Section IV-B], the
power allocation step can be solved in O((N + 1) × L)log2 ((N + 1) × L) operations by
using the iterative algorithm over (N + 1) × L SGs. As the iterative algorithm needs I
iterations to coverage to the final point, hence the overall complexity of Algorithm 2
is O (I(K × N × L + (N + 1) × L)log2 ((N + 1) × L)).

4.7.4

Robust Handover Among APs Under Blockages

As analyzed in Section 4.4, the optical signals being broadcast from VLC APs to the
devices may be blocked by obstacles due to the movement of devices or human beings.
In this case, LoS is often blocked and NLoS cannot support effective communication
and positioning services, leading to the degradation of the network performance.
Hence, this subsection propose a handover scheme to improve the communication
performance LoS blockages in multi-cell networks. We would like to mention that the
robust positioning schemes has been presented in Section 4.4.3, where the receiver will
select the three highest received RSSI with the three corresponding APs to perform 2D
positioning in multi-cell networks, more details can be seen in in Section 4.4.3.
The robust handover scheme for communication services can be discussed as follows.
1) Handover under blockages: Due to the mobility of devices, human beings and
obstacles, for any device, its current LoS link from the associated AP may be blocked in
one time slot or even a long time duration. In this case, the device’s performance and
satisfied QoS level are notably affected. Hence, we propose a robust handover scheme
to combat the LoS link blockage in the network.
Once the device detects that its current LoS link is blocked, it reports the blockage
information to the controller. The controller performs the handover mechanism for the
device based on the priority level of the device.
i) Handover for primary devices: If the device’s location is fixed for a long period,
the controller immediately select the nearest AP to continually provide the communica-
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tion services for the device. On the contrary, if the device is in the state of movement,
the controller select the device’s neighboring AP from the available AP subset based
on the device’s mobility trajectory where the device is moving toward the neighboring AP and the AP will be the nearest one for some time slots in the future. This
handover mechanism aims to provide the stable and low-latency services for primary
devices under blockages.
ii) Handover for secondary devices: When the device deletes the LoS blockage, the
controller waits of a dwell period of τwait . When τwait expires, the controller selects one
neighboring AP with the enough channel resource for the device, otherwise, the device
still associates with its currently serving AP until the blocked link is recovered. This
handover mechanism can effectively avoid the potential ping-pong effects by reducing
the unnecessary handovers.
2) Handover under mobility: Some literatures proposed the handover mechanisms
based on the location information of devices [26-[31], but they assumed that the devices’
location information is perfectly known. Hence, we present a transmission handover
mechanism based on the RSSI values.
rec and P rec denote RSSI values of the k-th device’s currently serving AP and
Let Pk,l
k,l̂

one candidate AP of its neighboring APs, respectively. The handover is executed when
the following condition is satisfied
rec
rec
Pk,
≥ Pk,l
+ ε, ∀ˆl ∈ L
l̂

(4.32)

where ε denotes the hysteresis value of the handover margin which is also used to prevent
unnecessary handovers. If the device locates in the region of the ˆl-th AP and the RSSI
value satisfied (4.32) for a certain period, then the device switches the connection from
its currently serving AP l to the ˆl-th AP.
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4.8

Simulation Results and Discussion

In this section, simulations are conducted in Matlab 2017a to evaluate the performance
of our presented integrated VLCP network, the proposed resource management approach and the robust schemes under LoS blockages.
We consider a typical indoor room with the area of 10m×10m×4m, where 4×4
VLC APs are uniformly distributed at a height of 3.75m. A number of devices are
randomly distributed at two different heights (0.5m and 1m). K/2 devices need both
communication and positioning services with the data rate requirement (1 Mbps per
device) and other K/2 devices only require communication services with the data rate
requirement (10 Mbps per device). The number of SGs in each cell is N =6. For each
AP, the LED lamp semi-angle at half power and Lambertian emission order are 60o
and 1, respectively. The active area, the FOV, the concentrator refractive index and
the responsivity of the PD are 1 cm2 , 110o , 1.5 and 0.5 A/W, respectively. The gain
of the optical filter is 1. The dwell period of τwait is 1 second.
The transmission modulation bandwidth is 20 MHz and the available bandwidth
is 10 MHz due to the Hermitian symmetry [184, 197]. The range of the positioning
frequencies is from 5.0 MHz to 6.45 MHz. In addition, the positioning error threshold
is 5 cm.

4.8.1

Performance Comparisons of Integrated VLCP Networks

Fig. 4.14 and Fig. 4.15 show the positioning results and the CDF of the positioning
errors over the indoor room, respectively. In Fig.4.14, the mean position error of
our proposed integrated VLCP based on OFDM-SCM-interleaving and the existing
integrated VLCP based on OFDMA [176] are 4.28 cm and 19.55 cm, respectively,
which indicates the higher positioning accuracy achieved by our proposed integrated
VLCP network. In the existing OFDMA based integrated VLCP network [176], the
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Figure 4.14: Comparisons of positioning errors’ CDF.

high OOBI from OFDM signal leads to the severe interference on adjacent positioning
subcarriers, which could degrade the positioning accuracy performance.
In Fig. 4.15, we can see that the positioning errors at 90% confidence for OFDMSCM-interleaving and OFDMA are 6.82 cm and 28.17 cm, respectively, showing a
significant improvement of positioning accuracy by using OFDM-SCM-interleaving in
integrated VLCP networks.

4.8.2

Convergence Performance Comparisons

Fig. 4.16 illustrates the convergence of my proposed resource allocation solution in
terms of the sum data rate versus the number of iterations when the total number of
devices is K=100 and the transmit power per AP Pmax = 60 mW. We can observe that
from Fig. 4.16 that my proposed resource allocation solution has achieved convergence
after iteration index 10, and it has the higher convergence speed than LB RM [66].
This is because that the LB RM approach [66] tries to search the optimal solution
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Figure 4.15: Comparisons of positioning results.

with higher computation complexity, so the convergence speed is sacrificed to achieve
the improved sum data rate performance. Although LB RM outperforms my proposed
QoS-driven RM in terms of the data rate, it has the higher positioning error and the
lower satisfied QoS level than the proposed QoS-driven RM, which has been shown
in Fig. 4.16 in my thesis. The max-RSSI RM approach requires the lower number
of convergence iterations compared with other approaches (except optimal QoS-driven
RM), but it achieves the worst sum data rate performance in the networks, because
each device selfishly selects its own nearest AP, leading to the unbalanced resource
allocation.

4.8.3

Performance Comparisons Under Different Transmit Power Levels

In this subsection, we compare the performance of different resource management approaches in our presented multi-cell integrated VLCP network, where the approaches
are shown as follows: 1) Optimal resource management approach (denoted as optimal
QoS-driven RM), where the approach uses the exhaustive search method to find the
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Figure 4.16: Comparisons of convergence performance.

optimal AP selection and SG allocation strategy; 2) Our proposed suboptimal resource
management approach (denoted as proposed QoS-driven RM), with the purpose of
guaranteeing the QoS requirements of devices while maximizing the overall data rate;
3) The load balancing (LB) approach without satisfying QoS requirements first [66]
(denoted as LB RM [66]); 4) The resource management approach based the maximal
RSSI [203] (denoted as Max-RSSI RM [203]).
Fig. 4.16 shows the sum data rate of devices, the positioning error and the probability of satisfied QoS services versus the electronic transmit power Pmax per AP for
the four approaches, when the total number of devices is K=100 and the blocking
probability of LoS link is 0.1. As the increase of Pmax , for all approaches, the sum
data rate performance and the probability of satisfied QoS services increase, and the
positioning error decreases. This is because that when Pmax increases, the received
SINR and received power allocated on the positioning subcarriers enhance, leading to
the performance improvement.
From Fig. 4.16, although LB RM outperforms our proposed QoS-driven RM in
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Figure 4.17: Performance evaluations and comparisons versus the maximum transmit
electrical power per AP.

terms of the data rate, it has the higher positioning error and the lower satisfied QoS
level than the proposed QoS-driven RM. The max-RSSI RM approach archives the
worst performance in the networks, because each device selfishly selects its own nearest
AP, leading to the unbalanced resource allocation.
From Fig. 4.16 (b), as the increase of Pmax , the positioning error of all approaches
decreases significantly when Pmax < 60 mW, but the performance is appropriately
maintained at a horizontal level when Pmax exceeds 60 mW. Such the performance
improvement results from the high received power on positioning subcarriers when
Pmax is large. Once the positioning accuracy requirements are guaranteed in the high
power region, the extra power will be allocated to maximize the sum rate of devices as
shown in the optimization problem (4.23), thus the positioning accuracy performance is
constant when Pmax is in the high region. In addition, in Fig. 4.16 (a), the performance
improvement is not obviously when Pmax >60 mW, because ICI is one of the key factors
which limits the data rate enhancement in multi-cell networks.

4.8.4

Performance Comparisons Under Different Device Density

Fig. 4.17 shows the performance comparisons of the four approaches versus the total
different numbers of device when Pmax = 60 mW and the blocking probability is 0.1.
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Figure 4.18: The performance evaluations and comparisons varying total number of
devices.

It can be seen that the data rate is constantly increasing to a peak due to the more
probability of searching devices having good channel gains to enhance the sum rate.
After that, it then declines as K increases further, because the increased number of
handovers limits the data rate improvement and the more resource may need to allocate
to the devices with poor channel gains to support their QoS requirements. Similarly,
when the number of devices is large, all devices aims to share the limited power and
bandwidth resource, hence the positioning error slight increases and the satisfied QoS
level reduces.
In addition, we can observe that the proposed QoS-driven RM approach has comparable data rate performances to the LB RM approach when the number of devices
is large, and outperforms the max-RSSI RM approach. Moreover, the proposed QoSdriven RM approach significantly achieves the higher satisfied QoS levels and the lower
positioning error than both the LB RM and max-RSSI RM approaches for the large
number of devices. Because the proposed approach aims to search the QoS-driven
optimized strategy to effectively meet the different QoS requirements of devices while
maintaining the high data rate performance, thereby improving the device experiences
in indoor networks.
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Figure 4.19: Trajectory performance comparisons of the three positioning schemes under
blockages.

4.8.5

Tracking Performance Comparisons Under Blockages

This subsection compares the indoor tracking performance.
The indoor tracking performances over all the network of the three positioning
schemes under blockages are provided in Fig. 4.18. All the three schemes have the similar positioning accuracy performance under the LoS condition (no blockages). However,
the positioning error is huge for the VLP-assisted PDR scheme [76] under blockages,
and it is still increasing as the increase of traveling distance in this case. Because the
positioning error will gradually increase over time using the PDR method to predict
devices’ locations in VLP systems under blockages. By contract, the best positioning performance is achieved by using our proposed PDR-RSS-based VLP, where the
information of RSS results are used to correct the positioning error under blockages,
hence the trajectory is pulled back to the true path as analyzed in Section 4.4.3. In
addition, the RSS-based VLP with prediction scheme [75] obtains the high positioning
error under blockages, because it does not consider the movement behaviors of devices
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Figure 4.20: CDF of positioning errors under blockages.

and choose the most likely predicted location based on the previous information, hence
it still has the high positioning errors during devices traveling in this case.
The CDF of the positioning error of the three schemes under blockages are shown
in Fig. 4.19. The mean positioning errors of the PDR-RSS-based VLP, VLP-assisted
PDR and RSS-based VLP prediction schemes under LoS blockage events are 5.13 cm,
21.97cm and 16.35 cm, respectively.
Fig. 4.20 shows the robustness of the three positioning schemes against the LoS
blockages. When the blocking probability increases, the positioning error obviously
increases for the VLP-assisted PDR and RSS-based VLP prediction schemes while
it slightly increases for the PDR-RSS-based VLP scheme. Moreover, the gap of the
performances between them becomes larger with the increased value of the blocking
probability. The above positioning results indicate the effectiveness of the proposed
robust scheme against the LoS blockages in networks.
The effect of the blocking probability of LoS links on the sum data rate and the
satisfied QoS level are shown in Fig. 4.21 and Fig. 4.22, respectively. From Fig. 4.21,
the data rate performances of all approaches are decreased upon increasing the LoS
blocking probability. However, our proposed approach with robust handover can still
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Figure 4.21: Positioning error comparisons against blockage.

Figure 4.22: Sum data rate comparisons against blockage.
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Figure 4.23: Probability of satisfied QoS services against blockage.

achieve a good performance and it outperforms the LB RM approach when the blocking
probability is more than 0.3. In addition, the probability of the satisfied QoS services
decreases during this process, because the blockage significantly degrades the received
desired power or SINR, results in failing to guarantee the different QoS requirements of
devices. However, for all blocking probabilities, our proposed approach still outperforms
other approaches.

4.9

Conclusion

In this chapter, a new integrated VLCP system model has been proposed to improve
both the communication and positioning performance. In order to satisfy different QoS
requirements, a QoS-driven optimized joint the adaptive modulation, subcarrier allocation and adaptive weighted pre-equalization was proposed in the integrated VLCP
system. The LoS blockage issue is investigated in the system, and the robust optimized schemes are presented to maintain the system performance. The experimental
results verified the superiority in performance of the presented integrated VLCP system
models, and also showed that the proposed design outperforms other existing adaptive
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transmission designs in terms of the data rate and positioning accuracy. Moreover,
this chapter also extends the system model into multi-cell integrated VLCP networks,
where a joint AP selection, bandwidth allocation, adaptive modulation and power allocation approach is proposed to maximize the network data rate while guaranteeing
the different QoS requirements of indoor devices. Simulation results corroborate the
superiority in performance of the presented works.
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Chapter 5

Interference Mitigation Design
for Multi-User Multi-Cell MIMO
VLC Systems
5.1

Introduction

As discussed in Section 2, general indoor environment consists of multiple optical cells
and each cell may have several LED lamps. Each cell in a multi-cell VLC system is
expected to simultaneously support multiple users and each user may receive signals
that are broadcasted from the LED transmitters but intended for other users within
the same cell. This kind of interference signal is referred to as Inter-User Interference
(IUI) [46, 206], in addition to ICI, which is another critical issue that can significantly
degrade the system performance in multi-user multi-cell VLC systems.
Considering that ICI greatly degrades the system capacity and reduces the satisfied QoS levels of devices in multi-cell VLC systems, various technologies have been
proposed to mitigate ICI, including frequency division, precoding, using an optical
differential detection as a VLC receiver (called angle diversity receiver) and resource
management based on multiple access [117-146]. The overview of the main ICI mitigation techniques in multi-cell VLC systems have been provided in Section 2.3.2. (Please
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see Section 2.3.2 for the more details.)
In [46, 206-207], transmitter precoding was proposed to mitigate IUI in multi-user
VLC systems. In [206] and [207], transmitter precoding was achieved by solving the
sum rate maximization problem subject to optical power constraints. Especially, the
sum rate maximization approach in [207] did not restrict the IUI to be zero and achieved
considerably high capacity. The work in [208] reported a MIMO-OFDM technique in
multi-user VLC systems, and investigated the system capacity performance. In [209], an
optical adaptive precoder was proposed to enhance the SINR in multi-user MIMO-VLC
systems. However, the precoders in [46, 206-207] were only proposed for single-cell VLC
systems where only the IUI was considered while the ICI was neglected. In practical
applications, both ICI and IUI should be taken into consideration when implementing
a VLC system covering a certain indoor area. To the best of our knowledge, no work
has been reported on the simultaneous mitigation of ICI and IUI in indoor multi-user
multi-cell MIMO-VLC systems.
In recent years, the IA technique has been proposed to efficiently separate the
desired signals from the interference in wireless RF systems [210-212], which has also
been applied in VLC systems. In [213, 214], IA was explored in a multi-user VLC
system by assuming perfect CSI. However, the CSI is not always perfectly available at
LED transmitters [46, 68], and the assumption of perfect CSI is not practical for VLC
systems. Hence, a blind interference alignment scheme for achieving the multi-user
MIMO VLC system capacity without CSI at the transmitter was proposed in [215].
However, the work in [216] only considered one single cell, and did not extend the
framework in multi-cell VLC system where the ICI mitigation is a key challenge in
practical VLC systems. For the above discussion, how to design a novel approach to
mitigate both ICI and IUI based on precoding or equalizer design for indoor multi-user
multi-cell MIMO-VLC systems is still a key challenge.
This chapter firstly proposes a novel joint precoder and equalizer design based on
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IA to mitigate both ICI and IUI for multi-user multi-cell MIMO-VLC systems in the
presence of imperfect CSI [216]. In order to achieve the optimal transmit precoding
matrix and receiving equalizer matrix, we formulate the joint optimization problem
through minimizing the total generated interference and mean-squared error (MSE)
under optical power constraints. The proposed design aims to mitigate both IUI and
ICI effectively, as well as maintain the BER at the lowest level. Furthermore, we take
into account the optical channel estimation error for our formulated joint optimization
problem when designing the optimal precoder and receiving equalizer in multi-user
multi-cell MIMO-VLC systems. We investigate the effect of different users’ locations,
channel estimation error and LED/PD spacing levels on the system capacity and BER
performance analytically and by simulation. Numerical results show that the proposed
design achieves significant system capacity and BER improvements under imperfect
CSI, compared with the MMSE and max-rate designs.
The rest of this chapter is organized as follows. In Section 5.2, we describe the model
of a multi-user multi-cell MIMO-VLC system. Section 5.3 presents the joint precoder
and equalizer design based on IA, and the solution to the optimization problem is
given in Section 5.4. The analysis in terms of the behavior of the proposed design is
presented in Section 5.5. Section 5.6 provides the simulation results and discussions.
Finally, Section 5.7 concludes the chapter with the observations made in this work.
The content of this chapter is related to the author’s work provided in [216].
Notation: IN denotes an identity matrix. E[·] is the expectation operator. RN ×M
×M
denotes the set of N × M dimensional real-valued numbers, RN
represents the set of
+

N × M -dimensional non-negative real-valued numbers. (·)T , Tr{·} and (·)−1 denote
the transpose, the trace and the inverse of a matrix/vector, respectively. || · ||F denotes
the Frobenius norm, || · ||l denotes the l-norm, vec(·) is the vectorization operator, and
⊗ denotes the Kronecker product. abs(·) denotes an element-wise absolute operator
and 1 denotes a vector whose elements are all 1.
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Figure 5.1: An indoor four-cell MIMO VLC system with the overlapped areas.

5.2

System Model

In practical indoor environments, multiple LED lamps are usually installed to set up
a VLC system to satisfy lighting and communication requirements of users, as shown
in Fig. 5.1. As in [16], we assume that these LED lamps fully cooperate with each
other through a PLC backbone network to broadcast information to multiple users
simultaneously, and exchange the users information (such as the channel gains) with
each LED lamp through the power line communications (PLC) controller in the VLC
system. There are multiple LED lamps establishing optical attocells to communicate
with multiple users within its illuminated area, where each cell has multiple LED lamps
and each user is equipped with multiple PDs [8-10]. Such a cellular indoor VLC system
is referred to as a multi-user multi-cell MIMO VLC system in this thesis.

5.2.1

Transmitter Model

In the multi-user multi-cell MIMO-VLC system, some users suffer from ICI when they
are located in the overlapped areas in addition to the IUI. Especially, the users who
are located in the completely overlapped area may suffer from severe ICI, leading to
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the drastic performance degradation. Assuming that the VLC system has B cells and
broadcasts information to K users with each user being equipped with Nr PDs. Each
cell has Nt down-facing LEDs as transmitters. The k-th user in cell b is denoted as the
user (k,b). In this thesis, we consider the OOK modulation as it is typically applied in
VLC systems, and sk,b ∈ R is defined as the data stream transmitted to the user (k, b).
sk,b is assumed to be a non-return-to-zero (NRZ) OOK signal which has a zero mean
(i.e., E{sk,b } = 0) . Since VLC systems employ the IM/DD technique, the transmitted
signal should be real-valued and non-negative. This means that a DC component should
be added to make sure the transmitted data is non-negative. In addition, LEDs have
a limited linear drive current range where the output optical power linearly increases
with the drive current [35].
With the transmitter precoding strategy and the DC component addition, the signal
vector transmitted by the LED lamps in cell b can be expressed as
xb = Vb sb + pb =

XK
k=1

vk,b sk,b + pb

(5.1)

where Vb = [v1,b , . . . , vk,b , . . . , vK,b ] is the precoding matrix in cell b and vk,b ∈ RNt ×1 is
the precoding vector for the user (k, b); sb = [s1,b , . . . , sk,b , . . . , sK,b ]T is the real-valued
t ×1
source symbol vector; and pb = [p1,b , . . . , pNt ,b ]T ∈ RN
denotes the DC offset optical
+

power vector which is used to guarantee the non-negativity of the transmitted signal
and adjust the illumination level in the room. The signal xn,b transmitted by the n-th
LED lamp in cell b can be given by
xn,b =

XK
k=1

vn,k,b sk,b + pn,b

(5.2)

where vn,k,b is the element of Vb in the n-th row and k-th column. From (5.1) and (5.2),
the non-negative transmitted signal in VLC systems imposes the optical constraints on
the precoding matrix Vb in each cell. Since we choose the OOK modulation with
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sk,b ∈ {±1}, the data signal before adding the DC offset at the n-th LED lamp in cell
b satisfies
−

XK
k=1

|vn,k,b | ≤

XK
k=1

vn,k,b sk,b ≤

XK
k=1

|vn,k,b |

(5.3)

In order to ensure that LED lamps can operate in the limited liner optical power
range, the data signal transmitted at each LED lamp satisfies
−

XK
k=1

|vn,k,b |+pn,b ≤ xn,b ≤

XK
k=1

|vn,k,b |+pn,b

(5.4)

To ensure that the LED lamp drive optical power in the linear region of [pmin , pmax ],
where pmin and pmax denote the minimum and maximum values of the optical power.
Then, combining (5.2), (5.3) and (5.4), we have
(
P
pn,b − K
k=1 |vn,k,b | ≥ pmin
PK
pn,b + k=1 |vn,k,b | ≤ pmax

(5.5)

Rearranging the inequalities in (5.5), we can get the constraint of each precoding
element of Vb
PK

k=1 |vn,k,b |

= kvn,b k1

≤ min {pn,b − pmin , pmax − pn,b } , ∀n, ∀b

(5.6)

where vn,b is the n-th row vector of Vb . The constraint in (5.6) enables to select
available precoding matrix Vb in practical indoor environments.

5.2.2

Receiver Model

At the receiver, the received signal is detected by the PDs of each user and converted
back to a digital signal. Then, for the user (k, b), the received signal after the direct
detection can be given by
B
K
X
X
0
0
Hbk,b vm,b0 sm,b0 +
yk,b = Hbk,b vk,b sk,b +
ρbk,b
|
{z
} b0 6=b
m=1
desiredsignal
|
{z
}
ICI


K
B
X
X
0
0
Hbk,b v`,b s`,b + Hbk,b pb +
ρbk,b Hbk,b pb0  +nk,b
b0 6=b

`=1,`6=k

|

{z

IUI

}

|

{z

DCbias
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0

0

where ρbk,b denotes a set of binary variables, i.e., ρbk,b ∈ {0, 1}, which indicates whether
the user (k, b) receives ICI from the adjacent cell b0 or not. If the user (k, b) receives
0

0

0

Nr ×Nt
denotes the
ICI from the cell b0 , then ρbk,b = 1; otherwise ρbk,b = 0 . Hbk,b ∈ R+

optical channel matrix from the LED lamps in cell b0 to the user (k, b). In (5.7), we
can see that the received signal consists of five terms. The first term is the desired
signal, the second and third terms are the ICI and IUI, respectively, the fourth term
is the DC offset, and the last one is the additive Gaussian noise vector with zero-mean
2 , which consists of the shot noise and thermal noise in VLC systems
and variance of δk,b
0
[15]. We define hj,i
k,b,b0 as the optical channel gain from the j-th LED lamp in cell b to
0

j,i
b
the i-th PD of the user (k, b), and hj,i
k,b,b0 is one of the elements of Hk,b . ψk,b,b0 and

ψc denote the angle of incidence and the half-angle field-of-view (FOV) of the receiver,
j,i
j,i
respectively. When 0 ≤ ψk,b,b
0 ≤ ψ, hk,b,b0 can be expressed as

hj,i
k,b,b0 =

Aj,i
k,b,b0
2
(dj,i
k,b,b0 )

j,i
j,i
j,i
R0 (φj,i
k,b,b0 )Ts (ψk,b,b0 )g(ψk,b,b0 )cosψk,b,b0

(5.8)

j,i
j,i
where Aj,i
k,b,b0 is the active area of the PD, φk,b,b0 is the angle of irradiance, dk,b,b0 denotes
j,i
j,i
the distance and Ts (ψk,b,b
0 ) is optical filter gain. g(ψk,b,b0 ) is the optical concentrator
 2
j,i
j,i
j,i
gain. If 0 ≤ ψk,b,b
0 ≤ ψc , g(ψk,b,b0 ) = η sin ψc ; otherwise, g(ψk,b,b0 ) = 0, where η is

the refractive index. Assuming that the LEDs radiation pattern is modelled as the
j,i
Lambertian pattern, the radiant intensity R0 (φj,i
k,b,b0 ) can be expressed as: R0 (φk,b,b0 ) =

(ϑ + 1)cosϑ (φj,i
k,b,b0 )/2π, where ϑ = ln 2 (ln cos φ1/2 ) denotes the order of Lambertian

emission with φ1/2 being the LEDs semi-angle at half power.
Applying the linear equalizers at receivers, the user (k, b) achieves its own desired
signal by equalizing the received signal through multiplying a receiving equalizer vector
uk,b ∈ RNr ×1 . Then, the signal for the user (k, b) after DC removal can be expressed
as
ỹk,b =

K
B X
X
b0 =1

0

0

b
T
ρbk,b uT
k,b Hk,b vm,b0 sm,b0 + uk,b nk,b

m=1
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(5.9)
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From (5.9), the system aims to properly mitigate the interference (IUI and ICI)
and recover the desired signal for each user successfully. As multiple LED lamps are
cooperating with each other based on a PLC controller, different cells can exchange information (channel state information, precoders and DC offset) to perform the proposed
design based on IA, which will be discussed in the next section.

5.3

IA based Interference Mitigation Design

In this section, we propose a novel joint precoder and receiving equalizer design based
on IA for multi-user multi-cell MIMO VLC systems. As each user aims to recover its
own desired signal successfully, the interference (IUI and ICI) should be aligned into
the subspace that is orthogonal to the receiving equalizer uk,b , and the dimension
of the signal space of the desired signal needs to be equal to the number of the data
streams. Therefore, the conditions for the ideal IA under perfect CSI are given as
follows [210-213]

b
uT
k,b Hk,b v`,b = 0, ∀` 6= k
0

(5.10a)

b
0
uT
k,b Hk,b vm,b0 = 0, ∀b 6= b, ∀m

(5.10b)

o
n
b
H
v
= d, ∀k, b
rank uT
k,b
k,b k,b

(5.10c)

T v =I , uT u
vk,b
k,b
d
k,b k,b = Id

(5.10d)

where d is the number of transmitted data streams, and we set d=1 in this thesis. In
addition, (5.10a) and (5.10b) imply that both IUI and ICI are perfectly mitigated, and
(5.10c) satisfies the number of the transmitted data streams per user. The goal of the
IA scheme in multi-user multi-cell MIMO VLC systems is to design optimal precoders
and receiving equalizers as in (5.10a)-(5.10c) to align the unwanted IUI and ICI without
suppressing the desired signal at each receiver. In addition, the subjection in (5.10d)
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shows the precoder vk,b and receiving equalizer uk,b being orthogonal, which has the
same goal with the conditions in (5.10a), (5.10b) and (5.10c) when we apply the IA
scheme [210-213].
However, the standard IA schemes are sensitive to the channel estimation error
[210-213]. Under the practical channel conditions, both IUI and ICI cannot be perfectly
mitigated, resulting in the performance degradation in VLC systems. Therefore, in the
following subsection, we will consider the channel estimation error in our proposed
design.

5.3.1

Channel Uncertainty Model

In practical MIMO VLC systems, the CSI is not perfectly available, and hence the
0

channel estimation error should be taken into account. We set Hbk,b and Ĥbk,b as the
0

perfect CSI and estimated CSI, respectively, and ∆Ĥbk,b is the channel estimation uncertainty which is assumed as the Gaussian model with zero mean and covariance matrix
0

0

0

0

{∆Ĥbk,b ∆Ĥbk,bT } = δe2 Id [46, 68]. We assume that ∆Ĥbk,b is independent of Ĥbk,b [46, 68].
0

For simplicity, we assume all channel uncertainties {∆Ĥbk,b } have an equal variance δe2
.
0

Then, considering the estimation inaccuracy, the channel matrix Ĥbk,b and the norm0

bounded channel uncertainty ∆Ĥbk,b can be given by [46, 68]
0

0

Ωbk,b

Hb = Ĥb + ∆Ĥbk,b
n k,b 0 k,b
o
0
0T
b
b
b
= ∆Ĥk,b |Tr{∆Ĥk,b ∆Ĥk,b } ≤ ε

(5.11)

where ε is the radius of the channel uncertainty region. For simplicity, we assume that
the channel uncertainty regions of all channel gains are the same.

5.3.2

MMSE

In order to recover the data from the received signal, we design the optimal precoder
and receiving equalizer based on the MMSE criterion, i.e., minimizing the MSE of
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each user in the VLC system. Then, the MSE between the recovered data and the
transmitted data of the user (k, b) can be expressed as


2
T
ΦMSE,k,b = uk,b yk,b − sk,b
F
 

T 
T
= Tr
uk,b yk,b − sk,b uT
y
−
s
k,b
k,b k,b

 B K
P P T b0
T Hb0 T u
= µ2 Tr
uk,b Hk,b vm,b0 vm,b
0
k,b k,b
0
b =1 m=1
io
T Hb0 T u
T
b0
−vk,b
+µ2
k,b k,b − uk,b Hk,b vk,b

(5.12)

In (5.12), we assume the transmitted data {sk,b sm,b0 } = 0, k 6= ` and b0 6= b , and
the noise vector nk,b are independent of sk,b and Hbk,b [46, 68]. denotes the covariance
of µ2 .
The objective function ΦMSE,k,b in (5.12) doesnt consider the channel estimation
error. Taking the channel uncertainty (5.11) into account, the function in (5.12) can
be modified as
_





B P
K
P

0

0

T Ĥb T
Ĥbk,b vm,b0 vm,b
0
k,b
b0 =1 m=1
n
o
K
B
P P
T
T Ĥb0 T u
εTr vm,b0 vm,b
INr uk,b − vk,b
+
0
k,b k,b
b0 =1 m=1

2
b0 T
−uT
k,b Ĥk,b vk,b + µ

ΦMSE,k,b ≤

µ2 Tr

uT
k,b

(5.13)

From (5.12) and (5.13), our goal is to design the optimal transmit precoder vk,b and
receiving equalizer uk,b based on IA to minimize the MSE for the multi-user multi-cell
VLC system while satisfying the optical power constraints (5.6). Then, the optimization
problem can be formulated as
min

vk,b ,uk,b ,∀k,∀b

B X
K
X
_
ΦMSE,k,b

(5.14a)

b=1 k=1

T
s.t.vk,b
vk,b = Id ,∀k,∀b

(5.14b)

uT
k,b uk,b = Id ,∀k,∀b

(5.14c)

kvn,b k1 ≤ min {pn,b − pmin , pmax − pn,b } , ∀n, ∀b

(5.14d)
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5.3.3

Solution for Interference Mitigation Design

As we can see, the problem in (5.14) is a joint optimization problem since the transmit
precoders and receiving equalizers are involved and the optimization problem in (5.14)
is not convex with these variables, which is hard to solve in general. Here, we divide it
into two subproblems and solve them individually, and then optimize the precoder and
equalizer iteratively by applying an iteration scheme.
5.3.3.1

Transmit Precoder Selection

Without loss of generality, we aim to achieve the optimal precoder of each cell by solving
the problem in (5.14) when the receiving equalizer set {uk,b } of all users in all cells are
given. However, it is hard to implement the traditional optimization algorithms with
the relaxations due to the element-wise absolute operator in the constraint (5.14d).
Hence, we apply a matrix analysis to transform the optimization problem into a convex
linearly constrained quadratic program (LCQP) [217]. According to the matrix analysis
[217], we have the properties that Tr{ABAT } = vec(A)(B⊗I)vec(A)T and Tr{AB} =
Tr{BA}. In the VLC system, the matrixes and vectors are all real values, hence the
first part of the objective function in (5.13) is rewritten as
o
n
b0 v
T Ĥb0 T u
0
Ĥ
v
Tr uT
0
k,b k,b
k,b k,b m,b m,b




T  0
b0
T
T
= vec vm,b
Ĥbk,bT uk,b uT
0
k,b Ĥk,b ⊗ INr vec vm,b0

(5.15)

The above term is quadratic and hence other parts in (5.13) are linear or constant.
For the above analysis, we can transform the optimization problem in (5.14) into a
convex LCQP problem. And a Matlab software package is used to solve convex LCQP
problems based on the semi-definite programming (SDP) (called CVX [218]), which
can effectively achieve the optimal precoder Vb of each cell by solving the transformed
problem when the receiving equalizer set {uk,b } of all users in all cells are given.
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5.3.3.2

Receiving Equalizer Selection

Since the constraint (5.14d) has nothing to do with the equalizer at each receiver, when
the precoder Vb of each cell is given, the corresponding optimization problem under
the channel estimation error can be expressed as
min

uk,b ,∀k,∀b

B X
K
X
_
ΦMSE,k,b

(5.16a)

b=1 k=1

s.t.uT
k,b uk,b = Id ,∀k,∀b

(5.16b)
_

In order to achieve the receiving equalizer uk,b , we differentiate ΦMSE,k,b with respect
to uk,b , and get the following equation
 B K
_
P P b0
∂ Φ MSE,k,b
T Ĥb0 T
T
Ĥk,b vm,b0 vm,b
=
u
0
k,b
k,b
∂uk,b
0
b =1 m=1

n
o
B P
K
P
T
T Ĥb0 T
+
εTr Vm,b0 Vm,b
INr − Vk,b
0
k,b

(5.17)

b0 =1 m=1

_

Then, we set ∂ ΦMSE,k,b /∂uk,b equal to zero, the optimal receiving equalizer for the
user (k, b) can be obtained by
u∗k,b



B P
K
P

0

0

T Ĥb T
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0
k,b
b0 =1 m=1
−1
o
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B P
K
P
T
+
εTr vm,b0 vm,b
I
0
Nr

=

(5.18)

b0 =1 m=1

5.3.3.3

Iterative Algorithm

We apply an iterative method to update the precoder vk,b and receiving equalizer
uk,b for all users in all cells iteratively, which is concisely presented in Algorithm
1. The objective function in (5.14a) are reduced iteratively through adjusting and
updating vk,b and uk,b at each iteration. Hence, we can achieve the optimal precoder
and receiving equalizer iteratively, and terminates when it converges. After solving the
optimization of the transmit precoder and receiving equalizer in the PLC controller, the
LED transmitters will send the information of the equalizer to each user. In addition,
we will give the convergence analysis in the next section.
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5.4
5.4.1

Performance Analysis
Data Rate Loss

In this subsection, we analyze the data rate loss performance of the proposed design.
The data rate of the user (k, b) under the channel estimation error is given by Rk,b =
log2 (1 + γk,b ), and γk,b is the received SINR, which can be given by

γk,b =

b
b
uT
k,b (Ĥk,b + ∆Ĥk,b )vk,b

2

(5.19)

2
Ik,b + δk,b

where Ik,b is the total interference of IUI and ICI to the user, which can be expressed
as
Ik,b =

PK

`6=k

b
b
2
||uT
k,b (Ĥk,b + ∆Ĥk,b )v`,b || +

b0
b0 6=b ρk,b

PB

T
b0
m=1 ||uk,b (Ĥk,b

PK

0

+ ∆Ĥbk,b )vm,b0 ||2 .

Firstly, we define the rate loss of the user as (k, b) as ∆Rk,b , which is the difference
between the ideal data rate R̃k,b of the user (k, b) with the ideal joint precoder and
equalizer design (where full CSI is known in advance) and the data rate Rk,b with our

121

5.4 Performance Analysis

proposed design. Then, the rate loss of the user (k, b) is expressed as

∆Rk,b = R̃k,b − Rk,b



h

2
2 + ũT Hb ṽ
2
= E log2 δk,b
−
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log
2 δk,b + Ik,b
k,b k,b k,b

h
 i
2
b v
2
+ uT
H
−
E
log
∆
k,b
2 δk,b
k,b k,b
h

i
2
+E log2 Ik,b + δk,b

(5.20)

where ṽk,b and ũk,b denote the ideal precoder and receiving equalizer for the user (k, b).
Since Ik,b ≥ 0, and log(·) is a strictly monotonically increasing function, we can obtain



2
b
T
2
∆Rk,b ≤ E log2 δk,b + ũk,b Hk,b ṽk,b






(5.21)
2
Ik,b
b
T
2
+ E log2 1 + δ2
−E log2 δk,b + uk,b Hk,b vk,b
k,b

2
b
2
T
b
Note E[log2 (1 + ||ũT
k,b Hk,b ṽk,b || )] = E[log2 (1 + ||uk,b Hk,b vk,b || )], based on the

Theorem 1 in [219]. Using the Jensens inequality, the upper bound of the data rate
loss of the user is

 
 2 
∆Rk,b ≤ E log2 1 + Ik,b δ 2 ≤ log2 1 + E [Ik,b ] δk,b

(5.22)

From (5.20)-(5.22), we can comprehend that one of the key effects on the data
rate loss is determined by the power of the interference leakage, such as IUI and ICI.
Therefore, the design of the precoder vk,b and receiving equalizer uk,b is important in
the multi-user multi-cell MIMO VLC systems. Hence, this thesis proposes the joint
precoder and equalizer design based on IA for ICI and IUI mitigation in multi-user
multi-cell MIMO VLC systems.

5.4.2

Convergence of the Proposed Design

For the optimization problem in (5.14), we can observe that the proposed design based
on IA aims to minimize the objective function in (5.14a) by using the iterative method to
update the precoder vk,b and receiving equalizer uk,b , k=1,· · ·,K, b=1,· · ·,B. Firstly, we
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minimize the objective function (5.14a) by fixing the set of the variables uk,b , k=1,···,K,
b=1,· · ·,B, so that the optimization problem in (5.14) reduces to a convex function of
the variables vk,b , k=1,· · ·,K, b=1,· · ·,B, which can be solved by using the CVX tool.
Then, by giving a set of the precoder variables vk,b , k=1,· · ·,K, b=1,· · ·,B, we obtain
the receiving equalizer variables uk,b ,k=1,· · ·,K, b=1,· · ·,B by minimizing the objective
function (5.14a). The objective function is nonnegative, and it is reduced by adjusting
the set of precoder and receiving equalizer variables at each iteration. As a result, the
convergence of the proposed design can be achieved [210-212].

5.4.3

Comparison with Existing Popular Designs

Generally, the MMSE design [46, 68] and the sum-rate maximization design [207] are
the two existing popular designs applied to improve the system performance in VLC
systems. However, the works in [46, 68] only investigated the system performance in
single-cell VLC systems without considering ICI mitigation or in multi-cell VLC systems
without considering IUI mitigation. Hence, when applying these two designs in multiuser multi-cell MIMO VLC system, the optimization problems can be expressed as
follows:
(i) The joint precoder and receiving equalizer design based on MMSE [46, 68] (denoted as the MMSE design):
h
i
2
min
||uT
y
−
s
||
k,b F
k,b k,b
Vk,b ,Uk,b ,∀k,∀b

(5.23)

s.t. kvn,b k1 ≤ min {pn,b − pmin , pmax − pn,b } , ∀n, ∀b
As the solution of the optimization problem in (5.23) is similar to that in [46, 68],
we do not give the details of the solution process.
(ii) The joint precoder and receiving equalizer design based on the sum-rate maxi-
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mization design [207] (denoted as the max-rate design):
max

Vk,b ,Uk,b,∀k,∀b

K
P

log (1 + γk,b )

k=1

(5.24)

s.t. γk,b ≥ γ̄k,b , ∀k
kvn,b k1 ≤ min {pn,b − pmin , pmax − pn,b } , ∀n, ∀b

Since the solution of the optimization problem in (5.24) is similar to that in [207],
we do not give the details of the solution process.
From the above two optimization problem formulations of the MMSE and maxrate designs, we can observe that these two designs still fail to consider both ICI and
IUI mitigations simultaneously in multi-user multi-cell VLC systems, resulting in the
transmission rate loss according to the rate loss analysis in Section IV.A. Hence, this
motivates us to propose the joint precoder and equalizer design based on IA in multiuser multi-cell MIMO VLC systems.

5.4.4

Computational Complexity Analysis

Here, we analyze the computational complexity of the proposed design and compare
it with the MMSE and max-rate designs. For our proposed design, in order to update
the receiving equalizer uk,b for the user (k, b), it requires the following computational
P
PK
2
b0
T
b0 T
operations: (i) computing B
b0 =1
m=1 Hk,b vm,b0 vm,b0 Hk,b in O(2BKNt Nr + BKNt ),
(ii) computing the inversion in O(Nr3 ), and (iii) the matrix multiplications of com0

muting Hbk,b vm,b0 in O(Nt Nr ). Then, the total computational complexity of updating the receiving equalizers uk,b , k=1,· · ·,K, b=1,· · ·,B for all users in all cells is
O(BK(2BKNt Nr + BKNt2 + Nt Nr + Nr3 )). In order to get the precoder vk,b , we
directly solve the transformed optimization problem (5.14) using the CVX software
package, and the complexity for the precoder calculation in the problem (5.14) is
O(B(Nt + Nr K)9/2 log(1/ζ)) [220], where ζ is the accuracy target. Then, the overall complexity of the proposed design is O(L(BK(BKNt Nr + BKNt2 + Nt Nr + Nr3 +
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Table 5.1: Simulation Parameters

B(Nt + Nr K)9/2 ·log(1/ζ))), where L denotes the number of the iterations until the convergence of the proposed design. When applying the MMSE design, the total complexity of this design is O(L(BK(BKNt Nr +BKNt2 +Nt Nr +Nr3 +B(Nt + Nr K)9/2 log(1/ζ))).
Through the above complexity analysis of the two existing designs, our proposed design
has the similar complexity as the MMSE design. It is necessary to note that the proposed design and the MMSE design have a higher computational complexity than that
of the max-rate design in multi-user multi-cell MIMO VLC systems, but they can provide a better performance than the max-rate design, and we will give the performance
analysis in the next section.

5.5

Numerical Results and Discussions

In this section, we evaluate the performance of our proposed joint precoder and equalizer
design and compare it with the MMSE design and the max-rate design. In order to
make the fair performance comparison, the channel estimation error is considered in
both the MMSE and max-rate designs.
The system parameters used in this thesis are listed in Table 5.1. The receiving
plane is 2.15 m below the room ceiling. For the channel estimation error, we use
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Figure 5.2: The SINR distribution (a) without any design, (b) with our proposed design,
(c) with the MMSE design and (d) with the max-rate design.
0

the normalized error standard deviation: σ = δe /(||vec(H̃bk,b )||1 /Nt Nr ) [46, 68]. The
spacing between two adjacent LED lamps in the same cell and the spacing between
two PDs of each user are denoted by Lt and Lr , respectively. The four LED lamps in
each cell are installed at the center of ceiling. Without loss of generality, the optical
power pn,b of each LED lamp is set to be identical as pn,b = p, ∀n, ∀b, and the limited
dynamic range of the optical power p per LED lamp can be varied from 4 to 22 W
(note: pmin =4 W, pmax =22 W) [221].
Fig. 5.2 shows the SINR distributions of one cell (i.e. a quarter of the room)
for different designs, where the spacing of LED lamps is Lt =0.7 m and the optical
power per LED lamp is 12 W. From Fig. 5.2, we can observe that the SINR values on
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Figure 5.3: Three cases of users’ locations for the four-cell VLC system.

the boundaries of adjacent cells are low, especially for the original SINR distribution
without any design in Fig. 5.2 (a). However, our proposed joint precoder and equalizer
design based on IA significantly outperforms other designs in terms of the average SINR
performance on the boundaries of adjacent cells, because our proposed design aims to
choose optimal precoders and receiving equalizers based on the IA technique, which
can effectively minimize the ICI. Therefore, our proposed design based on IA has the
advantage of the ICI suppression in multi-cell VLC systems.
In this subsection, we evaluate the performance with the three cases of the users
locations. Firstly, we give the following three cases of users’ locations when the spacing
of LED lamps and PDs are Lt =0.7 m and Lr =0.07 m, receptively. The three cases
of users locations are shown in Fig. 5.3. Here, we only give parameters with one
quadrant (i.e. Cell 1) of the indoor room in Table 5.2, due to the geometric symmetry
of the locations of four cells in the room. Case I: users locate in the totally overlapped
area, where they suffer ICI from other three adjacent cells. Case II: users locate in the
partially overlapped area, where they suffer ICI only from one adjacent cell. Case III:
users locate in the non-overlapped area, where they do not suffer ICI from adjacent
cells. All users in the above three cases receive IUI in its own cell.
Fig. 5.4 and Fig. 5.5 show the throughput and BER performance of the three
designs with the different optical power levels and three cases of users locations, when
the channel estimation error is σ = 0.025. We can see that all the three designs
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Table 5.2: Locations of the in the Cell 1 (Unit: m)

Figure 5.4: Average throughput per cell vs. optical power per LED lamp.

enhance the system performance as the optical power increases when p is less than
pave =(pmin +pmax )/2=16 W, but the performance degrades when p exceeds pave . This is
because the constraint in (5.14d) determines the available set of precoding matrix. The
feasible range of precoding matrix becomes large as p increases when p ≤ pave , hence
a better solution can be obtained in the system with this broader range of precoding
matrix. In contrast, the feasible range of the precoding matrix becomes limited with
the increase of p when p ≥ pave , which degrades the system performance under this
situation.
From Fig. 5.4 and Fig. 5.5, we can observe that the performance of the Case III is
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Figure 5.5: Average BER performance vs. optical power per LED lamp.

better than that of the Cases I and II. This is because that the users in last two cases
suffer ICI from adjacent cells, which degrades the system performance, especially the
users in Case I suffer serious ICI due to their locations in the totally overlapped area.
From Fig. 5.4 and Fig. 5.5, our proposed design achieves much higher throughput and better BER performance than other two designs. Especially, the advantage
becomes more significant in the high optical power region (from 8 to 22 W). This is
because the interference is one of the key factors on the data rate loss as the background
noise is no longer dominant. Our proposed joint precoder and equalizer design based
on IA mitigates both IUI and ICI effectively, and hence the performance is improved
compared with other two designs. As shown in Fig. 5.4, when the optical power is
12 W per LED lamp, our proposed design achieves a throughput improvement of up
to 18.2% and 28.7% compared with the MMSE design and the max-rate design under
Case I, respectively. As shown in Fig. 5.5, our proposed design can save about 1.4 and
4.3 W transmit optical power per LED lamp as compared with the MMSE design and
the max-rate design at a target BER of 10−3 under Case I, respectively.
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Figure 5.6: Performance comparisons vs. the different numbers of users per cell.

Figs. 5.6 (a) and (b) show the average throughput per cell and average BER
performance under different numbers of users per cell when the optical power per
LED is p= 12W and the channel estimation error is σ = 0.025. (Note: We run the
simulation 500 times with random user locations and obtain the average statistics). We
can observe that both the average throughput per cell and the average BER increase
with the increased number of users per cell. When there are more users within a cell, the
inter-user interference becomes higher, which has a negative effect on the throughput
improvement and the BER performance. That is why the throughput improvement is
not obviously when the number of users is large in VLC systems. However, compared
with the other designs, the proposed design based on IA has the better performance
by effectively suppressing both the IUI and ICI. Moreover, the gap of the performances
obtained by the proposed design and the other two designs becomes larger with the
increased number of users, which indicates that the proposed design is more suitable
for VLC systems with a large number of users.
In Figs. 5.7 (a) and (b), we show the throughput and BER performance for all the
three designs under different levels of channel estimation error (we take the Case I as an
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Figure 5.7: Performance comparisons against the channel estimation error.

example), when the optical power per LED is p= 12 W, and the spacing of LED lamps
and spacing of PDs are Lt =0.7 m and Lr =0.07 m, respectively. It can be observed that
the performance of all three approaches degrades as the increase of channel estimation
error value. This is because under a relatively high channel estimation error value, the
optimal design of precoders and receiving equalizers is unable to cancel IUI and ICI
perfectly, and hence the degradation of the system performance at the high channel
estimation error value becomes obviously. However, among the three designs, the maxrate design is most sensitive to the channel estimation error, while our proposed design
based on IA achieves the better performance than other two designs over all the channel
estimation error values.
Figs. 5.8 (a) and (b) depict the throughput and BER performance for all the
three designs with different LED/PD spacing (Lt , Lr ) in cm (we take the Case I as an
example), when the optical power per LED lamp is p= 12W and the channel estimation
error is σ = 0.025. We can see that a smaller LED/PD spacing results in a considerable
throughput reduction. This is because the smaller LED/PD spacing leads to a higher
channel correlation in the MIMO VLC system, resulting in the noise enhancement at
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Figure 5.8: Performance comparisons vs. the spacing of LEDs/PDs.

the receivers. However, our proposed design still achieves the best throughput and
BER performance among the three designs.
In short, our proposed design achieves the better throughput and BER performance
than the other two designs under the different channel estimation error and small
LED/PD spacing in multi-user multi-cell MIMO VLC systems.
Fig. 5.9 presents the performance convergence of the achievable throughput per
cell for the three designs when the transmit optical power is 12 W per LED lamp, the
channel estimation error is σ = 0.025 as well as the spacing of LEDs/PDs are Lt =0.7 m
and Lr =0.07 m. We can see that the proposed design has almost the same convergence
rate as the other two designs, and the throughput converges after about 22 iterations.
Moreover, the proposed design achieves the higher throughput than other two designs.
In addition, for the real length of the execution for the proposed solution to obtain a
final result, the three solutions need about 0.63 second to achieve the convergence point
conducted in the Matlab 2016a environment on a PC with Intel(R) Core (TM) i7-6700
CPU @ 3.40 GHz, 16 RAM, and the operating system is Windows 10 Ultimate 64 bits.
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Figure 5.9: Convergence for the three designs.

5.6

Conclusion

In this chapter, I propose a novel joint precoder and receiving equalizer design based
on IA for multi-user multi-cell MIMO VLC systems under imperfect CSI, in order to
effectively mitigate both IUI and ICI. Specifically, we formulate the joint optimization
problem by minimizing the system MSE under the unique optical power constraints in
VLC. Furthermore, we take into account the channel estimation error in our formulated
optimization problem when designing the optimal precoders and receiving equalizers in
multi-user multi-cell MIMO VLC systems. Numerical results show that the proposed
design achieves a better system capacity and BER performance as compared with
the MMSE and max-rate designs. When the optical power is 12 W per LED lamp,
our proposed scheme achieves a throughput improvement of up to 18.2% and 28.7%
as compared with the MMSE and max-rate designs, respectively. In addition, the
proposed design saves about 1.4 and 4.3 W optical power per LED lamp as compared
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with the MMSE and max-rate designs, respectively, at a targeted BER of 10−3 .
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Chapter 6

Energy-Efficient Resource
Management by Heterogeneous
RF/VLC for IoT Networks
6.1

Introduction

With the various application services of devices (e.g. mobile phones, monitors, and
sensors) in wireless networks, Internet of Things (IoT) has been emerging as a promising vision for the next generation networks through realizing the smart manufacturing,
smart grid, and smart city [222, 223]. In order to overcome the shortcoming of the
limited bandwidths in RF band and provide high-speed transmission rate for indoor
devices, many studies [224, 225] have reported VLC for indoor IoT networks to offer the
high data transmission rates and guarantee different QoS requirements of IoT devices.
In [224], a VLC-based IoT architecture was presented for indoor and outdoor deployments of VLC systems. Considering that there exist energy-constrained IoT devices,
the literatures [225] and [226] proposed the light energy harvesting models to support
both the communication services and energy harvesting purposes.
However, VLC still remains some key challenges, e.g., strong dependence on LoS
links and small coverage [7, 21]. To overcome the limitations, researchers presented
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hybrid or heterogeneous RF/VLC networks with high reliable properties [70, 152, 227223], where RF is capable of offering reliable connectivity with the wide-area coverage
and VLC can provide the high transmission data rate. In hybrid RF and VLC networks, load balancing technology has been proposed to optimize the network association
with considering devices’ QoS requirements, where the literatures [70, 152, 227, 228]
studied the vertical handover between VLC and RF communications, while Li et al.
[229] investigated several cooperative formations of VLC cells to improve the network
throughput. In such a network, due to the specific statistical delay constraints of devices, the resource allocation under delay-guarantee constraints was considered into the
optimization problem [230, 231]. In addition, the authors in [73, 232, 233] proposed
RF/VLC access point selection approaches to ensure users’ QoS requirements in heterogeneous networks, especially, the reinforcement learning (RL) tool is applied to solve
the decision making problem in heterogeneous RF/VLC networks [232, 233].
Besides the sum data rate improvement and the network latency decrease, the EE
maximization in heterogeneous RF/VLC networks have been investigated recently [72,
74, 158, 234], which is an important performance metric in wireless communications.
The authors in [72] and [74] proposed energy-efficient subchannel and power allocation
approaches to maximize EE under the minimum data rate requirements of users in hybrid or heterogeneous RF/VLC networks, while Khreishah et al. [158] focused on the
power consumption minimization and the acceptable illumination level maintenance. In
addition, a coordinated beamforming approach was proposed to maximize the network
EE with considering QoS constraints in downlink heterogeneous RF/VLC networks
[234]. The above reported works have the ability to improve the communication performance, but the practical indoor environments may have different QoS requirements,
such as IoT devices may need high transmission data rates while industrial IoT devices (industrial purpose, sensors, machines, robots etc.) generally have strict latency
and reliability requirements [235]. For instance, industrial automation may require
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end-to-end latencies in the range of 1-5 ms with the transmission reliability of 99.999
% or higher [235, 236].These networks will be highly complex and heterogeneous under different QoS requirements. In addition, the joint uplink and downlink resource
management has not been investigated before in heterogeneous RF/VLC networks.
Motivated by the above observations, this chapter presents an energy-efficient resource management based on the heterogeneous RF/VLC architecture for industrial
networks to guarantee the diverse requirements (high reliability, low latency and high
data rate) of IIoT and IoT devices [237, 238]. In the network, RF is capable of offering
the reliable connectivity and VLC has the ability to provide high transmission data
rate. A joint uplink and downlink resource management (network selection, subchannel assignment and power management) approach is proposed to satisfy different QoS
requirements, and the energy-efficient resource management problem is modelled as
a RL framework, thus the network is capable of intelligently making decisions based
on the instantaneous observations. In order to enable the IoT network with high intelligence, a new deep post-decision state (PDS) based experience replay and transfer
(PDS-ERT) RL algorithm is proposed to realize intelligent resource management, with
the purpose of maximizing the network EE while ensuring the minimum data rate
constraints and the strict URLLC requirements. Simulation results corroborate the
superiority in performance of the presented heterogeneous network, and verify that the
proposed PDS-ERT learning algorithm outperforms other existing algorithms in terms
of meeting the EE and the QoS requirements.
The rest of this chapter is organized as follows. The heterogeneous RF/VLC network architecture is presented in Section 6.2. Section 6.3 formulates the energy-efficient
resource management problem. The proposed deep PDS-ERT learning algorithm is provided in Section 6.4. Simulation results are presented in Section 6.5 and Section 6.6
concludes the chapter. The content of this chapter is related to the author’s work
provided in [237, 238].
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Figure 6.1: The indoor heterogeneous RF/VLC IoT network.

6.2
6.2.1

System Model
Heterogeneous RF/VLC IoT Network Architecture

The IoT network may consist of a large number IoT devices (computers, smartphones,
tablets etc.) and IIoT devices (sensors, machines, actuators, robots etc.), as shown
in Fig. 6.1, resulting in different QoS requirements of communication services, such
as ranging from high reliability and low latency to high data rates. Conventional RF
networks may fail to support the large number of devices with different QoS requirements due to the limited RF spectrum and energy resources. To address these issues,
we present a new heterogeneous RF/VLC network structure to support different QoS
requirements in IoT networks.
First of all, we divide the IIoT and IoT devices into two groups based on their
different QoS requirements:
Group 1: the URLLC services of the devices (generally are IIoT devices) have specific requirements on low latency and high reliability but have much looser constraints
on the high date rate. For example, each sensor reports a small amount of collected
data to the central controller (uplink) or the central controller sends the low bit rate
information to each actuator(downlink) within the strict latency requirements.
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Group 2: the normal services of the devices (commonly are IoT devices) have
the high data rate requirements but are less interested in the latency and reliability
requirements, such as the high quality image, video and webpage.
We set that the devices in the group 1 are with the higher priority to access the
channel resource to guarantee the high reliability and low latency requirements, while
the devices in the group 2 are with the lower priority to access channel resource.
A heterogeneous RF/VLC IoT network architecture is presented to support the
above mentioned different services, as shown in Fig. 6.1, where a number of VLC APs
(refer to femtocells) are uniformly attached on the room ceiling and one RF AP (refers
to microcell) is placed in the center. Each VLC AP contains one LED lamp based luminaries devices offering both lighting requirements and communications services, and
every VLC AP covers a confined area to generate a small optical cell. By contrast, the
RF AP provides the coverage for the entire room. Both the VLC and RF APs connect
the Internet to perform the communication services, where VLC APs broadcast information to devices through visible light signals and the RF AP provides communication
services by the RF signals. Considering the unpractical components and challenges of
the wireless VLC uplink [147, 149. 239], VLC only offers the downlink data streams
while RF provides both the uplink and downlink data streams. We would like to mentioned that due to human activities and device mobility, the VLC LoS communication
link may be intermittently interrupted or blocked of a number for time slots, called
blocked LoS VLC links, and the blocked VLC links may not support general communication services [147, 149]. Under this heterogeneous network, RF is capable of offering
wide-area coverage and VLC has the ability to provide high transmission data rate
due to the abundant bandwidth resources across multiple optimal cells. Motivated by
the above analysis, the RF AP mainly provides the URLLC services of the devices in
group 1 due to its wide-area coverage, while VLC APs mainly support the normal
services of the devices in group 2 due to its offering high transmission data rate.
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In addition, the IoT device’s priority depends on its QoS requirements or application services, when the IoT device changes its application services, it will report this
information to the central controller in the IoT network by the RF uplink, and hence
the IoT device will be assigned to the channel resource based on its current priority.
For example, one device in group 2 with the normal service currently applies the
URLLC services with the low latency and high reliability, it will report this information to the central controller and then it will be classified into group 1 with the higher
priority to access the channel resource to guarantee the high reliability and low latency
requirements.
In the IoT network, a number of IIoT and IoT devices are randomly distributed
on the floor, where the device (mainly IIoT device) requiring the URLLC service is
equipped one RF enabled transceiver, and the device (mainly IoT device) needing the
uplink/downlink data rate is equipped with one VLC receiver (called PD) and one RF
enabled transceiver. The network selection (RF or VLC) decision-making problem can
be formulated as a MDP with the goal of maximizing the reward function, and solved
with the proposed RL algorithm, which will be provided in Section 5.3 and Section 5.4.
The number of VLC APs, devices, subchannels per VLC AP and subchannels per
RF AP are denoted by C, K, N VLC and N RF , respectively. The set of VLC APs
and devices are denoted as C = {1, . . . , C} and K = {1, . . . , K}, respectively. Let
NVLC = {1, . . . , N VLC } and NRF = {1, . . . , N RF } represent the subchannel sets of per
VLC AP and RF AP, respectively, where the subchannels for VLC are reused across
all optical cells. The network employs OFDMA to serve devices.

6.2.2

VLC Channel Model

In VLC networks, the VLC LoS links can support the successful communication services
while the blocked LoS VLC links cannot provide the high transmission data rate services
[147, 149]. For the VLC link, the LOS channel gain from one AP to one device is
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expressed as
hVLC =

(ϑ + 1)Ar

cos
2π(dVLC )2

ϑ

(φ)Ts (ψ)g(ψ)cosψ

(6.1)

where Ar is the active area of the PD. dVLC and ψ denote the distance and the angle of incidence between the LED and the device, respectively. φ is the angle of irradiance from the LED to the device. ϑ is the order of Lambertian emission with

ϑ = −ln 2 (ln cos φ1/2 ) with φ1/2 being the LED’s semi-angle at half power. Ts (ψ) and
g(ψ) are the gain of the optical filter and the optical concentrator gain at the PD, re
spectively. g(ψ) can be expressed as: g(ψ) = η sin2 ψc when 0 ≤ ψ ≤ ψc , and g(ψ) = 0
if ψc < ψ, where ψc and η are the semi-angle FOV of the PD and the refractive index,
respectively.
As shown in Fig. 6.1, due to the multiple VLC APs deployment, the devices locate
in the overlapped areas may suffer ICI from adjacent cells. If the k-th device (k ∈ K)
is assigned to VLC AP c ∈ C on the n-th subchannel (n ∈ NVLC ), the received SINR
of the device is expressed as [72, 232, 233]
2

VLC
γk,n

=

VLC (hVLC )
µ2 Pn,c
k,n,c

µ2

VLC VLC 2
c0 ∈C Pn,c0 (hk,n,c0 )

P

VLC
+ N0VLC Bsub

(6.2)

VLC indicates the allocated transmit electrical power
where µ is the PD’s responsivity, Pn,c

on the n-th subchannel of the c-th VLC AP, hVLC
k,n,c is the VLC channel gain from
the c-th VLC AP to device k on the n-th subchannel, N0VLC represents the power
VLC is the subchannel bandwidth B VLC =
spectral density (PSD) of noise at the PD, Bsub
sub

B VLC /N VLC with B VLC being the VLC transmission bandwidth.
Hence, the data rate of k-th device associated by VLC AP c can be expressed as
X
VLC
Bsub
VLC
RkVLC =
ρVLC
k,n,c 2 log2 (1 + γk,n,c )
(6.3)
n∈NVLC
VLC
VLC
where ρVLC
k,n,c is a binary variable, ρk,n,c ∈ {0, 1}, ρk,n,c =1 represents that the k-th device

assigns the n-th subchannel of VLC AP c ; otherwise, ρVLC
k,n,c =0. The scaling factor 1/2
is due to the Hermitian symmetry [184, 197].
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6.2.3

RF Channel Model

Each indoor room deploys one RF AP to be acted as one cell. The device may receive
the ICI from adjacent rooms, when the device locates in the overlapped areas. In the
RF network, the channel gain captures both the path loss and the channel fading, which
is typically given by [240]
RF
gk,n
= 10−P Lk [dB]/10

(6.4)

where P Lk [dB] is the RF path loss of the k-th device in dB, which is expressed as [240]

P Lk [dB] = Alog10 (dRF
k ) + B + Elog10 (fc /5) + X

(6.5)

where dRF
k is the distance from the RF AP to the k-th device and fc denotes the carrier
frequency in GHz. A, B and E are constants depending on the propagation model.
For the LOS propagation, A=18.7, B= 46.8 and E = 20. For NLOS scenario, we have
A= 36.8, B= 43.8 and E= 20. X indicates the wall penetration loss in the NLOS
scenario, we set X = 5(Nwall − 1) for thin walls or obstacles, where Nwall is the number
of obstacles between the RF AP and the device.
Let M denote the number of the adjacent indoor rooms (or adjacent cells) and let
m denote the m-th adjacent indoor room. For downlink, if the k-th device is assigned
to the RF AP on the n-th subchannel (n ∈ NRF ), the received SINR of the device is
given by

RF,D
γk,n

= PM

RF
PnRF,D gk,n

RF,D RF
m=1 Pn,m gk,n,m

RF
+ N0RF Bsub

(6.6)

RF,D
where PnRF,D and Pn,m
are the allocated transmit power on the n-th subchannel of
RF
the corresponding RF AP and the m-th adjacent RF AP, respectively. gk,n,m
is the

RF interference channel gain from the RF AP in the m-th adjacent RF cell to the
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RF is the subchannel
k-th device. N0RF represents the PSD of noise at the receiver, Bsub
RF = B RF /N RF with B RF being the RF AP bandwidth.
bandwidth Bsub

For uplink, the received SINR at the RF AP from the k-th device on the n-th
subchannel is

RF,U
γk,n
= PM

RF,U RF
Pk,n
gk,n

RF,U RF
m=1 Pk0 ,n,m gk0 ,n,m

RF
+ N0RF Bsub

(6.7)

RF,U
where Pk,n
and PkRF,U
0 ,n,m are the transmit power of the k-th device on subchannel n in

its associated cell and the the k’-th device on subchannel n in the m-th adjacent RF
cell, respectively. gkRF
0 ,n,m is the RF interference channel gain from the k’-th device in
the m-th adjacent RF cell to the current RF AP.
Hence, the achievable data rates of downlink and uplink are defined as
RkRF,D =

X

RF,D
RF,D RF
)
Bsub log2 (1 + γk,n
ρk,n

(6.8)

RF,U
RF,U RF
)
Bsub log2 (1 + γk,n
ρk,n

(6.9)

n∈NRF

RkRF,U =

X
n∈NRF

respectively, where ρRF,D
and ρRF,U
are the channel assignment indicators, and they
k,n
k,n
are binary values of “1” or “0”.

6.3

Network Requirements and Problem Formulation

In this section, we formulate the energy-efficient resource management problem (joint
network selection, subchannel assignment and power management) in the heterogeneous RF/VLC IoT network with the objective of maximizing the network EE while
guaranteeing the QoS requirements of IIoT or IoT devices. We take these practical
requirements into account as constraints in the mathematical way, and the decision
making problem is modelled as a MDP [232, 233, 241].
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6.3.1

Requirements of IIoT and IoT Devices

1) URLLC requirements: The real-time industrial control applications (URLLC services) have strict latency and transmission reliability requirements, but they are not
interested in the high data rate. This subsection investigates how to model the URLLC
requirements in a mathematical way.
For URLLC services, we assume that the k-th IIoT device or transmitter follows
the independent and identically distributed Poisson distribution with the packet arrival
rate λ and the data packet size Lpacket in bytes [242]. Generally, the total latency (Tl )
of one packet consists of the waiting time of the packet to be served in the queue (Tw ),
the transmission time (Tt ), the channel access delay (Ta ), the backhaul delay (Tb ), the
packet reception delay (Tr ) and the processing delay (Tp ), which can be expressed as
[243]

Tl = Tw + Tt + Ta + Tb + Tr + Tp

(6.10)

In (6.10), the transmission time of one packet is calculated by Tt = Lpacket /Rd ,
where Rd is the achievable link data rate.
Due to the latency requirement, each packet in URLLC should be successfully
transmitted in a limited time duration. Let Tmax denote the maximum tolerable latency
threshold of each transmission packet, the latency constraint can be guaranteed by
controlling the probability of Tl exceeding the threshold value Tmax , which can be
expressed as
pLat = Pr {Tl ≥ Tmax } ≤ pLat
max

(6.11)

where pLat
max denotes the maximum violation probability.
In this thesis, the outage probability is used to characterize the reliability requirement and it can be defined as the probability that the received SINR (γk,n ) at the
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tar . Then, the requirement on the reliabilreceiver is lower than the target threshold γk,n
tar }. And the outage
ity is satisfied by controlling the outage probability, Pr {γk,n < γk,n

probability cannot beyond the violation probability pRel
max , which can be given by

tar
Rel
pRel
m = Pr γk,n < γk,n ≤ pmax

(6.12)

2) Minimum data rate requirements: As illustrated above, for the normal services,
some IIoT devices and IoT devices may require the high data rates, though the latency is
of less significance. Hence, the minimum data rate requirements of these devices should
be considered in resource management. Let Rk denote the k-th device’ current data
rate, the minimum data rate requirement can be satisfied by controlling the probability
of the unsatisfied normal service (pNor
k ), where Rk fails to achieve its minimum data
rate threshold Rkmin , which can be given by
= Pr{Rk < Rkmin } ≤ pNor
pNor
max
k

(6.13)

where pNor
max denotes the maximum violation probability.

6.3.2

Problem Formulation

The total achievable data rate and the total power consumption can be calculated as
R=

XX

VLC
αk,c Rk,c
+

k∈K c∈C

(

X

βk RkRF,D +

k∈K

VLC
RF
P = CPfix
+ Pfix
+

X

X

XX X

X

βk RkRF,U

VLC
αk,c ρVLC
k,n,c Pn,c

k∈K c∈C n∈NVLC
RF,U
+ ρRF,U
k,n Pk,n )

RF,D RF,D
(ρk,n
Pn

(6.14)

k∈K

(6.15)
+ Pcir )

k∈K n∈NRF

respectively, where αk,l and βk denote the association between a device and a VLC AP
or a RF AP, respectively, both having binary values of “1” or “0” to indicate that there
RF and P VLC denote the fixed
exists a selection or no selection exists. In addition, Pfix
fix

power consumption of the RF AP and each VLC AP, respectively, resulting from the AP
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hardware power consumption (circuit operation, data processing, backhaul connection,
VLC also includes the optical power using for illumination. P
etc.). Note that Pfix
cir is the

circuit power consumption of one device.
Our goal is to maximize the network EE (EE is defined as the radio of the overall
data rate and the total power consumption: ηEE = R/P) while guaranteeing the
mentioned QoS requirements of devices in Section 6.3.1. This chapter presents a utility
function (also called reward function) in the heterogeneous integrate RF/VLC IoT
network, which can be expressed as
r = ηEE − ω1

X

pLat
k − ω2

k∈K

X

pRel
k − ω3 (

k∈K

X

pNor
k )

(6.16)

k∈K

where the part 1 is the network benefit (the overall EE in Kbit/J), the part 2, part 3 and
part 4 are the cost functions in terms of the unsatisfied latency, unsatisfied reliability
and unsatisfied minimum data rate requirements, respectively. The coefficient ωi , i ∈
{1, 2, 3} are the weights of the last three parts, which are used to balance the benefit
and the cost.
Similar to the works [232, 233, 241], this work adopts MDP to model the intelligent
resource management decision making in indoor IoT neworks. Generally, MDP can be
defined as a tuple (S, A, P, r, ξ), where the main elements of the MDP can be defined
as:
Agents: The RF AP, VLC APs and active devices.
State space S: In the heterogeneous IoT network, the network state can be defined
as the subchannel occupy status (idle or busy), the channel quality (SINR value), the
service application types (normal services (low priority) and URLLC services (high
priority)), service satisfaction (reliability, latency and minimum data rate).
Action space A: In each time slot, the agent will take the action a ∈ A according
to the current state s, where the action includes the VLC or RF AP selection, the
subchannel assignment and the transmit power management.
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Transition probability P: The transition probability P(s0 |s, a) captures the probability that the agent takes the action a ∈ A from the state s ∈ S to a new state s0 ∈ S.
Reward r: After taking one action, the agent will obtain an immediate reward
r from the environment where the learning process is driven by the reward. We have
built the reward function shown in (6.16), which decides that the policy that the agent
finds. ξ ∈ [0, 1) is a discount factor.
Policy: The policy is a function that can be deterministic or stochastic, which
decides the the action selection with the given state. Let π(s) denotes a policy: π(s) :
S → A, which is a mapping from the state space S to the action space A.
In heterogeneous IoT network, each agent tries to search the policy π(s) to improve
its immediate reward r. Let V π (s) denotes the value function, which is also a cumulative
discounted reward, and it can be calculated by

∞
P t
γ r(st , at )|s0 = s
V (s) = Eπ
t=1

R
= Eπ r(s, at ) + ξ s0 ∈S (s0 |s, a)V (s0 )ds0

(6.17)

The optimal strategy π ∗ (s) can be achieved by satisfying the Bellman equation:
V ∗ (s) = max V (s) [241]. Once the optimal strategy π ∗ (s) is achieved by maximiza∈A

ing the cumulative reward from the beginning, it implements the intelligent resource
management in heterogeneous IoT networks.
Q-learning is a well-known RL algorithm for policy learning in wireless networks.
Let Q(s, a) denote the Q-function of the state-action pair (s, a), which is also the
expected utility. The value function V (s) is the maximum Q-function over the feasible
actions at the sate s. The Q-function can be updated at the end of each time stage,
which is
Qt+1 (st , at ) = (1 − αt )Qt (st , at ) + αt [r(st , at ) + ξVt (st+1 )]

(6.18)

where αt ∈ (0, 1] is a time-varying learning rate. When the learning rate αt admits
P∞
P∞ 2
t=1 αt = ∞ and
t=1 αt < ∞, then the Q-function Qt (s, a) will converge to the

147

6.4 Proposed Deep PDS-ERT-based Intelligent Resource Management

Figure 6.2: Deep PDS-ERT learning based intelligent resource management.

optimal value Q∗ (s, a) by Vt (st ) = max Qt (st , at ) [241].
a∈A

6.4

Proposed Deep PDS-ERT-based Intelligent Resource
Management

As illustrated in the above section, the policy can be numerically learned by adopting the Q-learning, policy gradient schemes and DQN algorithms [241]. However, Qlearning cannot deal with continuous state-action spaces and the policy gradient may
converge to the local optimal position. Although DQN has the ability to handle the
continuous control problem under high-dimensional sensory inputs, its nonlinear function approximator is known to be unstable or even to diverge. Moreover, it also needs
a large number training samples to guarantee the training efficiency, all the above
mentioned factors may limit the application in URLLC IoT IoT networks.
To overcome the above problems, we propose a deep PDS-ERT learning algorithm,
as shown in Fig. 6.2, to accelerate the learning rate, enhance the learning efficiency and
ensure the learning stability towards the optimal policy for the resource management in
the heterogeneous IoT network. In details, the agent can utilize the learned strategies
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from the historical experience and the other agents, and integrate the PDS-learning
principle into the conventional DRL to learn the unknown dynamics. The main procedures of the proposed PDS-ERT learning based intelligent resource management are
presented in the following subsections.

6.4.1

Experience Replay and Transfer

In RL, the policy strategy π(s, a) determines the resource management strategy in
heterogeneous IoT networks. In order to improve the learning efficiency, a modified
experience replay and transfer mechanism is presented for policy learning by utilizing
the historical knowledge or using the learned knowledge from other agents.
1) Policy strategy selection: One of the important processes of the experience replay and transfer mechanism is that how to find the most useful learned policy strategy
(e.g., network selection, subchannel assignment and power management) from the historical knowledge, or search one agent as the expert agent to utilize the learned policy
strategy from the expert. Instead of blindly searching the expert agent or the historical
experience [233], the agent calculates the similarity level between the current agent and
other active agents (or the historical knowledge) by evaluating the following three metrics: (1) service information, which refers to URLLC services and the normal services;
(2) the device information, which includes the device position and mobility behavior;
(3) the channel information, which contains the channel SINR values and assignment
indicators, etc.
The mentioned similarity can be calculated by applying the Bregman Ball method
[241], where Bregman Ball is acted as the minimum manifold with a central Zcen , and
a radius Rrad . Any information point Zpoi is inside this ball, and the agent searches
the information point which has the most strong similarity with Zcen . The distance
between any information point and the central Zcen is expressed as [244]
B(Zcen , Rrad ) = {Zpoi ∈ Z : D(Zpoi , Zcen ) ≤ Rrad }
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where D(a, b) is the Bregman divergence [244], which is also the manifold distance
between two data points. Once the highest similarity value between the learning agent
and the expert agent or historical information is achieved, the learning agent can utilize
the policy strategy.
2) Overall action strategy: As analyzed above, after finding the most suitable historical policy or transferred policy strategy by adopting the experience replay and transfer
mechanism [40], the agent utilizes the learned action strategy aert and its current native
action ana to generate an overall action. Accordingly, at the state s, the overall action
can be selected by
aov = ςaert + (1 − ς)ana

(6.20)

where ς ∈ [0, 1] denotes the transfer rate, which will be reduced after every learning
step to gradually remove the effect of the historical or transferred policy information
on the new policy.
3) Experience collection: In order to avoid storing the unreliable experience, after
interacting with the environment, the learned experience et = (st , at , rt , st+1 ) with the
best reward is recorded in the relay memory. If the capacity of the relay is full, the
relay memory will make room for the new collected experience by the following two
steps.
i) Experience combination: We combine some historical experience data into one
data point if they have similar functions by using the the Bregman Ball concept [39].
ii) Experience deletion: If the capacity of the memory is full and the new collected
experience needs to be stored in the memory, the least used historical experience is
deleted from the memory. Because the least used experience have tiny contribution to
the learning process.
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6.4.2

Deep PDS-ERT Learning based Resource Management

In this subsection, deep PDS-ERT is developed by incorporating the experience replay
and transfer mechanism into the deep PDS-learning algorithm. In particular, instead of
directly using the selected native action strategy ana
t to update the Q-function Q(st ),
the historical or transferred action strategy aert
can be utilized to exploit the extra
t
information to improve learning speed and efficiency. Similar to the classical PDS
[242], PDS-ERT can be described as the immediate network state that is achieved after
the known information occurs, but before the unknown information takes place.
After achieving the corresponding overall action aov
t by (6.20), each deep PDS-ERT
learning agent obtains an immediate known reward rk (st , aov
t ) and then the state st
transits to the post-decision sate ŝt (ŝt ∈ Ŝ with Ŝ being the set of PDS-ERT) with a
known transition probability Pk (ŝt |st , aov
t ). Afterward, PDS-ERT transits the current
state ŝt to the next state st+1 with an unknown transition probability Pu (st+1 |ŝt , aov
t )
and an unknown reward ru (ŝt , aov
t ) is feedback to the agent. Mathematically, the transition probability from the current state st to the next state st+1 with PDS-ERT admits

P(st+1 |st , aov
t )

Z
=
ŝ∈Ŝ

ov
Pu (st+1 |ŝt , aov
t )Pk (ŝt |st , at )dŝ

(6.21)

The reward consists of the known and unknown rewards at ŝt and st+1 ,
r(st , aov
t )

=

rk (st , aov
t )

Z
+
ŝ∈Ŝ

ov
Pk (ŝt |st , aov
t )ru (ŝt , at )dŝ

(6.22)

Then, the PDS-ERT quality Q-function with the PDS-ERT state-action pair (ŝt , aov
t )
and the general Q-function can be expressed as, respectively
Q̂t (ŝt , aov
t )

=

Qt (st , aov
t )

ru (ŝt , aov
t )

=

Z
+

rk (ŝt , aov
t )

st+1 ∈S

Z
+
ŝ∈Ŝ
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Pu (st+1 |ŝt , aov
t )Vt (st+1 )ds

ov
Pk (ŝt |st , aov
t )Q̂t (ŝt , at )dŝ

(6.23)

(6.24)
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ov
After obtaining the sample (st , at , rk (ŝt , aov
t ), ŝt , ru (ŝt , at ), st+1 ), the PDS-ERT

quality value function is updated
ov
ov
Q̂t+1 (ŝt , aov
t ) = (1 − αt )Q̂t (ŝt , at ) + αt [ru (ŝt , at ) + ξVt (st+1 )]

(6.25)

After obtaining Q̂t+1 in (6.25), Qt+1 can be updated in (6.24) by replacing Q̂t by
Q̂t+1 .
According to the above presented PDS-ERT, the deep PDS-ERT learning algorithm is presented to solve the intelligent resource management problem. As shown
in Fig. 6.2, in the proposed deep PDS-ERT learning algorithm, at each time stage,
after updating Eq. (6.23) and (6.24) on the overall action aov
t and the observed sample
(st , at , r(st , at ), st+1 ) by PDS-ERT, the classical DQN is applied to approximate the
ov
Q-function Q(st , aov
t , θt ) of Q(st , at ) through minimizing the following loss function at

each time stage
2
ov
ov
Lt (θt ) = {r(st , aov
t ) + ξ max Qt (st+1 , at+1 , θt ) − Qt (st , at , θt )}
a∈A

(6.26)

One key feature of using DQN is to sample the loss functions in (6.26) at each
iteration to reduce the computational cost for the large-scale-state learning problems
[241, 244]. The procedures to implement DQN can be found in [241, 244].
The DQN parameters θ can be achieved by applying the gradient descent method,
which is given by
θt+1 = θt + βθt ∇Losst (θt )

(6.27)

where βθt is the learning rate of the DQN parameters θt .
After that, each agent (RF AP, VLC AP and device) will take the action based on
the selected policy strategy π(st , θt ), which can be achieved by
π(st , θt ) = arg max {Qt (st , aov
t , θt )}
a∈A
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Theorem 1: The proposed PDS-ERT learning converges to the optimal point of the
P
P∞ 2
MDP when the learning rate αt admits ∞
t=1 αt = ∞ and
t=1 αt < ∞.
Proof: If each action is executed under an infinite number of iterations, in other
words, the learning policy is greedy with the infinite explorations, the function Q(s, a)
and the policy strategy π(s, a) will gradually converge to the final points, respectively,
with a probability of 1 [241, 242]. Due to space limitations, please see [232, 245] for
the full proof.
As most DRL algorithms, my proposed deep PDS-ERT learning based resource
management consists of two stages, the training stage and implement stage [241], [244]
and [245]. The training process of the proposed allocation is shown in Algorithm 1.
We denote the sets of the historical state space and action space in the memory as S0
and A0 , respectively, and denote the current state space and action space as S and A,
respectively.
For the training stage, it needs a large number of the collected data to train the
learning model. In DNN, let L, Z0 and Zl denote the training layers, the size of
the input layer (which is proportional to the number of states) and the number of
neurons in the l-th layer. The computational complexity in each time step for the
P
epi
agent is O(Z0 Zl + L−1
l=1 Zl Zl+1 ). In the training phase, each mini-batch has Z
episodes with each episode being T time steps, each trained model is completed over
I iterations until convergence. Hence, the total computational complexity in DNN is


P
O IZ epi T (Z0 Zl + L−1
Z
Z
)
l l+1 . The high computational complexity of the DNN
l=1
training phase can be performed offline for a finite number of episodes at a centralized
powerful unit (such as the central controller) [241], [245].
In ERT, since the relay buffer size is D, the system requires to make both updating and sampling O (log2 (D)) operations, so the computation complexity of the ERT
scheme is O (log2 (D)).
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According the above analysis, the complexity of the DQN algorithm and the deep


P
2 × |A|) and
PDS-ERT learning algorithm are O IZ epi T (Z0 Zl + L−1
Z
Z
)+|S|
l l+1
l=1


P
L−1
O IZ epi T (Z0 Zl + l=1 Zl Zl+1 )+|S|2 × |A|+|S0 |2 × |A0 |)+log2 (D) , indicating that the
complexity of the proposed algorithm is slightly higher than the classical DQN learning
algorithm. However, our proposed algorithm achieves the better performance than the
classical DQN algorithm, which have been shown in the Section 6.5.
It worth noting that the trained DQN models for agents rarely need to be updated;
updates happen when the environment have been greatly changed, possibly once a
week or even a month, mainly depending on the environment dynamics and service
requirements [241, 242, 245]. .
At one decision stage (implement state), the sample complexity of the action selection and learning update of the classical Q-learning algorithm and DQN are O(|S|×|A|)
and O(|S|2 × |A|) [241, 242, 245], respectively. As expected, the proposed deep PDSERT learning algorithm by utilizing the historical learning ecperience. Here, the sample
complexity of the action selection and learning update of the proposed deep PDS-ERT
learning algorithm is O(|S0 |2 ×|A0 |+|S|2 ×|A|) [241, 242, 245], which is relatively higher
than that of the classical Q-learning algorithm and the DQN learning algorithm.
In addition to the above mentioned extra computational complexity, our proposed
deep PDS-ERT learning algorithm needs a memory of |S0 | × |A0 | to store the historical
learning knowledge, compared with the classical Q-learning algorithm and the DQN
learning algorithm [241, 242, 245].
We would like to mention that the training time is quite long in my python platform,
but the training time is not included into the time of the decision making time. After
training the learning model (which can be assume the learning model has already
existed), so the network only directly load the learning model to make decision in
the implement stage, where the response time of the decision making in my python
simulation platform is about 1.87 ms per epoch in a PC with Intel(R) Core (TM) i7-
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6700 CPU @ 3.40 GHz, 16 RAM, and the operating system is Windows 10 Ultimate 64
bits, which is available in the real-time communication networks. As suggested, I have
added the above discussion in Section 6.4.2 in the revised thesis.
The proposed deep PDS-ERT learning algorithm based intelligent resource management in heterogeneous RF/VLC IoT networks is shown in Algorithm 1.

6.5

Numerical Results and Analysis

In this section, simulation results are conducted in Python to evaluate the performance
of our presented heterogeneous RF/VLC IoT network and the proposed deep PDS-ERT
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learning based intelligent resource management.
We consider an indoor IoT room with the area of 24m×24m×6m, where 6×6 VLC
APs (uniform distribution) and a RF AP (locate in the center) are distributed at a
height of 5 m. Additionally, the room is entirely covered by the RF AP. A number
of devices (K/2 IIoT devices and K/2 IoT devices) are randomly distributed at four
different heights (0.5m, 1m, 1.5m and 2m). The RF AP has the carrier frequency of
2.4 GHz, the bandwidth of B RF =10 MHz, the number subchannels of N RF =32, the
RF =6.7 W, and
maximum transmit power of 250 mW, the fixed power consumption of Pfix

the PSD noise of N0RF =-173 dBm/Hz [184, 197]. Each VLC AP has the transmission
bandwidth of B VLC =20 MHz (the available bandwidth is 10 MHz due to the Hermitian
symmetry [184, 197]), the number of subchannels N VLC =16, the maximum transmit
VLC =4W and the PSD noise
electronic power of 250W, the fixed power consumption of Pfix

of N0VLC = 10−21 A2 /Hz. Each device has the circuit power consumption of Pcir =5mW
RF =30mW. The LED lamp semi-angle at half
and the maximum transmit power of Pk,max

power and Lambertian emission order are 60o and 1, respectively. The active area, the
FOV, the concentrator refractive index and the responsivity of the PD are 1 cm2 , 90o ,
1.5 and 0.5 A/W, respectively. The gain of the optical filter is 1.
For the URLLC services, we set the maximum latency threshold T max =1ms with
Ta + Tb =0.1ms and Tr + Tp =0.3ms [243], the transmission reliability is 0.999 with each
message size being 250 bytes and the SINR threshold is 5dB. For the normal services,
the minimum data rate is set as 3 Mbps in downlink and 0.5 Mbps in uplink. Each
time slot is 1ms. LOS blocking probability for both VLC and RF links is 0.05. We set
ω1 =ω2 =105 and ω3 =2×104 to balance the benefit and the costs in (6.16) [232, 233]. In
RL, the discount parameter ξ=0.98 and the learning rate at =0.02. The DNN has three
hidden layers with each hidden layer being with 50 neurons.
In this section, we present the performance comparisons of the following IoT networks: 1. our presented heterogeneous RF/VLC IoT network (denoted by RF/VLC);

156

6.5 Numerical Results and Analysis

2. the network service is performed using two RF APs (denoted by RF/RF) and the
two carrier frequencies are 2.4 GHz and 5 GHz, where the network total bandwidth
is 20 MHz to ensure a fair comparison with the RF/VLC network. Moreover, we also
compare the performance of our proposed deep PDS-ERT learning algorithm based
intelligent resource management with the following existing algorithms: 1. Deep PDS
learning [245] (denoted by Deep PDS [245]); 2. Q-learning algorithm with knowledge transfer [233] (denoted by QKT-learning [233]); 3. decomposing the optimization
problem into two subproblems: i). network selection and subchannel assignment, ii).
transmit power management, and solve it iteratively in a centralized way, similar to
[72] (denoted as Baseline 1).
Fig. 6.3 shows the EE per device, the probability of satisfied normal services, the
average URLLC latency per packet and the reliability of URLLC services against the
device density when the packet arrival rate is λ=0.12 packets/slot/per IIoT source.
As seen in Fig. 6.3 (a), the higher the number of devices, the lower EE per device
achieves, since the ICI becomes more pervasive in the VLC RF networks which limits
the data rate improvement, and the power consumption as well as the subchannel
assignment increase in the VLC RF networks under the high-density scenario of devices,
leading to the EE degradation. From Fig. 6.3 (b) to Fig. 6.3 (d), the probability of
the satisfied normal services and URLLC reliability decrease and the URLLC latency
increases as the increase number of devices. This is because that under the fixed
power and bandwidth resource, the large number of services need to be completed and
different QoS requirements should to be guaranteed, the network may fail to support all
the services’ requirements, leading to bring down the performance in the high-density
scenario. However, the presented heterogeneous RF/VLC network still outperforms
the RF/RF network, and the proposed deep PDS-RET learning algorithm achieves the
best performance among the existing algorithms.
We study in Fig. 6.4 how the performances vary with the packet arrival rate (λ)
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Figure 6.3: Performance comparisons with varying total numbers of devices.

when K=160. We can observe that the EE value increases with λ to a peak due to
the increased network throughput when more packets transmit in the network. The
power consumption also increases during this process, but the improvement rate of the
network throughput is quite bigger than that of the power consumption, leading to EE
enhancement. After that, it then slightly declines because of continuing to increase λ
will increase frequent connections and waiting time in the queue, leading to more power
consumption. In this case, the throughput enhancement fails to compensate the cost of
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Figure 6.4: Performance comparisons vs. packet arrival rate of URLLC services.

consuming more total power, which slightly decreases the EE performance. It is worth
noting that compared with RF/VLC, the performance of RF/RF is much sensitive to
λ due to the limited bandwidth. Even the decreased performances happen with the
increase of λ, our proposed deep PDS-RET learning algorithm still achieves the best
performance.
Let us now quantify the effect of the blocking probability of RF&VLC links on
the network performance, when K= 160 and λ =0.12 packets/slot/per IIoT source,
as shown in Fig. 6.5. As seen in Fig. 6.5 (a), when the blocking probability is
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Figure 6.5: The performance evaluations and The performance evaluations and comparisons vs. blocking probability of RF&VLC links.

increased, the EE performance obviously declines in RF&VLC networks while it is
slightly reduced for RF/RF networks. This is because the blocked links in the VLC
network unsuccessfully provides the high transmission data rate, while the effect of
blocked links can be negligible in the RF network. From Fig. 6.5 (b) to Fig. 6.5 (d),
the probability of the satisfied normal services and URLLC reliability decrease, and
the URLLC latency increases during this process, because the blockage degrades the
received SINR value, results in failing to guarantee the different QoS requirements of
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Figure 6.6: Learning process comparisons of RL algorithms.

devices. However, for all blocking probabilities, our proposed solution still outperforms
other solutions (network architecture and algorithms).
In Fig. 6.6, we show the learning process of the RL algorithms in terms of the
reward when K= 120 and λ =0.12 packets/slot/per IIoT source. Clearly, the deep
PDS-RET and QKT-learning algorithms achieve the faster convergence than that of
the deep PDS learning algorithm, but QKT-learning has the lowest performance in
large-scale networks. The deep PDS-ERT learning algorithm achieves the best reward
value, the fastest convergence and the most stability (less fluctuations) by utilizing the
historical experience strategy to improve the learning efficiency and convergence speed,
compared with other RL algorithms.
From Fig. 6.3 to Fig. 6.6, the proposed deep PDS-RET learning algorithm based
heterogeneous RF/VLC can effectively meet the energy-efficient communications, guarantee the strict URLLC requirements and ensure the high data rate demands at different
scenarios in IoT networks.
Here, the entire execution delay of the proposed algorithm consists of the learning
delay and the packet successful transmission completion delay [233], [241]. Fig. 6.7
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Figure 6.7: The entire execution delay and learning delay per epoch.

shows the entire execution delay and learning delay per epoch of the proposed algorithms and compared algorithms. From Fig. 6.7, we can find that as the number of
total devices increases, both the entire execution delay and learning delay of all the
reinforcement learning algorithms increases. This is because that the network states
increase during this process, so the network environment becomes more complex, finally
all reinforcement learning algorithms need more processing time to iteratively search
the final policy. In addition, my proposed deep PDS-ERT learning algorithm has lower
entire execution delay and the learning delay than other algorithms, because PDS and
ERT mechanisms are adopted to improve the learning convergence speed.

6.6

Conclusion

This chapter presented a heterogeneous RF/VLC network architecture for wireless IoT
networks to support different QoS requirements (ranging from high reliability and low
latency to high data rates) of IIoT and IoT devices. Based on the heterogeneous IoT
network, this chapter formulated an energy-efficient resource management decision-
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making problem (joint network selection, subchannel assignment and power management) as a MDP, and a new deep PDS-ERT learning algorithm is proposed to learn the
optimal policy for the intelligent resource management in heterogeneous IoT networks,
which accelerates the learning rate and improves the learning efficiency. Simulation
results verified the effectiveness of the presented heterogeneous RF/VLC IoT network
and also showed that the proposed deep PDS-ERT learning algorithm outperforms
other existing algorithms.
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Chapter 7

Conclusions and Future Works
7.1

Conclusions

VLC and VLP based on white LEDs have been emerging as two promising candidates
for indoor wireless communication and positioning. In this thesis, the investigations of
newly proposed integrated VLCP system models, interference mitigation schemes for
multi-cell VLC systems, robust designs under LoS blockages and resource management
approach for hybrid RF/VLC networks have been explored and presented to improve
the system performance and guarantee indoor derives’ different QoS requirements.
In Chapter 3, an integrated VLCP system using FBMC-SCM and PDOA was presented to achieve both the communication and positioning services, where the presented
integrated VLCP system is capable of suppressing the OOBI and hence improve the
performance of positioning accuracy compared with OFDM-SCM based VLCP systems. Simulation results versify that the VLCP system using FBMC-SCM requires
much reduced GBs in comparison to that using OFDM-SCM, and therefore achieves a
higher spectral efficiency and improved positioning accuracy. In addition, the experimental results showed that, in a coverage area of 1.2×1.2 m2 with a height of 2.1 m,
the mean position errors using OFDM-SCM and FBMC-SCM for a GB of 0.7 MHz
are 10.91 and 6.08 cm, respectively. Moreover, a comparable BER performance can
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be achieved for both OFDM-SCM and FBMC-SCM. Due to the negligible GBs when
using FBMC-SCM, the effective bandwidth utilization ratio of the integrated VLCP
system is improved from 72% to 98% when OFDM-SCM is replaced by FBMC-SCM.
Chapter 4 presented a new integrated VLCP system model based on OFDM-SCMinterleaving to improve both the communication and positioning performance with the
low signal processing complexity compared with FBMC-SCM based integrated VLCP
system. In order to guarantee the minimum data rate and positioning accuracy requirements, a QoS-driven optimized design with joint adaptive modulation, subcarrier
allocation and adaptive weighted pre-equalization was proposed to maximize the system transmission data rate while guaranteeing different QoS requirements. The LoS
blockage issue was investigated in the system, and the robust optimized schemes were
presented to maintain the system performance. The experimental results corroborated
the superiority in performance of the presented integrated VLCP system model, and
verified that the proposed design outperforms other existing adaptive transmission designs in terms of effectively enhancing the data rate, improving the positioning accuracy
and guaranteeing devices QoS requirements.
In chapter 4, the integrated VLCP system model was also extended into multi-cell
integrated VLCP networks. A joint AP selection, bandwidth allocation, adaptive modulation and power allocation approach was proposed maximize the network data rate
while guaranteeing the different QoS requirements of indoor devices. A low-complexity
solution was presented to solve the optimization problem. Moreover, the LoS blockage
issue was investigated in networks, and the robust optimized schemes were presented to
maintain the network performance. The simulation results corroborated the superiority
in performance of the presented integrated VLCP network and the proposed resource
management approach.
In Chapter 5, a novel joint precoder and equalizer design based on IA was proposed to mitigate both ICI and IUI for multi-user multi-cell MIMO-VLC systems in
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the presence of both perfect and imperfect CSI. In order to achieve the optimal transmit
precoding matrix and receiving equalizer matrix, the thesis formulated the joint optimization problem through minimizing the total generated interference and MSE under
optical power constraints. The proposed design aims to mitigate both IUI and ICI effectively, as well as maintain the BER at the lowest level. Furthermore, the thesis took
into account the optical channel estimation error for our formulated joint optimization
problem when designing the optimal precoder and receiving equalizer in multi-user
multi-cell MIMO-VLC systems. The thesis investigated the effect of different users’
locations, channel estimation error and LED/PD spacing levels on the system capacity
and BER performance analytically and by simulation. Numerical results showed that
the proposed design achieves significant system capacity and BER improvements under
imperfect CSI, compared with the MMSE and max-rate designs.
In Chapter 6, considering the fact that there exists a large number of devices in indoor IoT networks, and different devices have different QoS requirements, ranging from
ultra-reliable and low-latency communications to high transmission data rates. These
indoor networks will be highly complex and heterogeneous, as well as the spectrum
and energy resources are severely limited. Hence, this thesis presented a heterogeneous
RF/VLC IoT network architecture to guarantee different QoS requirements, where RF
is capable of offering wide-area coverage and VLC has the ability to provide high transmission data rate. A joint uplink and downlink energy-efficient resource management
decision-making problem (network selection, subchannel assignment and power management) was formulated as a Markov decision process. In addition, a new deep PDS
based experience replay and transfer (PDS-ERT) RL algorithm was proposed to learn
the optimal policy. Simulation results corroborated the superiority in performance of
the presented heterogeneous network, and verified that the proposed PDS-ERT learning algorithm outperforms other existing algorithms in terms of meeting the energy
efficiency and the QoS requirements.

166

7.2 Future Works

7.2

Future Works

In this thesis, integrated VLCP systems models, ICI mitigation approach, resource
management strategy and robust optimized schemes were presented to improve both
the communication and positioning performance while guaranteeing devices’ different
QoS requirements. In addition to the above mentioned works, the following works are
worth to be investigated in the future.
Chapter 3 presented the FBMC-SCM based integrated VLCP system via PDOA
positioning algorithm and Chapter 4 proposed a new integrated VLCP system model
based on OFDM-SCM-interleaving via RSS positioning algorithm. However, it has been
shown in [39, 116] that there exists the position shifting effect in practical PDOA-based
VLP systems caused by the nonuniform initial time delay pattern of the commercial
off-the-shelf LEDs, which directly degrades the positioning accuracy. In addition, most
studies have reported that RSS has low positioning accuracy when the device locates
at the edges, or corners of the experimental and simulative environments. So far, the
solutions to these two problems have not yet been well explored in indoor positioning.
Hence, it is of great importance to develop an improved positioning scheme to overcome
the above mentioned problems.
In indoor environments, there exist some energy-constrained devices, e.g., sensors
for monitoring, humidity and indoor air quality, etc. Hence, it is important to extend
the lifetime of the devices due to their limited energy budget. In our presented heterogeneous RF/VLC IoT network analyzed in Chapter 6, at each IoT or IIoT device,
light energy harvesting is achieved by using PD and the harvested energy is used for
collected data reporting through the RF uplink. However, achieving both the energy
harvesting 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 heterogeneous RF/VLC networks
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by formulating optimization problems that allocate DC bias, transferred energy, and
available resources is needed.
This thesis pays attention to the investigations of the indoor VLC and VLP systems,
but these techniques can not be directly applied in outdoor VLC or VLP systems.
Before extending the techniques in outdoor VLC networks, the following issues should
be considered: 1) the negative effect of the sum light on the optical signal detection
at the receiver side; 2) the outdoor VLC channel links are not stable and static due
to the atmosphere pressure as well as the inhomogeneities in the temperature; 3) the
poor channel quality due to the long transmission distance. Therefore, it is necessary
to develop efficient techniques to overcome the above mentioned issues before applying
the indoor VLC technologies into outside VLC networks.
The heterogeneous RF/VLC IoT network is generally complex under the different
QoS requirements of devices, the presented heterogeneous network architecture and the
proposed deep reinforcement leaning algorithm presented in Chapter 6 mainly focused
on the vertical transmission mode selection. However, the practical indoor environment
needs both the vertical and horizontal handover processes to guarantee both the connectivity and QoS requirements of mobile IoT devices. For the vertical handover mechanism, the mobile device can connect the RF links when the VLC LoS link is blocked
or it may connect the VLC links if it needs the high data rate transmission. For the
horizontal handover, the handover is mainly deployed in VLC networks to avoid the effect of ICI and maintain the communication connectivity of mobile devices. Therefore,
how to effectively implement both the vertical and horizontal handover mechanisms
need to be considered in the future works.
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