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Abstract

Due to the increasing demand for wireless data, the radio frequency (RF) spectrum has
become a very limited resource. Alternative approaches are under investigation to support
the future growth in data traffic and next-generation high-speed wireless communication
systems. Techniques such as massive multiple-input multiple-output (MIMO), millimeter
wave (mmWave) communications and light-fidelity (LiFi) are being explored. @ Among
these technologies, LiFi is a novel bi-directional, high-speed and fully networked wireless
communication technology. However, inter-cell interference (ICI) can significantly restrict the
system performance of LiFi attocell networks. This thesis focuses on interference mitigation
in LiFi attocell networks.

The angle diversity receiver (ADR) is one solution to address the issue of ICI as well as
frequency reuse in LiFi attocell networks. With the property of high concentration gain and
narrow field of view (FOV), the ADR is very beneficial for interference mitigation. However,
the optimum structure of the ADR has not been investigated. This motivates us to propose the
optimum structures for the ADRs in order to fully exploit the performance gain. The impact
of random device orientation and diffuse link signal propagation are taken into consideration.
The performance comparison between the select best combining (SBC) and maximum ratio
combining (MRC) is carried out under different noise levels. In addition, the double source
(DS) system, where each LiFi access point (AP) consists of two sources transmitting the same
information signals but with opposite polarity, is proven to outperform the single source (SS)
system under certain conditions.

Then, to overcome issues around ICI, random device orientation and link blockage, hybrid
LiFi/WiFi networks (HLWNs) are considered. In this thesis, dynamic load balancing (LB)
considering handover in HLWNss is studied. The orientation-based random waypoint (ORWP)
mobility model is considered to provide a more realistic framework to evaluate the performance
of HLWNs. Based on the low-pass filtering effect of the LiFi channel, we firstly propose
an orthogonal frequency division multiple access (OFDMA)-based resource allocation (RA)
method in LiFi systems. Also, an enhanced evolutionary game theory (EGT)-based LB scheme
with handover in HLWNSs is proposed.

Finally, due to the characteristic of high directivity and narrow beams, a vertical-cavity
surface-emitting laser (VCSEL) array transmission system has been proposed to mitigate
ICI. In order to support mobile users, two beam activation methods are proposed. The
beam activation based on the corner-cube retroreflector (CCR) can achieve low power
consumption and almost-zero delay, allowing real-time beam activation for high-speed users.
The mechanism based on the omnidirectional transmitter (ODTX) is suitable for low-speed
users and very robust to random orientation.



Lay summary

The sixth-generation (6G) communication is required to support a variety of services such as the
internet of things (IoT), augmented reality, virtual reality, video streaming and online gaming
with extremely high data and low latency. However, the current sub-6 GHz band is congested,
and lower-band communication is not enough to support high data rate transmission. Such a
critical issue has motivated industrial and research communities to look for new solutions and
even-higher frequency bands for communication. The presented work investigating the optical
wireless communication (OWC) falls into this category.

By improving the spatial reuse of spectrum resources, cellular networks can achieve a higher
spectral efficiency. Light-fidelity (LiFi) attocell networks use smaller cell sizes as the light
beams from light-emitting diodes (LEDs) are intrinsically narrow. Thus, with the densely
deployed optical access points (APs), the LiFi attocell network can achieve a better bandwidth
reuse and a higher area spectral efficiency. However, inter-cell interference (ICI) in LiFi attocell
networks significantly limits the system performance.

Many aspects need to be carefully studied in order to mitigate the ICI and realize the full
potential of LiFi cellular networks. In this work, in order to improve the network performance,
the angle diversity receiver (ADR), the hybrid LiFi/WiFi network (HLWN) as well as the
vertical-cavity surface-emitting laser (VCSEL) array system are designed and investigated
separately. Relying on the presented results, this study deepens the understanding of ICI,
its influence on the network performance and the usefulness of the proposed interference
mitigation methods.
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1.1 Motivation

Due to the increasing demand for wireless data, the radio frequency (RF) spectrum has become
a very limited resource. Alternative approaches are investigated to support the future growth
in data traffic and next-generation high-speed wireless communication systems. Techniques
such as massive multiple-input multiple-output (MIMO), millimeter wave (mmWave)
communications and light-fidelity (LiFi) are being explored. Among these technologies, LiFi
is a novel bi-directional, high-speed and fully networked wireless communication technology.
A typical LiFi system uses off-the-shelf low-cost commercially available light-emitting diodes
(LEDs) and photodiodes (PDs) as front end devices [4]. Intensity modulation (IM) is used to
encode the information in visible light communication (VLC) since the LED is an incoherent
optical source. Direct detection (DD) is adopted at the receiver (Rx) end. LiFi utilizes visible
light as the downlink propagation medium to provide connectivity on top of the illumination
functionality. It may use infrared (IR) light in the uplink in order to allow the illumination
constraint of the room to be unaffected, and also to avoid interference with the visible light
in the downlink [5]. The overall license-free bandwidth of visible light is more than 10, 000
times greater than the whole RF spectrum [5]. Also, LiFi can provide enhanced security as
the light does not penetrate through opaque objects [6]. In many large indoor environments,
multiple light fixtures are installed and these luminaries can act as VLC access points (APs).
A network consisting of multiple VLC APs is referred to as a LiFi attocell network [5]. Given
the widespread use of LED lighting, a LiFi attocell network can use the existing lighting
infrastructures to offer fully networked wireless connectivity. Moreover, LiFi attocells can be
regarded as an additional network layer within the existing wireless networks because there is
no interference to the RF counterparts, such as femtocell networks [5]. These benefits of LiFi
have made it favorable for recent and future research.

By improving the spatial reuse of spectrum resources, cellular networks can achieve a higher
area spectral efficiency [7]. In comparison with RF femtocell networks, LiFi attocell networks
use smaller cell sizes as the light beams from LEDs are intrinsically narrow [8]. Thus, with
the densely deployed optical APs, the LiFi attocell network can achieve a better bandwidth
reuse and a higher area spectral efficiency. However, similar to other cellular systems, inter-cell
interference (ICI) in LiFi attocell networks limits the system performance. This is because
the signal transmitted to a user will interfere with other users who are receiving signals from
the same frequency resource. Particularly, cell-edge users suffer from severe ICI. Despite the
dense deployment of APs, due to ICI, LiFi may not provide uniform coverage concerning
data rate. Interference coordination mechanisms have been extensively investigated for VLC
systems [9-13]. The commonly used technique is static resource partitioning [9]. By separating
any two cells that reuse the same frequency resource with a minimum reuse distance, ICI is
effectively mitigated. However, there is a significant loss in spectral efficiency. A combined
wavelength division and code division multiple access scheme was proposed in [10]. Although
this approach enhances the system bandwidth, it requires separate filters for each color band and
thus creates additional cost. In [11], the fractional frequency reuse (FFR) technique is proposed
to mitigate ICI. The FFR scheme is a cost-effective approach to provide improvements both
in cell-edge user performance and average spectral efficiency (ASE), but a low user-density
will decrease the ASE significantly. Joint transmission (JT) has been proven to improve signal
quality for cell-edge users [12]. The downside of the JT system is the extra signaling overhead.
Moreover, the space division multiple access scheme (SDMA) scheme using angle diversity
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transmitters (ADTs) proposed in [13] can mitigate ICI by generating concentrated beams to
users at different locations.

Many aspects need to be carefully studied in order to mitigate the ICI and realize the full
potential of LiFi cellular networks. In this study, we tried to reduce the interference from three
aspects. One of these aspects is the Rx structure. A narrow field of view (FOV) and high optical
gain can be achieved by using a PD in conjunction with a concentrator. Therefore, with careful
design, the interference signal can be mitigated and the desired signal can be amplified. The
second factor is the setup of APs. Combining LiFi with existing RF networks, the users who
suffer severe ICI in a LiFi system can be assigned to a RF AP and achieve a better connection.
Transmitter design is another import factor. Instead of using wide-spread beams emerging from
illumination systems with visible light, narrow well-directed beams emerging from a dedicated
source with infrared light can be adopted. In the following, these aspects are explained in more
detail.

The angle diversity reception, first proposed in [14], allows the Rx to achieve a wide FOV and
high optical gain simultaneously. An angle diversity receiver (ADR) is composed of multiple
narrow-FOV PDs facing in different directions. In [15-22], the ADR is used to address the
issue of ICI as well as frequency reuse in LiFi cellular systems, and different signal combining
schemes are investigated. However, the proposed ADR structure is hard to implement and the
optimum ADR design is not given. Moreover, the system is assumed to be interference limited
instead of noise limited in [18], which is not always true as the ADR can mitigate most of the
ICI and thus noise becomes the dominated factor. Recently, due to the lower channel correlation
achieved from angle diversity schemes, ADRs are introduced to improve the performance of
indoor MIMO-VLC systems. In addition, the pyramid receivers (PRs) are proposed [23]. The
generalized structure of truncated pyramid receivers (TPRs) is given in [24] to reduce the signal
to interference-plus-noise ratio (SINR) fluctuation. This motivates us to propose the optimum
structures for the ADRs in order to fully exploit the performance gain.

With the use of novel optical devices, LiFi can potentially utilize more than 300 THz of
the visible light spectrum, which is approximately 139, 000 times greater than the 2.16 GHz
wireless gigabit alliance (WiGig) channel in the IEEE 802.11ad standard [25]. Despite a
wide variety of advantages provided by LiFi, the limitations of this technology should also
be considered in order to develop feasible solutions. Link blockage is one factor that can affect
LiFi performance significantly. Another limiting factor is ICI, which can significantly restrict
the spectrum efficiency, especially for cell-edge users. An effective solution is to combine LiFi
with existing RF networks, e.g. wireless fidelity (WiFi), to form a hybrid LiFi/WiFi network
(HLWN) [26,27]. Such a network cannot only achieve high data rates through LiFi, but can
also provide ubiquitous coverage through WiFi in case of any link blockage within the optical
channels or severe ICI. As LiFi uses a different spectrum from WiFi, there is no interference
between LiFi and WiFi systems. Thus, the HLWN is able to offer a total system throughput
greater than that of a stand-alone LiFi or WiFi network [27]. In order to explore the full potential
of the HLWN system, we proposed a evolutionary game theory (EGT)-based load balancing
(LB) scheme, which considers the effect of resource allocation, handover and random device
orientation.

The VLC systems use wide-spread beams emerging from illumination systems. Due to the
wide coverage of the LEDs, multiple user equipment (UE) may be served by the same LED
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and may share the same resources, which may lead to traffic congestion when the load is
high. In [13], an ADT which consists of multiple narrow-beam visible light LEDs has been
proposed for optical wireless communication (OWC) networks with the SDMA. Multiple users
at different locations can be served simultaneously by activating different LED elements on an
ADT. The results show that SDMA schemes can mitigate ICI and thus can greatly increase the
ASE. However, VLC systems require illumination to be switched-on, which may not always
be desired and thus may increase the power consumption. Moreover, white LEDs, which are
typically used for illumination, have limited bandwidth as they utilize blue LEDs with phosphor
coating [28]. To solve the above limitations, the beam-steered infrared light communication
(BS-ILC) system can be deployed. Due to the small cell coverage, it is more likely that each
beam will only serve a single UE. Hence, capacity sharing among multiple UEs as well as
traffic congestion can be avoided. Since narrow beams with high directivity can send a greater
portion of the transmitted power to the corresponding UE, the BS-ILC systems provide better
energy-efficiency. Moreover, the link can support higher capacity due to the high bandwidth of
narrow beam sources. A vertical-cavity surface-emitting laser (VCSEL) transmission system is
introduced in this study. Moreover, novel beam activation mechanisms are proposed to support
high data rate, low latency and multiple UEs.

In this thesis, and in order to achieve the full potential of LiFi networks, the aforementioned
aspects and challenges are discussed and effective solutions are provided. The detailed
contributions of this research thesis are presented in the next section.

1.2 Contribution

In this thesis, a LiFi network is considered and different interference mitigation are introduced.
This thesis aims to address the following objectives:

e Reducing the ICI in LiFi networks by proposing optimized ADR structures.

e Focusing on system LB optimization in HLWNs so as to improve the performance of data
rate and user fairness.

e Supporting high data rate, low latency and multiple UEs through the VCSEL array
transmission system.

With respect to the first research objective, the structure of PRs and TPRs are studied. The
projection area of ADRs is defined to differentiate from the coverage area of APs. Analytical
expressions for the projection area of both PRs and TPRs are given. Based on the constraint set
by the projection area of ADRs, the lower bound of FOV of PDs on an ADR is given for the
single source (SS) system. The performance of PRs and TPRs are compared, and optimized
ADR structures are proposed to fully exploit the performance gain of ADRs. In addition, the
joint effect of the Rx and transmitter (Tx) bandwidth on the average data rate are analyzed.
The performance comparison between the select best combining (SBC) and maximum ratio
combining (MRC) are given regarding different levels of noise power spectral density. It is
shown, for the first time, that under certain circumstances, the SBC can outperform the MRC.
The double source (DS) cell system is considered to further mitigate the non-line-of-sight
(NLOS) interference. The lower bound of FOV of PDs on an ADR is derived and the optimized
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ADR structures are proposed for the DS system. By comparing the average SINR between
the DS system and the SS system under different levels of noise power spectral density, we
present that, in a noise-dominated scenario, the SS system should be applied, otherwise, the
DS system is preferred. The contributions of this work are published in two conference papers
IEEE ICC [21] and IEEE WCNC [22], and one submitted journal paper in IEEE Transactions
on Communications [1].

Following the second research goal, an enhanced EGT-based algorithm for LB in HLWN is
proposed. The joint effect of random orientation and mobility is considered to evaluate the
performance of HLWN in a more realistic scenario by using the orientation-based random
waypoint (ORWP) mobility model. The handover management takes into account the effect
of the handover overhead. The impact of vertical and horizontal handover (HHO) on the
average throughput of a HLWN is evaluated. A low-complexity orthogonal frequency division
multiple access (OFDMA) resource allocation (RA) scheme in LiFi systems is proposed for
HLWNSs. The performance of user data rate and fairness is evaluated compared to the HLWN
system where time division multiple access (TDMA) is used in LiFi. An enhanced EGT-based
dynamic LB scheme for HLWN:Ss is proposed. In the proposed HLWN, the LiFi system adopts
the OFDMA scheme while the WiFi system applies the carrier sense multiple access with
collision detection (CSMA/CA). The CSMA/CA scheme benefits from a utilization ratio to
fairly allocate WiFi resources between the uplink and downlink. Then, LB is achieved based
on these two schemes and the EGT algorithm. Also, the impact of the WiFi utilization ratio
on the average data rate of a HLWN is assessed. The contributions of this work are published
in one conference paper, IEEE VTC [29], and one published journal, IEEE Transactions on
Communications [30].

Finally, regarding the third research goal, we propose a VCSEL array system which can support
high data rate, low latency and multiple UEs without the requirement of expensive/complex
hardware, such as spatial light modulation (SLM), microelectromechanical systems (MEMS)
and fiber. Two beam activation methods are proposed based on the small cell property of the
VCSEL array system. The beam activation based on the corner-cube retroreflector (CCR) can
achieve low power consumption and almost-zero delay, allowing real-time beam activation for
high-speed users. The other beam activation is based on an omnidirectional transmitter (ODTx),
which serves the purpose of the uplink transmission and beam activation simultaneously. By
collecting the received signal strength (RSS) values, an artificial neural network (ANN) is
trained to predict the index of the serving beam directly without estimating the UE position
first. This method is robust against random device orientation and is suitable for low-speed
users. For a single UE scenario, regarding the central beam, the probability density function
(PDF) of the signal-to-noise ratio (SNR) is derived. The analytical derivation for the average
data rate is provided for the central beam and an upper bound is presented for the VCSEL
array system. In terms of scenarios with multiple users, the optical SDMA is adopted and an
analytical upper bound for the average data rate is developed. The effects of the cell size and
beam divergence angle are considered in this study. By evaluating the system performance, the
choices of cell size and beam divergence angle are proposed for the VCSEL array system. This
contribution has been submitted to the IEEE Transactions on Communications [3].
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1.3 Thesis Layout

The rest of this thesis is organized as follows. In Chapter 2, different channel models are
presented. The device orientation, mobility model and Rx structures are also introduced in this
Chapter.

The coverage problems of PRs and TPRs are defined and investigated in Chapter 3, and the
lower bound on the FOV for each PD is given analytically. The impact of random device
orientation and diffuse link signal propagation are taken into consideration. The performance
comparison between SBC and MRC is given under different noise levels. In addition, the DS
system, where each LiFi AP consists of two sources transmitting the same information signals
but with opposite polarity, is compared with the SS system.

In Chapter 4, based on the low-pass filtering effect of the LiFi channel, we firstly propose an
RA method for LiFi systems. Also, a LB scheme considering handover in HLWNSs is proposed.
Monte-Carlo simulations have been carried to evaluate the performance of the proposed system.

Device orientation models supported by experimental measurements for static and mobile users
are proposed in Chapter 4. The effect of random device orientations on the channel gain and
SNR has been investigated, where an analytical model for the PDF of channel gain and SNR are
developed. Finally, the effect of random orientation on the error performance of point-to-point
communication is assessed and a closed-form approximation for the BER of a UE with the
random orientation is derived.

In Chapter 5, a novel VCSEL array is proposed for indoor OWC systems. To activate the best
beam for a mobile user, two beam activation methods are proposed for the system. The method
based on a CCR provides very low latency and allows real-time activation for high-speed users.
The other method uses the ODTx. The ODTx can serve the purpose of uplink transmission
and beam activation simultaneously. Moreover, systems with ODTx are very robust to the
random orientation of a UE. System level analyses are carried out for the proposed VCSEL
array system. For a single user scenario, the PDF of the SNR for the central beam of the VCSEL
array system can be approximated as a uniform distribution. In addition, the average data rate
of the central beam and its upper bound are given analytically and verified by Monte-Carlo
simulations. For a multi-user scenario, an analytical upper bound for the average data rate is
given. The effects of the cell size and the full width at half maximum (FWHM) angle on the
system performance are studied.

Conclusions and the key findings of this thesis are summarized in Chapter 6. In addition,
limitations and and subjects for future work are discussed.

1.4 Summary

The sixth-generation (6G) communication is required to support a variety of services such
as the internet of things (IoT), augmented reality, virtual reality, video streaming and online
gaming with extremely high data and low latency. However, the current sub-6 GHz band is
already congested, and lower-band communication may fail short in supporting high data rate
transmission. As a bidirectional and high-speed wireless networked system, LiFi is a promising
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solution to support the extremely high rate transmission in a new band. Hence, it has gained
a lot of attention recently. However, ICI limits the performance of LiFi cellular networks. To
realize the full potential of LiFi attocell networks, ICI should be reduced, mitigated or avoided.
Moreover, to provide seamless connectivity for users, aspects such as random device orientation
and user mobility must be studied carefully. In this thesis, different methods have been proposed
to reduce the interference in LiFi networks.
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2.1 Introduction

Optical wireless communication (OWC) is considered to be a promising technology which
will alleviate traffic burden caused by the increasing number of mobile devices. The
main applications of OWC are free-space optical (FSO) communication for long distance
transmission, infrared (IR) communication and visible light communication (VLC) for
short-range indoor applications [31].

In 1979, Gfeller and Bpst introduced wireless IR communication and achieved a diffuse link
with data rates of 100 kbps [32]. In 1996, Marsh and Kahn proposed a faster IR system which
enables transmission speeds of 50 Mb/s [33]. Later, Kahn and Barry developed channel models
for line-of-sight (LOS) and non-line-of-sight (NLOS) optical wireless links in 1997 [14]. A
data rate of 70 Mb/s was achieved in quasi-diffuse systems by Carruther and Kahn in 2000 [15].
Also, it has been demonstrated that IR indoor OWC systems preferably adopt the wavelengths
range of 780 nm to 950 nm. In this range, not only inexpensive optical sources are already
available but also the peak sensitivity of cheap photodiodes (PDs), as the main elements of a
receiver, coincides with this band [34].

As another part of the optical spectrum, visible light uses the frequency spectrum between 400
THz to 790 THz and has been considered as a potential technology for high-speed broadband
data communication. In the 19th century, the photophone was invented by Alexander Graham
Bell [35]. By utilizing a selenium photocell and reflected sunlight on a vibrating mirror, the
photophone could convey voice via a visible beam. It was demonstrated that the photophone
could transmit voice messages at a distance of 200 m [35]. In the late 19th century, the
British Navy used the signal lamps as a means of communication. Afterwards, in 2000, the
experiment for data transmission using light-emitting diodes (LEDs) was implemented by the
KEIO research group in Japan [36]. In 2003, the VLC Consortium (VLCC) was established.
In 2004, the initial concept of the VLC channel model was developed [37]. In 2017, by using
orthogonal frequency division multiplex (OFDM), a single LED achieved a data rate of 10
Gbit/s [38]. In 2019, a data rate of 15.73 Gbit/s was achieved using off-the shelf LEDs [39].

Light-fidelity (LiFi) was first introduced by Haas during a TED Talk in year 2011 [40]. Unlike
VLC, LiFi is claimed as a fully-networked bidirectional system, rather than a point-to-point
communication technique [5]. LiFi could utilize visible light or IR spectra in the downlink
and uplink, and provide high data rates over short distances [41]. There are two main LiFi
technologies: VLC and the beam-steered infrared light communication (BS-ILC) [28]. The
VLC systems use wide-spread beams emerging from illumination systems while the BS-ILC
systems use narrow well-directed beams emerging from a dedicated source.

The BS-ILC systems have been explored in [28,42-44].  Wavelength-controlled 2D
beam-steered systems based on fully-passive crossed-grating devices were introduced and 1D
beam steering was demonstrated in [42], which shows a multi-beam system with a capacity
of 2.5 Gbit/s. The 2D steering of the multi-beam system has been first demonstrated in [43]
and with adaptive discrete multitone modulation (DMT) using 512 tones, a gross bit rate
of 42.8 Gbit/s has been achieved. In addition, by using 60 GHz radio signal in the uplink,
upstream delivery of 10 Gbit/s per upstream has been presented. In [44], the authors proposed
a novel OWC receiver (Rx) concept, which can enlarge the Rx aperture without reducing the
bandwidth, Also, a multi-beam system with downstream capacities of up to 112 Gbit/s per IR
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beam was demonstrated. In [28], an alternative approach, which is based on a high port count
arrayed waveguide grating router (AWGR) and a high-speed lens, was proposed. With pulse
amplitude modulation (PAM)-4 modulation, a total system throughput beyond 8.9 Gbit/s over
2.5 m was achieved by using 80-ports C-band AWGR.

2.2 Optical Transmitter

Transmitter Front-end
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Figure 2.1: A typical LiFi downlink transmission with commonly used front-end elements at
the transmitter and receiver.

A typical OWC downlink transmission is shown in Fig. 2.1. The front-end elements can be
classified as transmitter (Tx)/Rx front-end elements. At the Tx side, the digital signal processor
(DSP) converts the input information bits to digital signals. Afterwards, the digital signals
are converted to analogue signals through the digital to analog converter (DAC). Then, the
analogue voltage is converted to analogue current by the bias-Tee. Finally, IM is adopted using
the LEDs/laser diodes (LDs), which converts the analogue current signals into optical light
power with various intensities.

2.2.1 Light-emitting Diode

LEDs are the most commonly used optical sources in VLC systems since LEDs are widely used
for the purpose of illumination [45-48]. In general, there are two types of commercial white
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LEDs: the red-green-blue (RGB) LED and the blue LED chip covered by a yellow-phosphor
coating. The RGB LEDs produce white optical light by combining three color components
which are emitted by different devices [49]. The blue LED chip emits light in the narrow
blue spectrum, which can be absorbed and efficiently re-emitted by phosphor coating. The
emitted light has a wide emission profile across the entire visible light spectrum [49]. However,
due to the slow absorption and re-emission time of phosphor, the 3-dB bandwidth of these
LEDs is about 2 MHz [49]. A blue filter can be applied to remove the slow signal components
from phosphor so that the modulation bandwidth can be increased. The most important factors
that limit the modulation speed of the LED [49, 50] are carrier lifetime and innate junction
capacitance. To reduce the lifetime of the carrier, the current density within the junction should
be increased, which can be achieved by reducing the size of a LED. In [50], McKendry designed
a Gallium Nitride based LED, named pLLED, to provide a modulation bandwidth over 400 MHz.
However, due to the issue of heat generation, the current efficiency of uLED drops when the
current density increases [51].

Generally, the LED follows the Lambertian radiation pattern. The radiant intensity using a
generalized Lambertian model is given as [14]:

1 = D T L) e () @.1)
2m

where [1, is the radiant intensity; ¢ is the irradiance angle of the LED; mpgp is the Lambertian
order. Note that ¢ and mpgp can be obtained separately as:

_ _1 (Mix - d
¢ = cos ( T ), (2.2a)
L In(2)
TEED = T (cos(@y 12)) (2.25)

where d defines the distance vector between the transmitter (Tx) and the Rx. The dot product
is denoted as (-) and ||-|| denotes the Euclidean distance. Furthermore, n¢y is the normal vector
of the Tx and @/, denotes the half-power semi-angle of the LED.

2.2.2 Laser Diode

Although the Laser diode (LD) are much more expensive than the LED, it offers many
advantages: 1) The LD achieves an electro-optic conversion efficiency of 30-70% while LED
only achieves 10-20%; 2) compared to modulation bandwidths that are limited to tens of MHz
in typical low-cost LEDs, LDs have wide modulation bandwidths, which range from hundreds
of MHz to more than 10 GHz; 3) very narrow spectral widths, ranging from several nm to well
below 1 nm, are available. Among different types of LDs, vertical-cavity surface-emitting lasers
(VCSELSs) are one of the promising candidates to ensure high-data rate communications due to
several outstanding features such as [52]: high-speed modulation (bandwidths of larger than 10
GHz), high power conversion efficiency, low cost and compact in size. These attributes make
VCSELs appealing to many applications, particularly for high-speed indoor wireless networks
[53]. Depending on the bias current, the VCSEL output beam profile is Gaussian [54-56]. The
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geometrical representation of the Gaussian beam is shown in Fig. 2.2 and the Gaussian beam
intensity can be expressed as given in [57]:

2Pix opt 2r3
1 dp) = ——=22 ( — 70), 2.3
a(ro,do) w2(do) P\ W2 (ag) (2.3)
where Py opt is the transmitted optical power of a single beam and ry is the distance from the
user equipments (UEs) to the beam axis, which is represented as zpea,-axis; the distance from
the Tx to the UEs along the beam axis is given as dy; the beam width at zpe,,, = dg is denoted
as W (dp) and it can be obtained as:

W(do) = Woy |1+ [ 2D i 2.4
(do) = Wo +<7rW02>’ (2.4)
where )\ is the operating wavelength of the VCSEL. The beam waist is denoted as
Wy = ﬁ, where . 1S the divergence angle. The relation between the beam divergence
and the angle for full width at half maximum (FWHM) intensity points, fpwinm, iS given as
Obeam = Orwim/+/2In(2), where In(-) represents the natural logarithm. The distance vector
from the Tx to the Rx is d and the distance is d. The radiance angle of the Tx, ¢, can be
obtained by (2.2). It should be noted that rg = dsin ¢ and dy = d cos ¢. Hence, the intensity

of the beam at the position of the UE can be reformulated as:
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Figure 2.2: Geometrical representation of the elliptical Gaussian beam.
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2.3 Optical Receiver

As depicted in Fig. 2.1, at the Rx end, bandpass filters are required to exclude unnecessary color
components. Then, various methods such as PDs [58], LEDs [59], image sensors (ISs) [60,
61] and solar cell panels [62] can be applied to turn the received optical power into electrical
signals. This is known as direct detection (DD), which is the favorable and viable practical
down-conversion method in OWC. In DD, a photodetector produces a current proportional to
the received instantaneous power, i.e., proportional to the square of the received electric field
[14]. These devices can work under different circumstances in various applications. Due to the
shorter response time, which leads to a wider bandwidth and high-speed data communication,
PDs are the preferred Rx unit. Afterwards, as shown in Fig. 2.1, the transimpedance amplifier
(TTIA) will transfer the current signal captured by the optic element at the Rx to output voltage.
Then, the analog to digital converter (ADC) converts the analogue voltage signals to digital
signals which are then fed into the digital signal processor (DSP) unit to recreate the information
bits. Generally, based on the operation mode, PDs are classified into three types: p-intrinsic-n
(PIN) diode, avalanche photodiode (APD), and single-photon avalanche diode (SPAD).

2.3.1 P-intrinsic-n Diode

The PIN diode is composed of a negative-type semiconductor region and a wide undoped
intrinsic semiconductor region between a positive-type semiconductor. As a photodetector, the
PIN diode is reverse-biased. Under reverse bias, the diode ordinarily does not conduct. When a
photon of sufficient energy enters the depletion region of the diode, it creates an electron-hole
pair. The reverse-bias field sweeps the carriers out of the region, creating current. The current
generated by PIN diode is approximately linear to the energy of received photons [58].

2.3.2 Avalanche Photodiode

For the APD, a high reverse bias needs to be applied, and more than one hundred internal
current gain can be achieved due to the avalanche effect. Therefore, the APD is very suitable
to the environment with low light intensity. However, the APD is very vulnerable to ambient
shot noise and the internal excess noise, which is introduced during the multiplication process.
The number of initial, optically generated charge carriers in the APD is multiplicated within
the multiplication process and the photocurrent is amplified. By increasing the area of an APD,
the light energy received by the APD increases. However, the increase in the APD area leads to
a growth in switching times, which means that there is always a trade-off between the received
energy and receiver bandwidth [14].

2.3.3 Single-photon Avalanche Diode

Similar to the APD, a reverse biasing of p-n junction is applied to the SPAD in order to exploit
the avalanche effect. However, unlike APDs, the reverse bias of a SPADs is designed to be well
above the breakdown voltage of an p-n junction, which is named as Geiger mode [63, 64]. Due
to the high gain of a SPAD, even a single photon can trigger a current pulse. By counting the
number of pulses during a measurement time slot, the intensity of the output signal is obtained.
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SPADs are preferred under environments with extremely low light. However, due to the gain of
a SPAD, it can be easily saturated. When environment light level is high, a proper filter should
be applied to reject ambient light. In addition, the pulse counting process causes the SPAD to
be highly nonlinear [65].

2.3.4 Noise Analysis

Like radio frequency (RF) systems, noise can also degrade the system performance in LiFi
systems. In a LiFi system, when LEDs are used as the Txs, the total Rx noise is comprised of
shot noise and thermal noise. Hence, the total noise power affecting the photocurrent at the Rx
is thus given by [14]:
2 2 2
On = Oshot + Othermal - (26)

Thermal noise is mainly caused by the random motions of electrons in the circuit due to the
temperature fluctuation. The resistance used in the TIA is the primary source of thermal noise
at the Rx. The power of thermal noise at the Rx is given by [14]:

Othermal = R7L

By, 2.7
where kg is the Boltzmanns constant which is 1.38 x 10723 J/K; T is the absolute temperature
in Kelvin; Ry, is the load resistance in the Rx circuit.

In optical communication, shot noise is due to the random nature of photon arrivals with an
average rate determined by the incidence optical power. Shot noise may be generated because
of many factors in the environment. This encompasses ambient light due to sunlight, street
lights, fluorescent and incandescent lamps [32]. The power of shot noise at a PD is then given
by [14]:

0310t = 20RPoxopt Br, + 2qIpc 12 By, (2.8)

where Py opt denotes the average received optical power; ¢ is the electron charge which is
1.6 x 10719 C; By, is the modulation bandwidth; I is the background current; and I is the
noise bandwidth factor. Optical Rxs that use an APD are able to provide high signal-to-noise
ratio (SNR). This enhancement in SNR is due to the internal gain of the APD, Gapp. If the
noise of the Rx was independent of the internal gain, the SNR would increase by a factor of
GQAPD. Unfortunately, the noise depends on G opp so that the SNR improvement is less than
G%pp [66]. As the noise of the APD depends on the internal gain Gapp, the power of shot
noise for an APD is given as [67]:

Us2hot = 2qG3\PDFARAPD (Prx,opt + PH)BL. 2.9)

where P, denotes the average ambient power. We note that under the condition of
P, > P opt, the shot noise is signal independent and is only affected by the ambient light. In
(2.9), F's is called the excess noise factor and can be obtained as:

1
FAZkAGApD—i-(l—/CA) (2— > , (2.10)
GAPD

where 0 < ka < 1is a dimensionless parameter.
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When a laser/VCSEL is applied as the Tx of a LiFi system, relative intensity noise (RIN) is
another type of noise, which induced mainly due to the instability in the transmit power. Cavity
variation and fluctuations in the laser gain are two major contributors to the RIN. The variance
of power fluctuations is given as [67]:

012 = (RAPDPrx7opt7'I)2a (2.11)

where 77, is a measure of the noise level of the optical signal and is given as:
o0
r? :/ RIN(f)df, (2.12)
—0o0

where RIN(f) is the intensity noise spectrum. For a limited bandwidth Rx, the above integral
should be calculated over the Rx bandwidth. It is noted that ry is simply the inverse of the
transmit optical power. For simplicity, we assume that RIN(f) is a constant value over the
whole bandwidth, i.e., RIN(f) = RIN. Hence, the power of the RIN can be denoted as:

JlgilN = RIN(RAPDPrX,opt)zBL- (213)

Therefore, the total noise power for an APD can be expressed as:

On

BL + 2qG2APDFARAPD(Prx,opt + Pn)BL + RIN(RAPDPrx,opt)2BL- (214)

2.3.5 Concentrator

In general, the received optical power of a PD is proportional to its physical area. Hence,
more received optical power can be captured using a PD with large physical area. However,
the increase in the PD area results in a growth in switching times, which reduces the receiver
bandwidth [14]. In order to capture more light energy without compromising the bandwidth of
a PD, the optical concentrator is utilized. There are two main kinds of concentrators: imaging
concentrators as well as non-imaging concentrators. Imaging concentrators capture light signals
and project the original image from the optical transmitter on a PD. Hence, optical links from
different LEDs can be well separated with the utilization of imaging concentrators, which
increases the optical channel capacity and reduces the complexity of detection [68]. Thus,
imaging concentrators are favorable in a multiple-input multiple-output (MIMO) configuration.
Instead of separating different optical channels, non-imaging concentrators focus all light
energy into a small area. With the use of non-imaging concentrators, light energy can be
effectively collected and a higher gain can be achieved. Therefore, non-imaging concentrators
will be considered in the rest of the studies. Typically, the effective signal collection area, A,
is expressed as [14]:

Ae = Apcostp x rect(g), (2.15)

where Aj, is the physical area of a PD; rect(-) denotes the rectangular function; 1) represents
the incidence angle of a PD. Note that v/ can be obtained as:

1 (upp-(=d)
w = COS (W), (216)
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where d defines the distance vector between the Tx and the Rx. The dot product is denoted as
(1) and ||d|| denotes the Euclidean distance. Furthermore, npp is the normal vector of the PD.
With a concentrator and a filter, the effective area becomes [14]:

At = ApTs(1)g(v) cos i x rect (W), (2.17)

where T(v) represents the signal transmission gain of the optical filter; ¥, denotes the field
of view (FOV) of the PD with concentrator; g(¢) is the gain of concentrator. With the use
of non-imaging concentrators, there is a trade-off between FOV and gain. Ideally, the gain of
non-imaging concentrator is defined as [14]:

2

_ nref
9g(¥) = Sn2(0,)’ (2.18)

where n..f represents the internal refractive index of the concentrator.

2.3.6 Angle Diversity Receiver Structure

An angle diversity receiver (ADR) is composed of multiple narrow-FOV PDs facing different
directions. The angle diversity reception, first proposed in [14], allows the Rx to achieve
a wide FOV and high optical gain simultaneously. The high optical gain comes from the
narrow-FOV of each PD while the wide FOV is the result of combining multiple narrow-FOV
PDs as one Rx. In [15-24], the ADR is used to address the issue of inter-cell interference (ICI)
as well as frequency reuse in LiFi cellular systems, and different signal combining schemes
are investigated. By using a PD in conjunction with a compound parabolic concentrator
(CPC), a narrow FOV and high optical gain can be achieved [14]. The CPC is one type
of non-imaging concentrator that is widely used. It can achieve much higher gain than the
hemisphere concentrator. However, the narrow FOV is achieved at the expense of the longer
length of the CPC [14]. Therefore, the number of PDs on the ADR should be limited due to the
size limitation on the mobile devices and smartphones.

In this study, the truncated pyramid receiver (TPR) [24] and the pyramid receiver (PR) [23] are
considered as they are both suitable for hand-held devices. The number of PDs on the TPR
and PR are separately denoted as Ntpr and Npgr. The structure of the TPR with Nppg = 9
and the PR with Npr = 8 are presented in Fig. 2.3 (a) and Fig. 2.3 (b), respectively. The ADR
designs are analyzed in the following parts.

2.3.6.1 Truncated Pyramid Receiver

The TPR is composed of a central PD and a ring of Nppgr — 1 equally separated side PDs.
The side PDs are arranged uniformly in a circle of radius r on the horizontal plane. Thus, the
coordinate of the p-th PD on a TPR is represented as [22]:

2(p—1 20p—1
(wUE+TCOSM7 ym-ﬂ'siﬂu, ZUE), if 1 <p < Nrpr
(ZPD.p, YPD.p, Z2PD.p) = Nrpr —1 Nrpr —1 ,
(2UE, YUE, 2UE), if p= Ntpr

(2.19)

17



Background

y(cm) 05 - -05 X(Gm)

(b) The structure of pyramid receiver with Npr = 8.

Figure 2.3: ADR structures.

where (zyug, yug, zuE) is the UE position, denoted as pyg. As the distance between the access
point (AP) and the UE is much larger than r, the distances between the AP and all PDs on a TPR
are approximately the same. The normal vector of each PD can be described by two angles:
the azimuth angle of a PD, wpp, and the elevation angle of a PD, pp [21]. When the UE is
pointing vertically upward, the TPR has one vertically orientated central PD and Ntpr — 1
inclined side PDs with identical elevation angles Opp. In other words, the elevation angle of
the p-th PD on a TPR can be expressed as:

(2.20)

0 _ J©pp, if1<p<Nrpr
PD,vert,p — 0’ lfp _ NTPR .
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The azimuth angle of the p-th PD is given by:

2p—m
N 10 if 1 < p< NTPR

WPD,vert,p = Nrpr — 1 . .21
0, if p = Ntpr

2.3.6.2 Pyramid Receiver

The PR can be regarded as a TPR without the central PD. Therefore, the coordinate of the p-th
PD on a PR is given by:

2p— )

, YUE + rsin
Npr

2p— )7
Npr

(ZPD.p, YPD ps 2PD p) = (irUE + 7 cos ; ZUE)- (2.22)

When the UE is vertically orientated, the elevation angle and the azimuth angle of the p-th PD
are separately expressed as:

0D, vert,p = OPD, (2.23a)
2(p — 1)
WPD vert p = (Z;VPR). (2.23b)

2.3.7 Signal Combining Schemes for an Angle Diversity Receiver

With the use of proper signal combining schemes, ADRs can significantly mitigate ICI from the
cell in the vicinity without losing the coverage. Therefore, in this section, we introduce three
popular signal combining schemes namely equal gain combining (EGC), select best combining
(SBC) as well as maximum ratio combining (MRC).

2.3.7.1 Equal Gain Combining

The EGC is one of the most simple signal combining schemes as signals from all PDs are
combined with equal weights. EGC does not require any knowledge from any AP to a user.
Hence, only a simple adder is demanded for the combining circuit of the EGC scheme, which
means optical power from multiple PDs is added up directly. However, ICI cannot be mitigated
effectively since the signal from each PD is equally weighted, which could lead to poor overall
signal to interference-plus-noise ratio (SINR) performance.

2.3.7.2 Select Best Combining

The SBC scheme only select the signal from the PD having the highest received SNR and
discard the signals from other PDs. This requires the knowledge of channel state information
(CSI) from the desired APs to the user. The knowledge of CSI from the other interfering APs to
the user is unnecessary. With regard to the design of the combining circuit, a switch is necessary
for selecting the signals from the desired PD.
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2.3.7.3 Maximum Ratio Combining

In terms of MRC, the weight of each combining circuit is proportional to the SNR on each PD.
Similar to SBC, only the knowledge of CSI from the desired AP to a user is required. Regarding
the design of the combining circuit, instead of a switch, a multiplier and an adder are required
to weight and combine the received signals.

In general, although the EGC scheme is easy to implement, it is not recommended as its
SINR performance is similar to the performance using a single PD Rx. Although the received
optical power using SBC is lower than the optical power using EGC, it achieves better SINR
performance as the signals from PD with poor SNR are discarded. Among all these schemes,
MRC is the most complicated scheme. However, it achieves the best performance as it could
boost the desired signal and reduce interference. Therefore, a high overall SINR can be
achieved when MRC is adopted [18].

2.3.8 Receiver Bandwidth vs Photodiode Area

The bandwidth of a PD is affected by its physical area, A, and the PD thickness, L. The
capacitance of the each PD is denoted as:

A

Cr = eoer +2, (2.24)

Ly
where €g and €, are the permittivity of vacuum and and the relative permittivity of silicon,
respectively. The load resistance is defined as Rj,,q While the hole velocity is denoted as vp,.
Therefore, the Rx bandwidth can be written as [69]:

1
B, — , (2.25)

2
L
\/(27TRloadCr)2 + (@)

By solving gf; = 0, the optimum L, can be denoted as Ly, opt = \/ 0.8867 Rioad€0er App.

2.4 Digital Modulation Techniques
I; A

>
0 Vi

Figure 2.4: Typical nonlinear transfer characteristic of an LED.
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The most commonly used modulation techniques can be categorized into: single carrier
modulation and multiple carrier modulation. Real single carrier modulation scheme can be
adapted to LiFi from RF without major modification. These modulation schemes include
on-off keying (OOK), pulse position modulation (PPM), pulse width modulation (PWM) and
unipolar PAM. They are prone to unwanted effects such as inter-symbol interference (ISI) and
non-linear signal distortion at the LED [5]. In general, because of the p-n junction barrier and
the saturation effect of the LED, there is a non-linear relation between the forward current,
I¢, and the forward voltage, V; as shown in Fig. 2.4 Therefore, appropriate equalization
methods, which require complex digital filters, are required to deal with these challenges.
In comparison, multiple carrier modulation techniques are more bandwidth-efficient and can
offer higher data rates. One of the most common and widely used multiple carrier modulation
methods is OFDM. Benefits of using OFDM include: 1) robustness against the frequency
selectivity of channel by splitting the channel into narrowband flat fading subcarriers, 2) simple
channel equalization by using single-tap equalizer (while adaptive equalization techniques
are being used in single carrier modulation schemes), 3) as the entire available bandwidth is
split into multiple narrowband subcarriers, it is possible to adaptively allocate information
bits and energy to individual subcarriers according to their channel properties. This can
effectively exploit the communication resources, 4) computationally efficient by using fast
Fourier transform (FFT) and inverse fast Fourier transform (IFFT) techniques. 5) OFDM
technique can be directly used as a multiple access scheme at the medium access control
(MAC) level, where different subcarriers of OFDM can be effectively allocated to different
users [70,71].

In conventional OFDM, the transmitted signals are bipolar and complex, but bipolar signals
cannot be transmitted in an IM/DD OWC system, because the intensity of light cannot be
negative. Therefore, optical-OFDM (O-OFDM) is developed to ensure real and positive signals
[72]. Direct current biased optical orthogonal frequency division multiplex (DCO-OFDM) and
asymmetrically clipped optical orthogonal frequency division multiplex (ACO-OFDM) are two
of the most well-known and commonly used optical-OFDM (O-OFDM) schemes.

24.1 DCO-OFDM

The number of OFDM subcarriers is denoted as M, where M is an even and positive integer,
and the sequence number of OFDM subcarriers is denoted by m € {0,1,...,M —1}. Ina
DCO-OFDM system, to ensure real and positive signals, Hermitian symmetry is applied to the
OFDM frame and the following constraints should be satisfied [73]:

X(0) = X(M/2) =0, (2.26a)

X(m) = X*(M —m), for m # 0, (2.26b)

where (-)* denotes the complex conjugate operator. Therefore, the effective subcarrier set
bearing information data is defined as:

Me = {m|m € [1,M/2 — 1],m € N}, 2.27)
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where N is the set of natural numbers. The time-domain samples can be obtained through the
IFFT operation as:

M-1 .
1 j2mmn
zn] = — X (m)exp ( > , 0<n<M-1 (2.28)
77 2,
Afterwards, to combat the inter-symbol interference (ISI) caused by the dispersive wireless
channel, a cyclic prefix (CP) will be added to the samples. And then the digital to analog
converter (DAC) module will convert the samples to a analog waveform. To ensure the real and

positive signal, a direct current (DC) bias should be added to the analog signal Z(t) as:
zo(t) = zpc + Z(1), (2.29)

where
xpc = kVE[Z2(1)], (2.30)

where & is the conversion factor and E[-] denotes the expectation operator. By setting x = 3, it
is guaranteed that less than 0.3% of the signals are clipped and therefore the clipping noise is
neglectable [41].

242 ACO-OFDM

Another well-known type of O-OFDM is ACO-OFDM, which prevents adding the DC bias
to the signal and is energy-efficient. In ACO-OFDM, only odd subcarriers are used to bear
information which results in a loss of spectral efficiency. Spectral efficiency refers to the
information rate that can be transmitted over a given bandwidth in a specific communication
system. It is a measure of how efficiently a limited frequency spectrum is utilized by the
physical layer protocol, and sometimes by the medium access control [74]. Compared to
DCO-OFDM, half of the spectrum is sacrificed by ACO-OFDM to ensure real and positive
signals. In return, ACO-OFDM is more energy efficient than DCO-OFDM.

2.5 VLC Channel Model

In VLC, the signal propagation consists of two components: the LOS link and the NLOS link.
The LOS link represents that there is a signal path between a Tx and a Rx without blocking by
opaque objects. The existence of LOS links can maximize the received SNR while minimizing
the effect of multi-path distortion. For the NLOS link, light signals from a Tx require one
or multiple reflections to reach a Rx. The NLOS link design is robust to the blockage and is
suitable to achieve ubiquitous coverage. Therefore, the overall channel DC gain is the sum of
the LOS and diffuse components:

Hiotal = Hr,0s + Haittuse, (2.31)

where Hi og represents the LOS DC channel gain between the Tx and Rx, and H gjguse is the
diffuse DC channel gain which is the superposition of all NLOS components that are caused by
reflections from the surfaces of the walls.
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Figure 2.5: Downlink geometry of LOS light propagation in VLC.

2.5.1 Line-of-sight Link

The downlink geometry of LOS light propagation is illustrated in Fig. 2.5. As described
previously in Section 2.2.1, the LED follows the Lambertian radiation pattern. The LOS DC
channel gain is thus given by [75]:

I,
Hyos = ﬁAeHUTX,Rm (2.32)
where d is the distance from the Tx to the RX. vy rx is the visibility factor, which is equal to
one if the Tx and Rx are within LOS, and equal to zero if not. In other words, vy rx can be
written as [75]:

(2.33)

0 ¢>m/20r) >V,
UTx,Rx = . )
1 otherwise

The radiant intensity, I1,, is denoted in (2.1). The effective area of the PD, A.g is presented in
(2.17). Hence, (2.32) can be rewritten as:

(mLED + 1)

o2 cosLED () AT () g(v) cos(¢) vy Rx- (2.34)

Hios =

2.5.2 Non-line-of-sight Link

The diffuse link is due to the reflection from the walls. A microscopic frequency-domain
method for the simulation of the indoor VLC channel is presented in [75]. A closed form
for the transfer function that contains all reflection orders is formulated. The method can
be extended to multi-spot transmission without a significant increase in the computational
complexity. Therefore, in this study, we will use the frequency-domain method to simulate
the impact of the diffuse link. As mentioned earlier, the frequency-domain method in [75] is
used to obtain the diffuse link DC channel gain. We assume that all the wall surfaces are purely
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diffuse Lambertian reflectors with m.;; = 1. All of the surfaces are divided into a number of
small surface elements numbered by k = 1,..., Ng, with areas A, and reflective coefficients
pr- To calculate the diffuse link DC channel gain, the propagation of light is divided into the
following three parts. The first part of the diffuse link propagation is the light path between the
Tx and all the reflective surface elements of the room. The LOS DC channel gain between the
Tx and the surface element k is defined as:

myEp + 1

5— €08 ED (¢ 1) Ag cos(Yry ), (2.35)
2ndiy g

-HTX,k =

where dry . denotes the distance between the Tx and the surface element k. ¢y j represents
the radiant angle while 11y ;. is the incident angle of the surface element k. Therefore, the Tx
transfer vector, t, is defined as:

t = (Hrx1, Hrxo, - Hreng) T, (2.36)

where (-)” defines the transpose of vectors. The second part of the diffuse link is the LOS link
from all the Ny, surface elements to all the Ny surface elements. The LOS DC channel gain
between the surface elements & and the surface element ¢ is given as:.

Myyall + 1

H, =
kit 27Tdii

cos(¢r, i) Ai cos(. ;). (2.37)

To describe the LOS links between all surfaces inside the room, the Ng X Ng room-intrinsic
transfer matrix, H, is defined by its elements [H]; ; = Hy, ;. In order to include the reflective
coefficient py of the surface elements, the Ng x Ng reflectivity matrix is defined as [75]:

G, = diag(p1, p2, .-, PNy )- (2.38)

In the third part of the diffuse link, the light propagates from all the surfaces of the room to the
Rx. Similarly, we denote the LOS DC channel gain between the surface element k and the Rx

as:
Myan + 1

o2 cos (¢ rx) ApTs (1) g (1) cos(Yr Ry ), (2.39)
TaE Rx

Hyrx =

The LOS DC channel gain between all the reflective elements of the room and the Rx are
grouped to give the Rx transfer vector r which is defined by its transpose:

v’ = (Hi Ry, HoRx, - HNgRx)- (2.40)

According to [75], the total diffuse DC channel gain with infinite reflection can be calculated
by the matrix product:
Hagg = v G,(I-HG,) 't. (2.41)

where I denotes the unity matrix.
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2.5.2.1 Channel Impulse Response

According to [76], the VLC channel impulse response between the Tx and the Rx in the
frequency domain can be modeled as:

H(f) = Hyota1(f)Hr (f), (2.42)

where Hp(f) represents the front-end device frequency response. The effect of front-end
elements is considered in this study. It has been shown in [70,71,77] that the front-end
elements follow low-pass filter characteristics. Therefore, the front-end frequency response
can be modeled by a first order low pass filter as [70,73,78]:

f
Ve fo

where fj is the 3 dB cut-off frequency of the front-end filtering effect; v is the fitting coefficient
and |Hp(fo)|? = —3 dB when v, = 2.88 [78].

Hy(f) = exp(-

), (2.43)

2.6 LiFi Attocell Networks

In a typical point-to-point VLC system, the coverage area is in the order of a few square meters.
In order to support wide coverage, mobility and seamless connectivity, the networked VLC
system, namely LiFi attocell network is required. The LiFi attocell network utilizes multiple
LED Txs or APs, needs to be implemented. Compared with a single Tx or AP, LiFi attocell
networks can provide higher power efficiency as well as higher spectral efficiency by means of
frequency reuse [79]. In a LiFi attocell network, APs deployment can be mainly classified into
4 categories: 1) square deployment; 2) hexagonal deployment; 3) poisson point process (PPP)
deployment and 4) hard-core pointprocess (HCPP) deployment [73]. Typically, the deployment
of LEDs in offices and rooms follows the square network. Therefore, the square network is
considered in this study. Unlike RF Txs that are normally omnidirectional, optical Txs are
intrinsically directional. The emitted light of an LED can be confined within a limited region.
Therefore, optical attocell networks can be deployed in high density. When LDs or VCSELs is
used as the Txs, narrow well-directed beams can result in extremely high density.

2.6.1 Interference Mitigation

Similar to other cellular systems, ICI in LiFi attocell networks can significantly compromise the
system performance. The ICI is inevitable as APs are placed close to each other. Particularly,
cell-edge users suffer from severe ICI. Despite the dense deployment of APs, due to ICI,
LiFi may not provide a uniform coverage concerning data rate. Interference coordination
mechanisms have been extensively investigated for VLC systems [9-13]. The commonly used
technique is static resource partitioning [9]. By separating any two cells that reuse the same
frequency resource with a minimum reuse distance, ICI is effectively mitigated. However,
there is a significant loss in spectral efficiency. A combined wavelength division and code
division multiple access scheme was proposed in [10]. Although this approach enhances the
system bandwidth, it requires separate filters for each color band and thus creates additional
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cost. In [11], the fractional frequency reuse (FFR) technique is proposed to mitigate ICI.
The FFR scheme is a cost-effective approach to provide improvements both in cell-edge user
performance and average spectral efficiency (ASE), but a low user-density will decrease the
ASE significantly. Joint transmission (JT) has been proven to improve signal quality for
cell-edge users [12]. In a JT system, a UE can be served by multiple nearby APs, thereby
improving the acquired signal quality. The downside of the JT systems is the extra signaling
overhead. Moreover, the space division multiple access scheme (SDMA) scheme using angle
diversity transmitters (ADTs) proposed in [13] can mitigate ICI by generating concentrated
beams to users at different locations.

2.6.2 Multiple Access Techniques

Multiple access techniques are required to support multi-user data communications in optical
attocell networks. In multi-user LiFi systems, an efficient multiple access scheme can help to
avoid intra-cell interference and achieve multi-user diversity gains. In the following parts, we
introduce four widely used multiple access schemes in LiFi cellular networks. These techniques
include time division multiple access (TDMA), orthogonal frequency division multiple access
(OFDMA), SDMA and carrier sense multiple access with collision detection (CSMA/CA).

2.6.2.1 TDMA

When TDMA is adopted, all active users under the same optical cell utilize the whole available
bandwidth in different time slots. In each time slot, only one of the active users can be
served in an attocell. Although the TDMA scheme can be directly used in a LiFi attocell
network, it requires synchronization which is difficult for mobile UEs [41]. In addition, ICI
can significantly degrades the performance of TDMA [5]. Therefore, interference mitigation
techniques are required to attenuate ICI.

2.6.2.2 OFDMA

Due to the flexibility in resource allocation (RA), OFDMA has been widely adopted in RF
networks [80]. By means of the OFDMA scheme, resources can be allocated in both time
and frequency domains, where the minimum and indivisible time-frequency slots are known as
resource units (RUs). A resource block (RB) is composed of a number of RUs. It is evident
that allocating those RUs to different users is more efficient and flexible than only allocating
subcarriers or time slots. Therefore, OFDMA has been recently considered as a promising
and viable solution for downlink transmission. Detailed analysis of the OFDMA scheme are
discussed in Chapter 4.

2.6.2.3 SDMA

SDMA is a well-known multiple access scheme in RF [81]. In RF, by changing the amplitude
and phase of the signals transmitted by an antenna array, directional narrow beams are
generated. This method cannot be directly implemented in a LiFi attocell since intensity
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Figure 2.6: Representation of random UE orientation.

modulation (IM)/DD is adopted. However, directional light beams can be generated easily in
LiFi as optical Txs have an inherent feature of a confined FOV. In an optical SDMA system,
the AP is composed of multiple optical Txs with narrow well-directed beams. Unlike TDMA,
the SDMA scheme enables simultaneous transmission to different active users. Therefore,
within a single time slot, multiple active users can be served. With the knowledge of user
location, the interference between these narrow beams can be substantially reduced [18].

2.6.24 CSMA/CA

In CSMA/CA, the nodes try to avoid collision by listening to the channel. Then, the data packet
will only be transmitted when the channel is found to be idle. In CSMA/CA, the request to send
(RTS) and clear to send (CTS) signals are exchanged between the Rx and Tx, which is known
as the RTS/CTS handshake mechanism. With the implementation of the handshake protocol,
the hidden node problem, which happens when a node is visible to the AP while not to other
nodes, can be addressed. A detailed explanation and performance analysis of the CSMA/CA
with RTS/CTS mechanism is provided in [82].

2.7 User Orientation and Mobility

2.7.1 Random Orientation Model

The orientation of a UE has a great impact on the channel DC gain according to (2.34). In
[83], a model for the random orientation of mobile devices based on experiments is proposed
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so that the system performance of LiFi attocell networks can be evaluated more accurately.
The random orientation model can be described by two angles: the elevation angle of a UE,
fuE, and the azimuth angle of a UE, wyg. The geometrical representation of fyg and wyg is
manifested in Fig. 2.6. The probability density function (PDF) of fyg can be modeled as the
truncated Laplace distribution and it can be simplified as [83]:

(— |0uE—fi0] )

be T
0<o<— 2.44
b , Usb0<3, (2.44)

exp

I

fo(Our)

where bg = 4/ ag /2. The mean and scale parameters are set as py = 41.39° and oy = 7.68°
[83]. In addition, the PDF of the azimuth angle of a UE, wyg, is modeled as a uniform
distribution. It is assumed that the UE is initially pointing vertically upward and nyg vert =
[0,0,1]T. The normal vector of the UE after rotation becomes nyg. The rotation can be
simplified as rotating around the y-axis with fyg and then rotating around z-axis with wyg,
which can be described by rotation matrices R(fyg) and R(wyg) separately [84]. Thus, nyg
is given by:

COSWUE — sin WUE 0 COs GUE 0 sin GUE 0
Nnyg = R(WUE)R(QUE)HUE,vert = sin WUE COS WUE 0 0 1 0 0
0 0 1 —sin 0UE 0 cos 0UE 1
= [sin fyg cos wyg, sin Gy sin wyg, cos OUE]T

(2.45)

2.7.2 Random Waypoint Mobility Model

There are plenty of mobility models proposed in the literature. Among them, the random
waypoint (RWP) mobility model is one of the most simple and well-known models that is
considered for the simulation of the user mobility either for indoor or outdoor environments
[85]. In [86], the random waypoint (RWP) mobility model was initially introduced to model
human movement in a random manner. At each waypoint, the following properties need to be
satisfied in order to move to the next waypoint: i) the random destinations are chosen uniformly;
ii) the movement path is a straight line; and iii) during the movement, the speed is constant. At
the n-th movement period, the current waypoint is P,,_1 = (z,,—1, yn—1) and the next waypoint
is P, = (2, yn). The velocity of UE at the n-th movement period is denoted at V;,. Therefore,
the RWP mobility model can be mathematically expressed as an infinite sequences of triples:

{(Pn—laPm Vn)}neN

2.7.3 Orientation-based Random Waypoint Mobility Model

In this section, we describe the orientation-based random waypoint (ORWP) which provides a
more realistic framework for the analysis of system performance in LiFi networks [83, 87, 88].
In fact, the ORWP model incorporates the device orientation, which is modeled based on the
experimental measurements, into the RWP mobility model. This method was developed in
[89]. It is shown that the random orientation for walking users can be modeled as a correlated
Gaussian distribution with the mean of E[§] = 30° and variance of o = 7.78°. A first-order
autoregressive (AR) model can be exploited to generate correlated random samples of device
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orientation. Therefore, the i-th sample of AR(1) can be obtained as [83]:
0li] = co + c10[i — 1] + wli], (2.46)

where wli] is a white noise process with the variance of o,. To guarantee that the random
process (RP), 6, is wide-sense stationary, the condition |c;| < 1 should be met. The factors cg,
c1 and the variance o, can be obtained based on the mean, variance and coherence time of the
experimental measurements as follow:

Ts
co=(1—c)E[f], ¢ =005T0, o2 =(1-c}og, (2.47)

where 7§ is the sampling time and 77 ¢ is the coherence time of the RP, . The coherence time is
obtained based on the least-squares spectral analysis (LSSA) technique from the experimental
measurements, which is described in detail in [90].

2.8 Summary

In this chapter, a brief history of LiFi has been introduced. Then, the characteristic of optical
Tx and Rx front-end elements have been explained, which include: LED, LD, PIN diode, APD,
SPAD, concentrator as well as ADR. Also, O-OFDM has been described as it is one of the
most widely used multiple carrier modulation methods. With these fundamental concepts, the
VLC channel models including both LOS and NLOS links have been provided. Moreover, the
concept of LiFi attocell networks have been presented. Interference mitigation and different
multiple access techniques have been discussed as well. Afterwards, two limiting factors of the
LiFi system have been introduced, which are random device orientation and user mobility.
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Chapter 3

Interference Mitigation using
Optimized Angle Diversity Receiver in
LiFi Cellular Network

31



Interference Mitigation using Optimized Angle Diversity Receiver in LiFi Cellular Network

3.1 Introduction

The angle diversity reception, first proposed in [14], allows the receiver (Rx) to achieve a
wide field of view (FOV) and high optical gain simultaneously. An angle diversity receivers
(ADRs) is composed of multiple narrow-FOV photodiodes (PDs) facing different directions.
In [15-20], the ADR is used to address the issue of inter-cell interference (ICI) as well as
frequency reuse in light-fidelity (LiFi) cellular systems, and different signal combining schemes
are investigated. However, the proposed ADR structure is hard to implement and the optimum
ADR design is not given. Moreover, the system is assumed to be interference limited instead
of noise limited in [18], which is not always true as the ADR can mitigate most of ICI with
noise being the dominated part. Recently, due to the lower channel correlation achieved
from the angle diversity scheme, ADRs are introduced to improve the performance of indoor
multiple-input multiple-output (MIMO)-visible light communication (VLC) systems, and the
pyramid receivers (PRs) are proposed [23]. The generalized structure of truncated pyramid
receivers (TPRs) are given in [24] to reduce the signal to interference-plus-noise ratio (SINR)
fluctuation. However, the optimum structures of the ADRs are not given and therefore the
performance gain is not fully exploited. In addition, to obtain a more accurate evaluation of
the system performance, the following three factors must be taken into consideration: 1) User
Device Orientation: Most of the studies on ADRs assume that the receiving device is pointed
vertically upward. However, the random orientation of mobile devices can significantly affect
the direct current (DC) channel gain and thus the system performance [29, 83]. Therefore, the
random orientation model of the user equipment (UE) in Chapter 2.7.1 needs to be considered.
This model will be applied in this study to evaluate the system more accurately; 2) Diffuse
Link Signal Propagation: The non-line-of-sight (NLOS) link is neglected in most LiFi and
VLC studies and only the line-of-sight (LOS) channel is considered [7-12]. In [73], it is
shown that the LOS link is the dominant link and the effect of the reflected signal can be
neglected. However, the UE is assumed to be positioned vertically upward, which is not
realistic for mobile devices. In this study, we consider the effect of reflection when random
device orientation is applied and the results show that the diffuse link cannot be ignored. The
frequency-domain method of the indoor VLC channel in Chapter 2.5.2 is used to simulate
the impact of the diffuse link; 3) Noise Power Spectral Density: The noise power spectral
density of the PD has a huge impact on the analysis of system performance. For different
levels of noise power spectral density, the system could be noise-limited, interference-limited
or noise-plus-interference limited, which could affect the choice of the signal combing schemes
and the cell configurations.

3.2 LiFi Cellular Network Model

An indoor LiFi network is studied and it is assumed that the total number of UE and
LiFi access points (APs) are Nyg and Ni, respectively. The set of APs is denoted by
A={a|a€][l,Ny]}. The set of users is denoted as Y = {u | p € [1,Nuyg]}. In
order to mitigate the ICI in LiFi systems, one of the most effective ways is to use ADR as
optical Rx [19]. An ADR consists of multiple directional PD with narrow FOV. Therefore,
the ADR is used as the Rx in this chapter and the set of PDs on an ADR is denoted as
P = {p | p € [1,Npp]}, where Npp denotes the total number of PDs on the ADR. The
geometrical representation of the LiFi cellular network, where the ADR is used as the Rx, is
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LED <~ LED

LED| <~ \ LED /

Figure 3.1: The LiFi cellular network using the ADR as the receiver

presented in Fig. 3.1. When the UE is pointing vertically upward, for both PRs and TPRs, the
normal vector of the p-th PD is obtained as:

[Sin(ePD,vert,p) COS(WPD,vert,p)
NpD vert,p = Sin(QPDNert,p) Sin(wPD,vert,p) ) (31)
cos(0pp,vert,p)] "

where 0pp vert,p and wpp vert,p are the elevation angle and the azimuth angle of the p-th PD
for vertical-orientated UEs, respectively. 6pp vert,p 1S denoted in (2.23a) while wpp vert,p 18
given in (2.23b). However, the normal vector of the UE will change due to the random rotation.
The random orientation model is described in Section 2.7.1. The rotation matrices R(0ug)
and R(wyg) are presented in (2.45). Thus, the normal vector of the p-th PD after the random
rotation is obtained by:

npp , = R(wue)R(OUE)NPD vert p

C' cos wyg cos fug — Cy sinwyg, + sin fug cos wur cos(0pD vert,p) (3.2)
. . . ) .
= | Cisinwyg cosbyg + C2 coswug + sin fug sin wug cos(0pp vert p)
—C' sin Oyg + cos Guk cos(0pp vertp)

where
C) = Sin(ePD,Vert,p) COS(WPD,Ver‘D,p)a (3.3a)

Cy = sin(0pp vert,p) SIN(WPD vert,p)- (3.3b)

Based on (3.2), after the random rotation, the elevation angle of the p-th PD can be obtained as:
Opp,p = cos ! ( — (1 sin Oyg + cos Oy COS(HPDNert,p)), (3.4)
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and the azimuth angle of the p-th PD can be expressed as:

C1 sinwyg cos fug + Ca cos wyg + sin fug sin wyg cos(Opp vert p) )

-1
WpD.p = tan ( . .
P C' cos wyg cos fug — Ca sinwyg, + sin fug cos wug cos(0pp vert,p)

3.9
According to (2.16), the incidence angle of the p-th PD, 1, can be obtained as:
-d
wp = COS_l ( npﬁ(;lpH ) (36)

With the knowledge of 1, the overall DC channel gain between the p-th PD of user ;. and the
a-th AP, H, ,,;, can be obtained according to (2.34). In order to achieve high data rates, the
direct current biased optical orthogonal frequency division multiplex (DCO-OFDM) described
in Chapter 2.4.1 is used in this chapter. For an ADR, multiple PDs are receiving signals
simultaneously. Thus, attention should be paid to the selection of the signal combing schemes.
With the use of proper signal combining schemes, ADRs can reject ICI from the cell in the
vicinity without losing the coverage. The details of the signal combining schemes are described
in Chapter 2.3.7. There are different combining schemes such as equal gain combining (EGC),
select best combining (SBC) and maximum ratio combining (MRC). An important metric to
evaluate the link quality and capacity is the SINR. The number of orthogonal frequency division
multiplex (OFDM) subcarriers is denoted as M. The SINR of user x on subcarrier m can be
obtained based on [18] and [73]:

Npp )
( Zl TPtprHas,uvp) /(M —2)
_ p:
Tum = Npp Npp
wy?k2NoBL/M + 37 (TPix ) pranmp)Q/(M —2)
=1 i A s =1
p €A\ {as} p ’ 3.7)
Npp )
(> TPuxwpHo, pp)
_ p=1
- NPD NPD
> wp?k2NoBL(M —2)/M + >3 (TP > wpHaypup)?
p=1 a€A\{as} p=1

where 7 is the optical-to-electrical conversion efficiency; Py is the transmitted optical power
of the AP; w,, denotes the combining weight of PD p; H,, ;. , is the overall DC channel gain
between the PD p of user i and the serving AP ag; « is the ratio of DC optical power to the
square root of electrical signal power; Ng represents the noise power spectral density of the
additive white Gaussian noise and By, is the baseband modulation bandwidth; H,, ,,, is the
overall DC channel gain between the PD p of user i and the interfering LiFi AP «;. The
serving AP a4 for user p is selected based on the signal strength strategy (SSS) where the UEs
are connected to the APs providing the best received signal strength. Hence, the serving AP ag
for user p can be expressed as:

Npp
Qg = arg max Z |Hoppl? (3.8)
acA =1
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When the EGC scheme is adopted, the signals received by the PDs are simply combined with
equal weights, which can be described as:

wp =1, forany p € P. 3.9

In terms of the SBC scheme, a switch circuit is required to output the information from the PD
with the highest SINR. Hence, the weight of each PD is given as:

1, p=mns
wy, = , 3.10
P {0, otherwise ( )

where ps can be obtained by:

(T PixHa, up)2

Ps = argmax REAS . (3.11)

ST e RNeBLM =2)/M+ Y (TPiHay)?

aieA\{Oés}
On the subject of the MRC schemes, the weight for each PD is denoted as [18]:
_ (TPtXHasvuvp)Q
wy = — 5 (3.12)
RENoBL(M = 2)/M + > (TPxHo pup)
aieA\{Oés}

Based on the Shannon capacity, assuming electrical signals after optical to electrical conversion,
the data rate of the u-th UE on subcarrier m can be expressed as [91]:

(3.13)

Comm = Bl logy (1 + Yum), m € [1,M/2 — 1]
s 0, otherwise

M/2-1
m=1 Hyme

Hence, the data rate of the y-th UE can be obtained by ¢, = >

3.3 Visibility of an Angle Diversity Receiver

The visibility of an ADR was first defined in [21]. An AP is visible to a PD when the AP
is within the FOV of the PD. Hence, with the UE location pyg and the p-th PD orientation
(OpD,p, wPD,p), the visibility factor between the p-th PD on the ADR and the a-th AP can be
expressed as:

0, Yap> Ve

nPD,p'da )
. b
1, otherwise

Va,p(TUE; YUE, OPD p, WPD p, Vo) = { ;and 1, = arccos ( MTdall

(3.14)
where dy= (T4 — TUE, Ya — YUE, 2o — 2UE) 1S the distance vector between the AP « and the
UE; nppy, is the normal vector of the p-th PD; W, denotes the FOV of the PD;. The dot product
is denoted as (-) and ||-|| is the norm operator. In terms of ADR, an AP is visible to an ADR
if and only if the AP is visible to at least one of the PDs on the ADR. Hence, for a given UE
position (zyg, yug) and UE orientation (fyg, wug), the visibility of the ADR can be written
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as [21]:
L if Y > vap #0
V(zuE, yuE, Oue, wue, ¥e) = a€ApEP . (3.15)
0, otherwise

It is assumed that both zyg and yyg follow a uniform distribution. Also, as discussed in
Chapter 2.7.1, the azimuth angle of a UE follows uniform distribution. The probability of
visibility of an ADR is defined as the probability that there is at least one AP within the
projection area of the ADR for all UE positions and orientations, and it can be expressed as
follows:

1 1 1
pv(q/c):////V(xUanUEanEwaEv\I'c)i77f9(9UE)d$UEdyUEd9UEdWUE
Xug Yug Que

TUE YUE Oyg WUE

0 U, ’
= / / / / V(xuE, yuE, OUE, wuE, Yc) fo(Ougr)dzyrdyurdfurdwur
XueYusQue

TUE YUE Oug WUE

(3.16)
where Xyg, Yug and Qug are the range of zyg, yur and wyg, respectively. Hence, it can be
obtained that Xyg = max(a:UE) — min(:pUE), Yug = max(yUE) — min(yUE) and Qug =
max(wUE) — min(wUE).

3.4 The Optimum Field of View

3.4.1 Optimization Problem

In (2.34), the LOS channel gain Hy,og is a convex function of W, and decreases monotonically.
Hence, the smaller the U., the higher the channel gain. However, when the ¥, of the PD
is too small, there is a high chance that no APs are visible to the ADR and the LOS link
cannot be constructed. Thus, there is a trade off between the LOS channel gain and visibility.
The optimization problem is formulated as maximizing the LOS channel gain based on the
constraint that the ADR should provide visibility for all UE locations. Thus, the optimization
function is written as:

argmax Hyos(P.),
Ye (3.17)
subject to py(Ve) = 1.

The solution set of p,(¥.) = 1 is denoted as R and W, i, is the minimum value in R. As
Hi,0s(V,) is a monotonically decreasing function, the maximum Hy,og(W.) is achieved when
W, = W, min. Hence, the optimization problem can be solved by finding the minimum value of
W, We min, Which satisfies p, = 1. Based on (3.16), W, i, cannot be solved in a closed form.
Therefore, in the following parts, we will study the ADRSs’ projection area on the ceilings to
solve the solution set R and find a closed form for W yiy.
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3.4.2 Projection area of Angle Diversity Receiver on the Ceiling

Firstly, we study the projection area of a PR for a vertical-orientated UE. Fig. 3.2 (a)
demonstrates that the projection area of the PD mounted on the PR is an ellipse on the ceiling.
The projection area of the 1-st PD with (fpp 1 = ©Opp, wpp,1 = 0) is illustrated in Fig. 3.2 (b).

25

15
0 5 10 X

(a) Projection area of PDs on the ceiling.

O " UE, P

\

(b) Projection area of the 1-st PD.

Figure 3.2: Projection area of PDs on the ceiling

The point O represents the location of the UE, pyg, and OE represents the normal vector of
the PD. The intersection point of the normal vector with the ceiling is E. The coordinate of E
is denoted as (e, Ye, z¢) and points A, B, C, D, F are denoted in the same way. Points A and
B are the vertices of the ellipse. Points C and D are the co-vertices of the ellipse. The center
point of the ellipse is denoted as F. The angle between each of the four vectors, OA, OB,

37



Interference Mitigation using Optimized Angle Diversity Receiver in LiFi Cellular Network

OC, OD with OE is V.. The length of the semi-major and semi-minor axes of the ellipse are
represented by a and b separately. The length of semi-major axes a is denoted as:

. |AB| htan(¥.+ Opp) + htan(¥. — Opp)
2 2
hsin(20,)
cos(2W.) + cos(20pp)

(3.18)

where h is the vertical distance between the AP and UE. As A, B, E, F and O are on the same
xz-plane,

Ya = Yb = Ye = Yt = YUE- (3.19)
As A, B, C,D, E and F are on the ceiling,

2a = Zb = Zc = Zd = Zf = Ze = ZAP, (3.20)

where zap is the height of the AP. As C and D are on the same yz-plane with F, the coordinates
z of these points are represented by:

To =4 = Tf = ZUE + (a — htan(‘l’c - @pD))
hsin(20pp) (3.21)
cos(2W.) + cos(20pp)

= ZUE +

From Fig. 3.2 (b), we know that z, = h tan(Opp )+ zyg. Based on the parameters above, OE
and OC are given by:
OE = (htan(fpp),0, h) (3.22a)

hsin(20pp)

0C= (cos(Q\I'C) + cos(20pp)

b, h) (3.22b)

OE-OC

= [OB[0C]’ b can be obtained as:

Since cos(¥.)

_ V2hsin(¥,)
V/cos(2¥.) + cos(20pp) '

(3.23)

Hence, the projection area of the 1-st PD, where 6pp 1 = ©Opp and wpp,; = 0, is given by:

2 2
(mellipse,l - xcenter) (yellipse,l - ycenter)
2 + 2
a b

=1, (3.24)

where the center of the ellipse is given by (Zcenter = Zf, Ycenter = ¥Yt)- Fig. 3.3 depicts that
the shape of the projection area of the p-th PD can be obtained by rotating the 1-st PD around
(xuE, yur) with an angle of wpp ,, which can be represented as:

Zelli — TUE Telli — TUE
ellipse,p U — Rwy (WPD,p) ellipse,1 U
Yellipse,p — YUE Yellipse,1 — YUE (3 25)

_ | coswpp, —sinwpp,y Zellipse,1 — TUE
sinwppy,  COSWPD,p Yellipse,]1 — YUE

The TPR can be seen as the combination of a PR, where Npr = NtTpr — 1, and a central
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AY

(Opp ,CUPD)

(Xug )/UE)

(Gpp 0)

Figure 3.3: Projection area of PD on the xy-plane

PD. When the UE is facing vertically upward, the projection area of the central PD is a circle.
Therefore, the shape of the projection area of the p-th PD on a TPR is given by:

COSWpD,y — SINWpDp Tellipse,l ~TUB | || TUE f1<p<N
. ’ = TPR

SIMWpD,py  COSWPD,p Yellipse,1 — YUE YUE
Lellipse,p | _ -
Yellipse,p r ’

Tcircle .

) if p= Nrtpr
L Ycircle

(3.26)
where 2%+ y2 . = (htan U,)2.

3.4.3 Lower Bound of Field of View

For a fixed UE location, the ADR has the smallest projection area on the ceiling when vertically
orientated. In other words, we will investigate the worst condition, i.e., the situation that an
ADR is positioned vertically upward which provides the smallest projection area on the ceiling.
Under other orientation scenarios, the projection area is larger. Based on (3.25) and (3.26),
Fig. 3.4 illustrates the projection area of 4 different types of ADRs when the UE is at the cell
corner, that is to say, the cross-point of four LiFi cells. The blue curve is the outer boundary
of the projection area. On the outer boundary, the points that have the shortest distance to the
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A AP Visible area Reference circle
O UE ¥ Critical point — Outer boundary
Feell
_ ~ / PD

7>

x (m) x (m)
(a) PR, Npg =4 (b) PR, Npg =6

x (m) x (m)
(c) TPR, Nypg =5 (d) TPR, Npg =7

Figure 3.4: Projection area of PR and TPR with different number of PDs.

UE are defined as critical points, p.. Also, d. denotes the horizontal distance between p. and
the UE. To ensure that p, = 1, there are two constraints. The detailed explanation of these
constraints are given as follows:

3.4.3.1 Constraint /: The central area above the ADR should be visible to the ADR.

As shown in Fig. 3.5 (a), the total FOV of an ADR is represented as Wiq,, Which can be

written as:
Viotal = Ve + Opp. (3.27)

In terms of PRs, if ©pp > W, then the central part is not covered by the projection area of the
ADR as demonstrated in Fig. 3.5 (a). If the UE is in the cell center, then no APs will be visible
to the ADR. Hence, the condition Opp < V. should be satisfied so that the area directly above
the UE is covered by the projection area of the ADR. Based on this constraint and (3.27), the
lower bound of W, can be obtained as:

U
Ul min = tgtal. (3.28)
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(a) Projection area of PR

. . jectl . .
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“PD

e - -
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lPC 7Y \IIC

\Pc - ‘< s 47
{ otal >
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(b) Projection area of TPR

Figure 3.5: Projection area of ADR in xz-plane.

With respect to the TPR, the area directly above the UE is covered by the central PD orientating
vertically upwards as illustrated in Fig. 3.5 (b). The concern should be the gap between
projection area of the central PD and the side PD as shown in Fig. 3.5 (b). Therefore,
Opp < 2, is required to ensure there is no gap between them. By substituting this constraint
into (3.27), it can be derived that:

\\
\I’cl,min = t:;)tal . (329)

3.4.3.2 Constraint //: The outer boundary of the projection area should be large
enough.

The side length of a square cell is denoted as 7¢; as shown in Fig. 3.4. The horizontal distance
between the UE and the a-th AP is denoted as d}, ,. When the UE is at the cell corner,

dy,q = @Tcell for any a € A. With the decrease of U, the outer boundary of the projection
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AZ
pC (rC7 9(:’ a)C)

Y g /

-

UE (0,0,0) X

Figure 3.6: The geometrical representation of V., Opp, Wiotal and d. in the spherical
coordinate system.

area will decrease, which means d. will decrease. If d. is smaller than the horizontal distance
from the AP to the cell corner, which is ?Tcella there will be no APs within the projection
area of the ADR for cell-corner users. Therefore, to ensure that at least one AP is visible to the
cell-corner UE, d. should be larger than the horizontal distance from the AP to the cell corner.
By moving towards any direction, due to the symmetry, the cell-corner UE will get closer to at
least one AP. In other words,

2
domin = max (min (dh,a)) _ \grceu, subject to a € A. (3.30)

ZTUE;YUE (€3

That is to say, if there is at least one AP inside the outer boundary of the projection area for
the cell-corner UE, then, when the UE moves to other locations, the AP will still be inside the
outer boundary of the projection area. Hence, to meet the condition p, = 1, it is required that
de > ?rcell- Also, it can be seen from Fig. 3.4 that p. is always inside the green reference
circle, which has a radius of htan(Wioa). Hence, demin < de < htan(Wigta1), where
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demin = @Tcen- Fig. 3.6 presents the geometrical relationship in a spherical coordinate
system. The coordinate of p. is represented as (rc, 6., w.) and w, = wpgD 2|,—o for both PRs

and TPRs. The geometrical relationships among d;, d2 and ds, illustrated in Fig. 3.6, can be
represented as:

d? = d% 4 r2 — 2dyre cos(V.), (3.31)
d? = d% + d? — 2d3d, cos(we), (3.32)
d3=h?+d% r>=h?+d% dz=htan(Opp). (3.33)

Substituting (3.32) and (3.33) into (3.31), we can get:

21 2
Vh? + d? cos(V,) ' (3.34)

cos(Opp)

—d. coswe tan(Opp) = h —

Substituting (3.27) into (3.34), the elevation angle of each PD, ©pp, on PRs is derived as:

Opp = Fi(d) = _1 f1(de) 3.35
pp = Fi(dc) = tan Fao(do)’ (3.35)

where
filde) = /B2 + d2 cos(Wyta) — h, (3.36)

fa(de) = de cos(we) — \/man(\lltotal).

h Sin(\lltotal)
\/COS2 (‘Iltotal ) —sin? (WC)

The function F has one zero at z; = h tan(Wyta1) and one pole at p; =

The derivative of F} (d.) is given by:

OF h2 cos(we) cos(Viotal) — h\/m cos(we) + hdc sin(Wptar) (3.37)
. (F3(de) + B+ & -
By calculating the d, satisfying g%’cl = 0, the two roots are denoted as:
h cos(we) sin(Wyotal)
) 7 3.38
L= COS(\IJtotal) SID( C) | !
Y h cos(we) sin(Wiotal) (3.38b)

Cos(qjtotal) + sin (WC)

When sin(w.) < cos(\I/total), it can be proven that 0 < deo < 21 = htan(Wiota) < dc1 and
z1 < p1. In addition, & glfidd) < 0. Therefore, for d. € (0, htan(Wiota1)], F1 has a local
maximum at deo. When sm(wc) > cos(Wyotal)s p1 and dc do not have real value. It can also
be proved that 0 < des < 21 and M < 0. Similarly, for d. € (0, htan(Wiota1)], there is

a local maximum at dco. In summary, the upper bound of F} is thus given by:

F: dc 5 if dc min S dc
R maxz{ 1{dez) ’ 2 (3.39)

F1(demin), otherwise.
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According to (3.27), U, is given by:
Ve = Uigtal — Opp = Yiotal — F1(de). (3.40)

Hence, the lower bound of ¥ set by Constraint II is denoted as:

Fy(des),  if dommin < d
‘1’027min:{ 2( 02) c,min > ¢c2 (341)

F5(demin), otherwise.

where

Fy(dy) = Wyoqa — tan—t — Y1+ de c08(Protar) — b (3.42)
o d. cos(we) — \/h? + d2 sin(Viotal) ’

and .
. h cos(wc) sin(Wiotal)

deo = .
<2 COS(\PtotaI) + Sin(wc)

(3.43)

3.4.3.3 Summary
Based on (3.28), (3.29) and (3.41), the lower bound of ¥, can be expressed as:
\I/c,rnin = max(\Pcl,mina \Pc2,min)- (3.44)

Therefore, the solution set R is W¢ min < W < Wigta1. The channel gain and received signal
power increases as W, decreases. Therefore, the optimum FOV is W, 1.

3.5 Double Source Cell Configuration

In the conventional single source (SS) cell configuration, each cell is equipped with a single
AP in the cell center. The double source (DS) cell configuration is proposed to further exploit
the spatial diversity of the ADR in [20]. As demonstrated in Fig. 3.7, each LiFi AP consists of
two sources which transmit the same information signals but with opposite polarity. These
two sources are termed as the positive source and the negative source, which transmit the
time domain signal spos(t) and speg(t) respectively. The dynamic range of them is from 0
to Sy. The relationship between Sp05(t) and speg(t) is represented as speg(t) = S — Spos(t)
[20]. The distance between the positive source and negative source is dsource @S shown in
Fig. 3.7. In terms of illumination, when the dsource 1S small, the illumination condition
of DS cell configuration is similar to that of SS cell configuration. However, when dgsource
is large, illumination condition will be different and might not meet the indoor illumination
requirement. In this case, extra dummy light source can be added in the system to compensate
the illumination. In a single optical cell, the received optical signal at a PD is denoted as [20]:

Ssum (t) = Spos (t)Hpos + Sneg (t)Hneg, (345)

where H,,q is the channel gain between the positive source and the PD; H,e, is the channel
gain between the negative source and the PD. For a fair comparison, the total transmitting power
for the SS system and DS system should be the same. Hence, the transmit power of each source
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is halved when the DS configuration is applied and the received optical power at the PD can be

written as [20]:

P AH
|Hypos — Hpeg| = = I (3.46)

Ptx

Prx: 9

Generally, the Rx is closer to the desired AP than the interfering AP. For the desired AP, due to
the narrow FOV of ADRs, one PD can hardly receive LOS signals from both the positive source
and negative source simultaneously, and only one appears as the LOS channel gain. In respect

I
I
I
l

2 + A } + A
I

1 } + positive AP | 4
} A negative AP

0 . . :

0 2 4 6 8

z (m)

(a) dsource S %

+ positive AP | |
A negative AP

(b) dsource > %

Figure 3.7: DS cell configuration.

of the interfering AP, the channel gains Hy,os and H,e are both NLOS. Hence, the difference
between Hy,os and H,,eg is small and the interference is attenuated accordingly. Therefore, the
DS cell configuration can suppress the signal power from interfering APs [20]. As the LOS
interference can be mitigated by the narrow FOV of the ADR and the NLOS interference can
be mitigated due to the adoption of the DS configuration, the SINR of user p» on subcarrier m
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can be approximated by:

Nep o p 2
( 21 pr%AHas,u,p)
Faim = . (3.47)
wp?Kk2NoBr,(M — 2)/M
p=1
where AH,, , p is the overall DC channel gain between the PD p of user . and the serving AP

o in the DS system. As shown in Fig. 3.7, d. min Will vary according to the distance between
the positive and negative sources, which can be represented as:

T, d rce \ 2 T, 2 . T,
\/( (;ll - so; c() +( chll) , if dsource < c2ell

dc,min = MaXyyp,yup <mina (dha)) = s subject to a € A.

\/ (TC;H)2 + (LSO;CE)Q, otherwise
(3.48)
Therefore, the lower bound of W, for the DS cell system can be calculated based on (3.41) -

(3.44).

3.6 Results and Discussions

] Parameter \ Symbol \ Value
Transmitted optical power per AP Py 10 W
Modulated bandwidth for LED B 20 MHz
Physical area of the single PD Ap 1 cm?

FOV of the single PD W, 60°

The total FOV of an ADR Wiotal 60°
Half-intensity radiation angle Dy /9 60°

PD responsivity T 0.5 A/W
Noise power spectral density No 102! A%/Hz
Vertical distance between APs and UEs | h 2.15m

Wall reflectivity Pwall 0.8

Ceiling reflectivity Peeiling | 0.8

Floor reflectivity Pfloor 0.3

Refractive index Nref 1.5

Optical filter gain G 1

Permittivity of vacuum €0 8.854 x 10712 F-m~!
Relative permittivity of silicon Er 11.68

Hole velocity Up 4.8 x 10* m/s

Table 3.1: Parameters Lists [1]
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3.6.1 Simulation Setups

The simulation setup is shown in Fig. 3.1. An indoor office scenario with a size of an
8 m x 8§ m x 3 mis considered in this study, where 4 LiFi APs are deployed following a square
topology as illustrated in Fig. 3.4. All of the users are uniformly distributed in the room and
move randomly following the random waypoint (RWP) [83]. The other parameters used in the
simulations are listed in Table 3.1.
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Figure 3.8: Comparisons among received optical power for LOS link, LOS + diffuse link up to
order L and infinite reflections in 2 different positions with different orientations.

3.6.2 Importance of Reflection and Orientation

Fig. 3.8 shows the received optical power in two different locations with different orientations.
The room setup and the SS deployment is as shown in Fig. 3.1 and the transmitted optical
power Py is 1 W. Here, to evaluate the importance of reflection and device orientation, we first
consider the Rx as a single PD with a FOV of 60°. The received optical power from the LOS and
NLOS link can be calculated based on (2.34) and (2.41), respectively. The ratio of the received
optical power from the LOS signal link to the total received optical power is represented
as ps. In Fig. 3.8 (a) and 3.8 (b), the pj,s of cell-center UEs at (zyg = 6, yug = 6)
degrades substantially when the orientation of the PD changes from (fpp = 0°, wpp = 0°)
to (0pp = 60°, wpp = 180°). In Fig. 3.8 (c), the optical power from the diffuse link occupies
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more than 40% of the total optical power when the UE is at (xyg = 1,yyg = 1) with a PD
orientation of (fpp = 0°, wpp = 0°). Nevertheless, in Fig. 3.8 (d), by changing the device
orientation to (fpp = 45°, wpp = 180°), there is no LOS signal and only the signal from
the diffuse links can be received. Therefore, the device orientation has a great impact on the
received single power and thus cannot be ignored. In addition, both the LOS link and diffuse
link should be considered to analyze the performance of a multi-cell VLC system. Fig. 3.8
demonstrates that when the number of bounces is more than 5, the sum of the optical power
of these paths occupies less than 10% of the total received optical power. Hence, to reduce
the computational complexity while maintaining high channel estimation accuracy, a light
reflection order of L = 5 and the orientation model proposed in [83] are considered for the
following simulations.

3.6.3 Performance Analysis for Single Source cells

The simulation environment for the SS system is shown in Fig. 3.1 and the AP deployment is
shown in Fig. 3.4. Other parameters are listed in Table 3.1.
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457 x PR, random, simulation | |
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Figure 3.9: The relationship between W in and the number of PD, Npp, on an ADR for the
SS system.

1) Lower bound of FOV: Fig. 3.9 shows the relationship between the lower bound of the FOV,
W min» and the number of PDs. Based on the lower bound given in (3.44), the analytical results
are calculated for with different number of PDs. The lower bound of the FOV, ¥ ;,, for
both PRs and TPRs are analyzed. Then, the Monte-Carlo simulations for UEs with a vertical
orientation are carried out by finding the minimum value of W, that satisfies p, = 1 where py, is
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denoted in (3.16). 100,000 locations are chosen randomly following uniform distribution. The
lowest value of W, that could ensure V (zyg, yug, fur, wug, ¥Y.), denoted in (3.15), equal 1
for all locations is W min. It can be seen that the analytical results exactly match the simulation
results. When Npp < 6, with the increase of Npp, V¢ min decreases and the PR achieves
smaller W i, than the TPR. With the further increase of Npp from 6 to 10, the lower bound of
FOV, ¥ min, for the PR becomes fixed due to (3.28) while the W, i, for the TPR still decreases
and is lower than the W i, for the PR. For Npp > 10, W, iy does not change anymore for
the TPR as well due to (3.29). Secondly, the Monte-Carlo simulations are also performed
following (3.16) for UEs with random orientation. Similarly, 100,000 locations are chosen. For
each location, 10,000 orientations are generated based on the orientation model introduced in
Chapter 2.7.1. The lowest value of U, that could ensure V (zyug, yug, ug, wug, Yc) = 1 for
all locations and orientations is W in. The results are matched with the analytical derivation
for vertical-orientated UEs as well.
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Figure 3.10: The performance comparison between PR and TPR configurations considering

different Tx bandwidth in the SS system (MRC, Ny = 1072 A%/Hz).

2) PRvs. TPR: Fig. 3.10 manifests how the number of PDs Npp, affects the system performance
for both PR and TPR configurations. Monte-Carlo simulations are carried out and it is assumed
that the users follow the orientation-based random waypoint (ORWP) model introduced in
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Chapter 2.7.3. The average SINR in Fig. 3.10 (a) and Fig. 3.10 (b) exhibit the same trend. For
fair comparisons, it is assumed that the total physical area, A; = NppAp, of the ADRs should
be the same. Hence, the increase in Npp will lead to the decrease in the physical area A, on
each PD, which means less received power. Nevertheless, when Npp increases from 3 to 6,
the average SINR for the PR and TPR both increase. The increase is caused by the decrease in
V. min as displayed in Fig. 3.9, which leads to a higher channel gain and compensates for the
power loss due to the decrease in Aj,. In terms of the PR, the further growth of Npp leads to the
decline in the average SINR since W 1,i, does not change anymore. In comparison, the average
SINR for the TPR increases until Npp = 9 as W iy 1s still decreasing. When Npp increases
from 9 to 10 for the TPR, W i decreases slightly from 21° to 20° as demonstrated in Fig. 3.9.
However, the power loss caused by the reduction in A, exceeds the increase of received power
gained from the small decrease in W ,in, and thus the average SINR drops. Considering
Npp > 10, W min is fixed and the average SINR declines as A}, reduces. Hence, in terms
of the average SINR, the optimum values of Npp are 6 and 9 for PR and TPR, respectively. It
can also be observed that the PR outperforms the TPR with regard to both the average SINR
and average data rate when Npp < 6 since the PR has smaller ¥, ;. On the other hand, when
Npp > 6, the TPR has smaller W, ,,,;, than the PR and hence achieves better performance.
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Figure 3.11: Rx bandwidth versus the number of PD, Npp.

3) Rx bandwidth vs. Tx bandwidth: The user data rate is determined by the SINR and
the communication bandwidth. Hence, it is important to know the maximum achievable
communication bandwidth of the system. The communication bandwidth By, is the minimum
value between the Rx bandwidth and the transmitter (Tx) bandwidth, which is denoted as
By, = min(B;, By). The Rx bandwidth increase as the physical area of the PD decrease.
Based on (2.25), the relationship between the Rx bandwidth, B;, and the number of PDs, Npp,
is demonstrated in Fig. 3.11. When Npp increases from 3 to 15, the bandwidth increases from
150 MHz to around 350 MHz due to the decrease in the physical area of each PD. When the Tx
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bandwidth By is 100 MHz, which is less than B, for all values of Npp as shown in Fig. 3.11,
the communication bandwidth is limited by the Tx and thus By, = 100 MHz. As Bj, does
not vary according to Npp, the average data rate follows the same trend as the average SINR
in Fig. 3.10 (a). By increasing the Tx bandwidth B to 500 MHz, B, < B; for all Npp and
the communication bandwidth is limited by the Rx side. Hence, the communication bandwidth
Br, = B;. In Fig. 3.10 (b), with the increase of Npp, the average SINR first increases and then
decreases, which peaks at Npp = 6 and Npp = 9 for the PR and TPR, respectively. In contrast,
when Npp grows, the average data rate increases even when the SINR degrades, which is due
to the greater bandwidth. To sum up, the PR with Npp = 6 and TPR with Npp = 9 achieve
the highest average data rate for Tx-bandwidth-limited systems whereas the average data rate
peaks at Npp = 15 in a Rx-bandwidth-limited system for both PR and TPR.
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Figure 3.12: The performance comparison between MRC and SBC for the SS (PR, B;=100
MH?z).

4) MRC vs. SBC: The MRC scheme is known to achieve better performance than the SBC
scheme when there is no interference in the system. However, this may not be true when the
interference is taken into consideration. To demonstrate the performance comparison between
the MRC and SBC scheme, Monte-Carlo simulations are carried out for different noise levels. It
is assumed that the users follow the ORWP model introduced in Chapter 2.7.3. In Fig. 3.12 (a),
the noise power spectrum density level Ny is 10720 A?/Hz. When Npp = 3, the level of
interference is slightly higher than the noise, and the MRC schemes achieves similar average
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SINR as the SBC scheme. With the increase of Npp, the noise level becomes higher than
the interference level and the system gradually becomes noise dominated. It can be seen
that in a noise-limited system, MRC outperforms SBC in terms of average SINR. The noise
power spectrum density level Ny is 1072 A%/Hz in Fig. 3.12 (b). When Npp < 6, the
interference level is higher than the noise level and SBC performs slightly better than MRC.
However, the noise starts to rise above the interference level with the further increase of Npp
and thus MRC outperforms SBC. For a noise power spectrum density level of 10722 A?/Hz,
Fig. 3.12 (c) depicts an interference-limited system and the SBC scheme achieves a higher
average SINR than the MRC scheme for all values of Npp. In brief, when the system is
interference dominated, SBC is a better combining scheme. Otherwise, MRC outperforms
SBC when considering the average SINR.

3.6.4 Performance Analysis for Double Source cells
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Figure 3.13: The relationship between WV iy, and the number of PD, Npp, on an ADR for the
DS system.

The simulation environment for the DS system is shown in Fig. 3.1 but the AP deployment is
shown in Fig. 3.7. The distance between the positive and negative AP dgource 1S set to be 1 m.
Other parameters are given in Table. 3.1

1) Lower bound of FOV: Fig. 3.13 demonstrates the change in the minimum FOV against the
number of PDs for the DS configuration. As shown for the PR, with the increase in Npp, the
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lower bound of FOV W i, for the DS cells decreases and converges to 30° at Npp = 5, which
is earlier than the SS configuration. When Npp < 5, the W iy for the DS configuration is
lower than the counterpart in the SS configuration. In terms of the TPR, the minimum FOV
for DS converges to 20° at Npp = 8 and has smaller W, i, than the SS when Npp < 9.
When Npp < 10, the W iy for the DS configuration is lower than the counterpart in the SS
configuration.
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Figure 3.14: The performance comparison between MRC and SBC in DS cells (PR, Ny =
10722 A%/Hz, By=100 MHz).

2) MRC vs. SBC: Previously, in Fig. 3.12 (c), we have shown the performance comparison
between the MRC and SBC for the SS system with Ny = 10722 A?/Hz. Due to the low level
of noise power spectral density, the system is mostly interference-limited and SBC outperforms
MRC for all given values of Npp. By adopting the DS configuration, as shown in Fig. 3.14,
the average interference to noise ratio (INR) is larger than 1 only when there are 3 or 4 PDs
on the PR. Whereas for Npp > 5, the noise plays a similar or more important role than
the interference. Therefore, compared with the SS system, for the same level of noise power
spectral density, the average INR of the DS system degrades substantially. This indicates that
the DS system can mitigate interference. With regards to the average SINR, MRC and SBC
have similar performance when Npp < 4 whereas MRC outperforms SBC for Npp > 4.
From the above analysis, it can be deducted that MRC is a better combining scheme for the DS
system with respect to the three different levels of Ny given previously in this study.

3) PR vs. TPR: Fig. 3.15 illustrates the performance comparison between PR and TPR
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Figure 3.15: The performance comparison between PR and TPR in DS cells (MRC, Ny =
1072 A%/Hz).

configurations. With respect to the PR, when Npp rises from 3 to 5, the average SINR increases
from 19.3 dB to 24 dB, where the increment comes from the decline in W ;. For the same
reason, with regards to the TPR, the average SINR grows from 18.5 dB to 27 dB when Npp
increases from 4 to 7. The PR and TPR achieves the peak at Npp = 5 and Npp = 7
respectively. For both PR and TPR configurations, after the peak points, the average SINR
drops due to the reduction in the area A, of each PD, which leads to less physical power.
With regard to TPR, changing Npp from 7 to 8 results in the decrease in W, iy, which leads
to a channel gain boost. However, the gain cannot compensate for the power loss that stems
from the reduction in A, and thus the system performance degrades. When Npp < 5, the PR
outperforms the TPR, otherwise, the TPR is a preferred structure. In conclusion, the optimum
number of PDs is 5 and 7 for PRs and TPRs, respectively. In addition, the TPR with Npp =7
outperforms the PR with Npp = 5 in terms of the average SINR.

4) DS vs. SS: Fig. 3.16 demonstrates the performance comparison between the DS system and
the SS system with respect to different levels of noise power spectrum density, Ny. The typical
value of Ny for a PD is 1072 A%/Hz, at which the DS system achieves a slightly higher average
SINR than the SS system for both PRs and TPRs. By reducing the noise power spectrum
density level to 10~22 A%/Hz, the system becomes interference-limited. With the aid of the DS
configuration, the ADR can suppress the signal power from interfering APs by attenuating the
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Figure 3.16: The performance comparison between the DS and SS systems.

NLOS path. Hence, when Ny = 10722 A?/Hz, the average SINR of DS cells is 7 dB and 5 dB
higher than the average SINR of SS cells for PRs and TPRs, respectively. For a noise spectrum
density level of 1072° A?/Hz, the system becomes noise limited, in which the DS could not
improve system performance by reducing the power of interference signal. In addition, the
received power is halved when the DS configuration is applied, and thus the SS outperforms
the DS in terms of the average SINR.

3.7 Summary

This chapter have investigated the ICI mitigation in LiFi networks using ADRs. The impact
of the diffuse link considering random UE orientation has been studied and it has been shown
that both LOS and diffuse links have a significant effect on the system performance. The
projection area of the ADRs has been defined to differentiate from the coverage area of APs.
Analytical expressions for the projection area of both PRs and TPRs have been given. Based
on the constraint set by the projection area of ADRs, the lower bound of the FOV for the PD
on an ADR has been given for the SS system. A performance comparison has been conducted
between the PRs and TPRs, and optimized ADR structures have been proposed to fully exploit
the performance gain of ADRs. In addition, the joint effect of the Rx and Tx bandwidth on
the average data rate have been analyzed. The performance comparison between the SBC and
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MRC have been given regarding different levels of noise power spectral density. It is the first
time shown that under certain circumstances, the SBC can outperform the MRC. The DS cell
system has been considered to further mitigate the NLOS interference. The lower bound of
FOV for PD on an ADR has been derived and the optimized ADR structures were proposed for
the DS system. By comparing the average SINR between the DS system and the SS system
under different levels of noise power spectral density, we showed that, in a noise-dominated
scenario, the SS system should be applied, otherwise, the DS system is preferred.
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Chapter 4

Realistic Indoor Hybrid WiFi and
OFDMA-Based LiFi Networks
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Realistic Indoor Hybrid WiFi and OFDMA-Based LiFi Networks

4.1 Introduction

Despite a wide variety of advantages provided by light-fidelity (LiFi), the limitations of this
technology should also be considered to develop feasible solutions. Link blockage is one factor
that can affect LiFi performance significantly. Inter-cell interference (ICI) is another factor
that can significantly restrict the spectrum efficiency, especially for the cell-edge users. An
effective solution is to combine LiFi with existing radio frequency (RF) networks, e.g. wireless
fidelity (WiFi), to form a hybrid LiFi/WiFi network (HLWN) [26,27,92]. When the signal to
interference-plus-noise ratio (SINR) of the LiFi link degrades greatly due to either high ICI or
severe blockage, WiFi should be selected for signal transmission. Such a network cannot only
achieve high data rates through LiFi, but can also provide ubiquitous coverage through WiFi
in case of any link blockage within the optical channels or severe ICI. As LiFi uses a different
spectrum from WiFi, there is no interference between LiFi and WiFi systems. Thus, the HLWN
is able to offer a total system throughput greater than that of a stand-alone LiFi or WiFi network
[27].

In HLWN, efficient load balancing (LB) can significantly improve the overall quality of service
(QoS). When user mobility is involved, the LB consists of AP assignment (APA), resource
allocation (RA) and also handover management. Several studies on the topic of HLWNs
have been undertaken [93-97]. In [93], the hybrid visible light communication (VLC) and
RF network are studied for the purpose of system throughput enhancement. In that work,
APA and RA are performed in a static system without the consideration of user mobility
and random device orientation. In [94], a practical hybrid VLC/WiFi network is studied,
which only uses VLC for downlink and WiFi for uplink communications. The hybrid network
proposed in that paper is different from the HLWNs where LiFi and WiFi can be used for both
downlink and uplink communications. The majority of subsequent research focuses on system
LB optimization in HLWNs so as to improve the performance of data rate and user fairness
[95-97]. Most papers consider a static and simple network setup where user movement and
receiver (Rx) orientation are ignored, which can affect the performance of LiFi systems [98]
and, consequently, HLWNSs. In addition, the proposed optimization schemes in [95-97] are of
high computational complexity, which renders them difficult to implement. In recent literature,
game theory has been extensively applied to network selection and interference management
problems in heterogeneous wireless networks [99, 100]. In the evolutionary game theory (EGT)
model, each user will adapt their strategy to achieve a better payoff until each user’s payoff
cannot be increased unilaterally. In [101], an EGT-based LB scheme for hybrid LiFi and RF
networks is proposed, where random device orientation in LiFi systems is considered. The
proposed EGT scheme in [101] is able to achieve a better user satisfaction performance at a
low computational complexity. However, in order to attain a more accurate evaluation of the
system performance, there are three factors that should be considered:

1) RA Enhancement: In most of the research studies on hybrid LiFi and RF networks, the RA
in both LiFi and RF (e.g. WiFi) systems is considered as an optimization of users’ resource
portions, which are fractional numbers between 0 and 1 [95-97, 102]. This is suitable for the
time division multiple access (TDMA) scheme. However, an efficient multiple access scheme
can help to avoid intra-cell interference and achieve multi-user diversity gains in multi-user LiFi
systems,. Due to the flexibility in RA, orthogonal frequency division multiple access (OFDMA)
has been widely adopted in RF networks [80]. By means of the OFDMA scheme, resources
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can be allocated in both time and frequency domains, where the minimum and indivisible
time-frequency slots are known as resource units (RUs). A resource block (RB) is composed of
a number of RUs. It is evident that allocating those RUs to different users is more efficient and
flexible than only allocating subcarriers or time slots. Moreover, by considering the low pass
effect of front-end elements, an adaptive user-to-RU assignment is able to substantially enhance
the overall system spectral efficiency compared to TDMA schemes. In [103, 104], OFDMA in
LiFi systems has been studied, however, OFDMA and TDMA achieve the same throughput
performance as equal channel gains are assumed for all subcarriers. Hence, it is important to
consider the channel response with the effect of front-end elements in the RA of LiFi OFDMA
systems.

2) Handover: In order to ensure seamless connectivity as well as to fulfill the data rate
requirement of mobile users in cellular networks, the ongoing connection may require to be
transferred from one access point (AP) to another. This process is called handover. Many
current research studies on hybrid LiFi and RF networks consider a static network and handover
is not taken into account [95-97]. However, when a handover occurs in dynamic HLWN:ss,
signaling information (referred to as handover overhead) would have to be exchanged. This
process causes transmission losses of desired data, leading to a reduction in the data rate. Thus,
handover overhead must be considered in LB for such hybrid networks. In a heterogeneous
hybrid network, a handover may result in subsequent handovers. For example, when a user
switches from LiFi to WiFi, due to the increased load and reduced user data rate in the
corresponding WiFi cell, users allocated to this WiFi AP may have to be reallocated to other
WiFi or LiFi APs. Moreover, the load decrease of the LiFi attocell may lead to the increase in
the data rate of existing users served by this AP. During each of these handovers, the overhead
may affect the achievable user data rate. Therefore, LB should be designed with handover
considered.

3) Device Orientation: Due to the directionality of the LiFi transmitter (Tx) and Rx, the
change of device orientation will lead to variations in the channel conditions, which may further
result in a new APA. To the best of our knowledge, all the previous studies about the HLWN
assume that the orientation of the user device is fixed or follows a uniform distribution model,
which is not practical. The device orientation model has been proposed recently in [29, 83]
through experimental measurements. To evaluate the performance of HLWN in a more realistic
scenario, the orientation-based random waypoint (ORWP) mobility model in Chapter 2.7.3 is
considered in this study.

4.2 Hybrid LiFi/WiFi Network Model

4.2.1 System Setup

As shown in Fig. 4.1 (a), an indoor HLWN is considered in this study, where one WiFi AP and
Ny, LiFi APs are deployed. All LiFi APs and the WiFi AP are connected to the central unit
(CU) through optical fibers with the CU controlling and managing them. In this study, it is
assumed that the user can only be served by one technology, either WiFi or LiFi, at a time.

In the LiFi system, the visible light spectrum is used for the downlink transmission and
illumination simultaneously. Regarding the uplink transmission, the infrared (IR) spectrum
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Figure 4.1: (a) lllustration of AP deployment in HLWN and (b) polar and azimuth orientation
angle of LiFi Rx.

is adopted in this study since it does not affect the illumination and adds no interference to
the LiFi downlink communication and the existing RF networks [105, 106]. It should be noted
that the downlink communication in LiFi systems is the primary focus of this study. Each LiFi
AP is composed of multiple light-emitting diodes (LEDs) to transmit optical power and an IR
Rx to detect the uplink signals. The user terminals are equipped with photodiodes (PDs) to
receive visible light signals and IR Txs to serve the uplink. In each LiFi cell, optical OFDMA
is employed as the multiple access scheme.

For the WiFi system, it is assumed that the WiFi AP follows the IEEE 802.11ad standard
[25]. According to this standard, each station (STA) can communicate with the AP (uplink
and downlink) or with other STAs (direct link). Particularly, we only consider the uplink and
downlink in WiFi systems in this study while direct user to user communication is not taken
into account. The main medium access control (MAC) of IEEE 802.11 is carrier sense multiple
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access with collision detection (CSMA/CA), which is therefore also considered in this study
[82]. All the nodes in the WiFi system including the WiFi AP are allowed to access the channel
using the available bandwidth during data transmission. This means that the uplink transmission
of WiFi will affect the downlink communication. For example, when increasing the uplink
throughput, the downlink network will have fewer chances to get access to the channel. This
can lead to a drastic decrease in downlink throughput. Therefore, in this work, the effect of the
WiFi uplink data rate requirement on the downlink resource allocation is considered.

In the HLWNS, the set of users is denoted as U = {u|p € [1, Nug|, u € N}, where N is the
set of natural numbers. Assume the total number of users and LiFi APs are Nyg and Vg,
respectively. The set of LiFi APs is denoted by A = {a]a € [1, N1 ], @« € N} and the WiFi AP
is denoted by Wap. The RA algorithms which use the historical data and future-state prediction
have been studied in [107-109]. However, random device orientation is considered in this study
and, to the best of our knowledge, no previous study has shown that the device orientation can
be predictable. Since the future state cannot be predicted, it may not be practical to optimize the
long-term performance of the system. Hence, the system performance in a single quasi-static
state is considered instead. A quasi-static period is a short duration where the channel state
information (CSI) can be assumed to be constant [41]. In the indoor scenario, for both LiFi
and WiFi channels, the CSI can be assumed to be constant for a short time period, commonly
known as the coherence time [110]. The coherence time for LiFi networks is in the order of tens
of milliseconds [83], which encompasses several RBs. During each quasi-static period, the CSI
of channels in HLWN:ss is fixed for the duration of 7},, which is the minimum value between the
coherence time of LiFi channels, 77,, and the coherence time of WiFi channels, Ty. So that,
T, = min{7},, T }. The evaluation of the coherence time of both LiFi and WiFi channels is
not the focus of this study and will be considered in future work. The dynamic HLWN system
can be divided into many quasi-static periods and each period is referred to as a ’state’. Each
user will be served by either a LiFi AP or a WiFi AP in each state and the sequence numbers
of the state are denoted by {1,2,--- ,n|n € N}. The CU performs the APA and allocates the
available resources to each individual more efficiently compared to a distributed case in which
each AP allocates its own resources to the users. In this study, the proposed EGT algorithm
is realized in a centralized manner within the CU. By monitoring the network continuously,
the CU obtains knowledge of the CSI. Based on the collected CSI, the CU undertakes the AP
selection and RA at each state.

4.2.2 LiFi System

In LiFi systems, optical-OFDM (O-OFDM) is developed to ensure real and positive signals.
direct current biased optical orthogonal frequency division multiplex (DCO-OFDM) and
asymmetrically clipped optical orthogonal frequency division multiplex (ACO-OFDM)
are two of the most well-known and commonly used O-OFDM schemes. The spectrum
efficient DCO-OFDM described in Chapter 2.4.1 is used in this study to achieve high data
rates. More spectrum efficient techniques have been developed such as spectral and energy
efficient (SEE)-OFDM [111] and enhanced unipolar (¢U)-OFDM [112], but they use the same
subcarrier structures as in DCO-OFDM. Therefore, using these more advanced modulation
techniques will not alter the main contributions of this work. The analysis can be applied to
other types of orthogonal frequency division multiplex (OFDM) systems in a similar manner.
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The SINR between user u and the serving LiFi AP « can be expressed as [101]:

(7 PixHy0(f))*
K2NoBL + 3 i a (o} (TP H i (1))

’Vu,a(f) = 4.1)

where 7 is the Rx’s optical to electrical conversion efficiency; P;x is the transmitted optical
power of a LiFi AP; H,, (f) is the channel gain between user ;1 and the serving LiFi AP
« based on (2.42); k is the ratio of direct current (DC) optical power to the square root of
electric signal power. Furthermore, Ny and By, denote the noise power spectral density and the
baseband modulation bandwidth in the LiFi system, respectively. The channel gain between
user x and the interfering LiFi AP i at frequency f is denoted as H,, ;(f). It is noted that when
other OFDM techniques, which has closed form SINR expressions, are applied, (4.1) should be
replaced with the corresponding expression.

mm[.d]iI]NR Modulation | Code rate Spec[tlz?tlls/fli_ilc;;ency

- - - 0

1 QPSK 0.44 0.8770
3 QPSK 0.59 1.1758
5 16QAM 0.37 1.4766
8 16QAM 0.48 1.9141
9 16QAM 0.60 2.4063
11 64QAM 0.45 2.7305
12 64QAM 0.55 3.3223
14 64QAM 0.65 3.9023
16 64QAM 0.75 4.5234
18 64QAM 0.85 5.1152
20 64QAM 0.93 5.5547

Table 4.1: Modulation and Coding Table [2].

In the LiFi system, adaptive M -quadrature amplitude modulation (M-QAM) is used on
different OFDM subcarriers. The number of OFDM subcarriers is denoted by M, which
is an even and positive integer. The sequence number of OFDM subcarriers is denoted
by m € [1,M], m € N. The effective subcarrier set (referring to the subcarriers bearing
information data) is defined as M. It is assumed that there are several RBs in a quasi-static
period, and each RB contains M. K RUs, where K is the number of subframes in the time
domain. The frequency of the subcarrier m is denoted as f,,,. As the channel is assumed
to be constant during a quasi-static period, the spectral efficiency of the RU on the m-th
subcarrier is identical for each subframe. According to the modulation and coding scheme
given in Table 4.1 [2], for user u served by the LiFi AP «, the spectral efficiency of subcarrier
M, Gu,a,m, can be determined based on 'y,ha( fm) obtained from (4.1). Therefore, for user
served by the LiFi AP «, the communication link data rate of the RU on subcarrier m for each

subframe can be written as:
T’Link _ 2BLq,u7o¢,m . (42)
Heom MK
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Therefore, the total LiFi link data rate of user i served by the LiFi AP « is expressed as:

Link Link
o = K Z Thagm: (4.3)
meMe

4.2.3 WiFi System Model

It is assumed that the WiFi AP follows the IEEE 802.11ad standard [25]. According to this
standard, each STA can communicate with the AP (uplink and downlink) or with other STAs
(direct link). Particularly, we only consider the uplink and downlink in WiFi systems in this
study while direct user to user communication is not taken into account. The main MAC of
IEEE 802.11 is CSMA/CA, therefore it is considered in this study [82]. All the nodes in
the WiFi system including the WiFi AP are allowed to access the channel using the available
bandwidth during data transmission. This means that the uplink transmission of WiFi will
affect the downlink communication. For example, when increasing the uplink throughput, the
downlink network will have fewer chances to get access to the channel. This can lead to a
drastic decrease in downlink throughput.

N DIFS SIFS  SIFS SIFS  PIFS
Initial backoff 1 : ! LI CTS ! | ACK' DATA
AP -|'|-|-|'|-|'|-|'|T ‘
Initial backoff2 © | RTS | | | DATA
STAI I . ! :
Initial backoff3 |

STA2 . l

Figure 4.2: lllustration of CSMA/CA with DCA mechanism.

In a WiFi system, users and the WiFi AP use the CSMA/CA with request to send (RTS) and
clear to send (CTS) hand-shaking mechanism, as shown in Fig. 4.2. In CSMA/CA, the STAs
listen to the channel for an interval called distributed inter-frame space (DIFS). If the channel
is sensed to be idle after DIFS, they initiate their backoff time. Both the users and the AP
have a random backoff number and the one with the lowest backoff number has the priority
to transmit the information. Before data transmission, the STA sends the RTS packet. If the
RTS packet is received successfully by the AP, a CTS packet will be sent by the AP after a
short inter-frame space (SIFS). After the two-way handshaking of RTS/CTS, the data frame
will be transmitted. Also, an acknowledgment (ACK) frame will be sent by the AP if the data
frame is successfully received. In [82], a detailed explanation and performance analysis of the
CSMA/CA with RTS/CTS mechanism is provided. The time duration used for successful data
transmission on the uplink (downlink) is called the uplink (downlink) utilization. The ratio of
the uplink (downlink) utilization and the total transmission time is defined as uplink (downlink)
utilization efficiency [113]. We denote this ratio by Uy, (Ugown), Which is a fractional number
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between 0 and 1. In addition, the utilization ratio of Ugown and Uy, is defined as:

U, down
€ = . “4.4)
Uyp

In this work, the full buffer model is considered. This means that there are always packets
to send in the buffers of the WiFi AP and user equipments (UEs). Since the WiFi AP and
each user have the same probability to access the channel, the utilization ratio € is naturally
equal to ﬁ, where Ny is the number of users served by the WiFi AP. In order to flexibly
allocate the available spectrum between uplink and downlink transmission, a mechanism called
downlink compensation access (DCA) is considered [113]. By using DCA, ¢ can be any
required utilization ratio greater than or equal to ﬁ In the DCA mechanism, the AP can
transmit data frames after point inter-frame space (PIFS) following the previous ACK packet
until the utilization ratio reaches the requirement, as shown in Fig. 4.2. Assume that €q is the
required utilization ratio. Initially, the utilization ratio e = 1/(Nw + 1) is less than €. In this
case, the DCA is used and the handshake mechanism of RTS and CTS is not necessary. The
AP can transmit multiple data frames while ¢ < eg. Note that the AP accesses the channel
without collision during the DCA because PIFS is used as the frame gap, which is shorter than
DIFS. When € > ¢ is achieved, the RTS/CTS handshake instead of DCA will be used for the
WiFi AP transmission. In this way, the required utilization ratio is maintained. The uplink and
downlink utilization efficiency can be expressed as:

1
Uup = Ul T ¢’ (453)
Udown = U— (4.5b)
down — 1+ P .
where U is the system utilization efficiency given by [113]:
t
U= DPilp (4.6)

(1 = po)te + peps(1 — pa)ts + pepspata + pe(l — ps)te’

where ps is the probability of successful transmission; py is the probability that there is at least
one transmission in a backoff unit time; pq is the probability that a data frame is transmitted by
the DCA under the condition that the previous transmission was successful; ¢ is the duration of
an empty slot time; ¢, is the average transmission time of the frame payload; ¢. is the average
time that the channel is sensed to be busy because of a collision; t4 is the average time that the
channel is sensed as busy because of a successful transmission; and ¢4 is the time duration for
DCA. Specifically, ps, pt, pqa can be presented with the number of users served by the WiFi AP
as the primary variable, which has been given in [113]:

pe(Nw) =1 — (1 — pe)¥w (4.7a)
N Dpe(l — p)Nw
po(Nay) = W )ppf pe) " .7b)
Nw — 1
pa(Nw) = JVVW (4.7¢)
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where p. = 2/(Cmax + 1) is the probability that a user transmits a data frame in a backoff
counter time; C\yax is the maximum backoff stage. Also, t., ts and tq are expressed as follows:

te = trrs + tpIrs, (4.8)
ts = trrs + tcrs + tu +tp + tack + 3tsirs + tpiFs, 4.9
tq =ty +tp + tack + tsirs + tpirs, (4.10)

where trrs, toTs, tH, tACK, tSIFS, tDIFS, and tprpg are the time duration of RTS, CTS, frame
header, ACK, SIFS, DIFS and PIFS. In this way, the utilization function in (4.6) can be written
as a function corresponding to the number of users served by the WiFi AP, denoted by U (N ).
Similarly, the uplink and downlink utilization efficiency can be rewritten as Uy, (Nw) and

Udown<NW>-

The channel bit rate in the WiFi system is denoted by .. The downlink data rates for user p
in the WiFi cell can be expressed as:

ReUqown (V-
Ry, wifi = M7 @.11)
Nw
and the uplink data rate for a WiFi user can be expressed as:
R Uyp (V-
Tppwi = — }1\’;( w), 4.12)
W

4.2.4 Handover

The handover overhead causes a reduction in the average data rate of the users who have to be
handed off to new APs. The definition of handover efficiency was first introduced in [27] and
was later used in [114] and [107]. Generally, in an indoor scenario, the handover overhead is
in the order of milliseconds and the overhead time is considered as a random variable [115].
Hence, the exact overhead time is unknown at the beginning of each state, which means the
exact handover efficiency cannot be calculated. Therefore, the average handover efficiency
will be used to estimate the negative effect of handover on user’s data rate [107]. The average
handover efficiency is assumed to range from O to 1. There are two types of handover in a hybrid
network, horizontal handover (HHO) and vertical handover (VHO). HHO occurs between APs
of the same access technology. VHO refers to the change of connectivity between different
wireless access technologies. The average handover efficiency for HHO and VHO are denoted
by no,nno and 79 vHo, respectively. Hence, the estimated handover efficiency between two
consecutive states can be written as follows:

1) HHO: Since a single WiFi AP is considered in this study, HHO only occurs between two LiFi
APs. Assuming that user p is served by a LiFi AP a,(ffl) in the state (n — 1), the estimated

HHO efficiency between state (n — 1) and state n can be expressed as:

- 70,HHO, @ # a,gn_l) .
nu (i) = ' . (n-1) » L€ A, (4.13)
1, 1= qQy

where the operation [.]* denotes max( . ,0).
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2) VHO: VHO occurs when the host AP of user p is transferred from a LiFi AP to the WiFi AP

or vice versa. Assume that user . is served by AP a,&n_l) in state (n — 1), where aftn_l) can be

either a LiFi AP or the WiFi AP. The estimated VHO efficiency can be defined as follows:

. (n—1)
(i) = { MVHO: T 0 e (A Wap). (4.14)
1, J=ay

We note that the CSI feedback can be notably reduced by means of limited-feedback
mechanisms [41, 116, 117]. Hence, the overhead due to handover is dominant compared to the
overhead due to CSI feedback, however, the handover efficiency can include both overheads,
and this does not change the generality of our model.

4.3 Dynamic Load Balancing Scheme in Hybrid LiFi/WiFi
Networks

Two algorithms are discussed in this section. The low-complexity OFDMA RA scheme for LiFi
systems is summarized in Algorithm 1. The EGT-based LB scheme of the HLWNSs is presented
in Algorithm 2. The RA scheme in Algorithm 1 is part of the LB scheme in Algorithm 2. Hence,
in the following, the detailed explanations of Algorithm 1 will be given first in Section 4.3.1
and then, Algorithm 2 is described in Section 4.3.2.

4.3.1 Resource Allocation in OFDMA LiFi Systems

In this section, the RA in a single LiFi cell in a quasi-static state is investigated. As a single
cell « is considered in this section, for the simplicity of notation, the communication link
data rate of the RU on subcarrier m for each subframe, rﬁfglfm, will be written as (. The
[B-proportional fairness is a generic fairness function which includes a number of well-known
fairness concepts such as proportional fairness, max-min fairness and throughput maximization.
Hence, it has been widely adopted in studies dealing with RA problem [95, 96, 101, 118]. The
[B-proportional fairness function considering both user data rate and fairness is used as the utility

function in this study, which is defined as [119]:

ote) lnﬁx%, B=1
s(z) =4 2!~ , (4.15)
ﬂa ﬁ Z 07 ﬂ ;é 1

where (5 denotes the fairness coefficient and x is the user data rate. The well-known
proportional fairness and the max-min fairness can be realized using this utility function
by setting 8 = 1 and S — 400, respectively [96]. In order to solve the RA problem, the
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optimization problem can be formulated as follows:

rknax Z ’(/15< Z ku,mé}t,m)

BEUN meMe (4.16)
s.t Zku,m:Kv m e Me.
HEU

where k,, ,,, denotes the number of RUs allocated to user ¢ on subcarrier m in each RB and U,
denotes the set of users served by the AP a. By using the Lagrangian multiplier method, an
iterative algorithm is proposed to find the optimum of (4.16) in [78]. However, this method is of
high computational complexity due to the iterative algorithm. In order to reduce the complexity,
a novel RA scheme in LiFi OFDMA systems is proposed in this section.

Since the LiFi channel gain in the frequency domain is inversely proportional to the frequency
[73], only users with high SINR are able to utilize the high frequency resources. In other
words, the number of users who can utilize high-frequency resources is much less than the
number of users who can use low-frequency resources. Therefore, the low-complexity RA
scheme is proposed to be carried out from the high-frequency to the low-frequency subcarriers
in sequence. For user y, the aggregate data rate from subcarriers m to M/2, Z,, ,,, can be
calculated by adding the data rate achieved on subcarrier m, k, ;,(,.,m, and the aggregate data
rate from subcarriers m + 1 to M /2, Z,, p,11. This can be expressed as:

Zu,m _ { ]Su,mclt,m + Zu,m—l—l? 2<m< M/2 4.17)

- , M/2 <m

It should be noted that the sum of k,, ;,ym and Z,, ;41 is less than Y~ &, 1 (m. Hence,
meMe
the sub-optimization problem can be formulated as follows:

ax Z V8 (kumCum + Zpm+1)

w,m U,
He (4.18)

st Y kym =K, me M,

HEU

To solve the sub-optimization problem in (4.18), the Lagrangian multiplier method is used and
the Lagrangian function can be expressed as:

F(ku,ma/\m) = Z wﬂ (ku,mc,u,m +7Z ,m—‘rl) + A | K — Z k,u,m 5 4.19)
HEU HEU

where )\, is the Lagrangian multiplier for the m-th constraint in (4.18). To obtain the optimal
k. m, the gradient of the Lagrangian function in (4.19) is set to be equal to 0, which is written

as:
OF (kym, Am)

= Cum(FpmCum + Zums1) P = An = 0. (4.20)
Ok
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It can be obtained from (4.20) that:

1

kym=— [ 22) — 22 (4.21)
. C/’Lvm < )\m C/qu
Based on the constraint in (4.18), (4.21) can be solved as:
-5 Z,u m+1 11
A’ = [ K+ ) = D> (Gum)? (4.22)
pnEUN o HEUn

By inserting (4.22) into (4.21), the number of RUs allocated to user u € U, on subcarrier m in
each RB is given by:

L1

bm =~ (e 4 S Dt ) (4.23)
’ 1 * N
R TR Sy
pEU ,

It can be noted that the iterative computation is not required in (4.23). A closed-form solution
is obtained for k., in (4.23) which reduces the computational complexity substantially.
Algorithm 1 summarizes the low-complexity RA scheme. The LiFi data rate of user p can
be expressed as:
D,u,a = Z k,u,mCu,my 1% euoc- (424)
meMe

Algorithm 1 : Low-complexity RA algorithm in the cell a for LiFi OFDMA systems

1: Initialization: Subcarrier m = %; For all user p € Uy, Z WM = 0.
2: while Subcarrier m > 2 do ’

3:  for Eachuser u € U, do

4 Calculate the link data rate, C;; 1.

5 Calculate Z,, ;, 1 based on (4.17).

6: end for

7 Calculate k,, ,,, for each user on subcarrier m according to (4.23).
8 m=m — 1.

9: end while

4.3.2 Proposed Evolutionary-game-theory-based Load Balancing Scheme

The global optimum of the system LB problem can be determined using the exhaustive
search method. However, the exhaustive search is very computational expensive. In this
section, an EGT-based LB scheme, which reduces the computational complexity and achieves
sub-optimum performance, is proposed for the APA. At the beginning of each state, the
EGT-based scheme is performed and each user will be assigned to an AP. If a handover occurs,
users cannot transfer any data during the handover association time. The setup of evolutionary
game for LB in each state are described as follows:
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1. Players Set (U): The players in the game are the users in the hybrid network. The set of
players is U and the total number of players is Nyg.

2. Strategy Set (S,,): Each user can be potentially served by one of the LiFi APs or the WiFi
APs. In order to efficiently utilize the LiFi resources, each user will be allocated to its best LiFi
AP if it must be served by LiFi. The best LiFi AP is defined as the one which can offer the
highest link data rate with handover efficiency taken into account. The best LiFi AP for user
can be defined as:

A, = arg r{gﬁ( nH(z)rl]j? ) (4.25)
To reduce the complexity of the AP selection scheme, user i will be assigned to the AP from
the strategy set S,,. This set contains the best LiFi AP and the WiFi AP, denoted as S, =

{A,, Wap}.

3. Payoff Function: The payoff of a player is defined by the user data rate, which is achieved by
either a LiFi or the WiFi AP. The payoff function of user p served by the AP « can be written
as:

Dy« a=A4A,
_[ Du, , 4.26
T { R, wii, o= Wyp (4.26)

where D, . is the achievable data rate when user . is served by the LiFi AP «, given in (4.24);
and R, wis is the achievable data rate if user . is connected to WiFi AP, expressed in (4.11).

In the EGT-based LB scheme, the players can achieve a better payoff by adapting their strategy
iteratively. The adaptation of the AP selection strategy and the evolution of the population is
based on the ‘mutation and selection mechanism’ in EGT [100]. For each player, the strategy
shift occurs randomly. The players experiencing a lower value of payoff are more likely to
adapt their strategy. Following the rule, in the ¢-th iteration, the probability of mutation for user
1 can be expressed as:

<t—1>
T
M <t—1> _ =<t—1>
pi> = 1= =5m= e ST . 4.27)
07 71.<1571> 2 7*.(.<t71>

o

where Wif;b denotes the player’s payoff in the previous iteration; 7</~'> represents the

average payoff of all players in the previous iteration. The average payoff of all players in the
t-th iteration is given by:

1
77.‘_<t> - 71_<t> (428)
J221e
Nug =,

where 7r§fa> is the payoff of user p in the ¢-th iteration, given in (4.26). When a mutation

occurs, the user may be assigned to a new AP to maximize the estimated payoff in the current
iteration. The new serving AP can be determined as:

ag’” = argmax !> (4.29)
€S, M
<t—1> s <t—1>
and FetZ = { M <’t> o aZt 1>
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Algorithm 2 : EGT-based centralized LB algorithm executed in the CU.

1: Initialization: The users are randomly allocated to an AP from S,,; based on OFDMA (for
LiFi) or CSMA/CA (for WiFi), each AP allocates the available resources to the players of
the corresponding cell; the CU calculates the payoff of each player 7752? and the average
payoff 7<0>; and ¢ < 1.

2: for each player u € U do

Calculate the probability of mutation, plft>, based on (4.27) and generate a random
number §, which is uniformly distributed between 0 and 1.
: if§ < p5'” then
5 if ;' 71> is a WiFi AP then
Calculate the estimated payoff if connected to the best LiFi AP, 7'15,?, based on
(4.30) and Algorithm 1.

else
Compute the estimated payoff if connected to the WiFi AP, 7'r/ﬁ}>, based on (4.31)
and CSMA/CA scheme.
9: end if
10: Based on (4.29), check whether the potential AP will be overloaded first and then
decide to stay with the previous AP or switch to a new AP.
11:  else
12: No mutation occurs, the player p remains with the previous AP.
13:  end if
14: end for

15: for each AP o € A J{Wap} do

16:  According to Algorithm 1 and (4.11), the available resources are allocated by the CU to
players in each cell.

17: end for

18: t <— t + 1 and repeat from Step 2 until no AP switch occurs.

where alft> is the AP assigned to player p at the ¢-th iteration; 7%;’? is the estimated payoff
when the player is allocated to a new AP v other than o'~ '>. The estimated payoff 75> is

greatly related to the RA scheme in different networks:

i) LiFi network (v = A,): In this case, a;'~1> is the WiFi AP and user ; may experience
a handover from WiFi to LiFi in the ¢-th iteration. The estimated payoff can be calculated by
using the data rate result in LiFi OFDMA systems, shown in (4.24). Assume that the set of
users allocated to LiFi AP v in (¢ — 1)-th iteration is denoted by U t='>. After the user is
handed off from the WiFi AP to LiFi AP v, the set of users served by the LiFi AP v becomes
US> = US> U{u}. According to (4.24), the estimated payoff of user y if connected to
LiFi AP v can be obtained as:

At = > kpmCum, pEUTT v =A,, (4.30)
mGMe

where I%:Mm is the estimated number of RUs that is allocated to user y on subcarrier m of each
RB, which can be calculated according to Algorithm 1.

ii) WiFi network (v = Wp): It is assumed that the number of users served by the WiFi AP at
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the (¢t —1)-th iteration is denoted by N;t*b. In the case of v = Wy p, user 4 would experience
handover from a LiFi AP to the WiFi AP. According to (4.11), the estimated payoff of user p
is expressed as:
L <t> RcUdown
JIXE NS>

where R, is the channel bit rate in the WiFi system; and Ugqwn is the downlink utilization
efficiency which is given in (4.5b). Note that Ugowyn should be computed based on
N> — y<t=1> +1

w w N

v = Wap, 4.31)

The proposed EGT-based LB algorithm can be summarized in three steps: i) in the APA step,
each user adapts their AP selection strategy unilaterally to improve the payoff; 2) in the RA step,
based on the RA schemes, e.g. OFDMA or CSMA/CA, the available resources are allocated to
users; 3) repeat step 1 and 2 until no user can adjust the AP selection unilaterally to increase
their payoff. The EGT-based LB algorithm is given in Algorithm 2.

4.3.3 Convergence Analysis of Proposed Scheme

The EGT-based LB scheme can converge after several iterations, which has been proved in
[101]. Typically, when a convergence is reached, an evolutionary equilibrium (EE), referred to
as the Nash Equilibrium in the evolutionary game [100], can be achieved.

Definition 1 A strategy profile € = {a,|p € U} reaches an EE when no user can change the
strategy unilaterally to improve their payoff, i.e. [100]:

/ /
o, = Tpal,, Oy #* ay, oy, 0y € Sps (4.32)

where the payoff of the user p connected to the AP « is denoted as m, .

In this section, the numerical simulations are used to evaluate the iteration numbers required
in the proposed LB scheme. The simulation setup is described in Section 4.4 and simulation
parameters are listed in Table 4.2. The users are moving randomly in an indoor scenario for
1000 quasi-static states. In each state, the EGT-based LB scheme is executed to find the EE,
which provides the APA and RA results. At the first state, users randomly choose an AP from
their strategy sets as an initial host AP. After the first state, the allocated APs in the previous
state are considered as the initialization of host APs. The iteration number of the proposed
EGT-based LB scheme is evaluated and shown in Fig. 4.3. In the legend, ‘PF’ represents
proportional fairness (8 = 1) while ‘MF’ means max-min fairness (6 — —+oc). It can be seen
that in order to achieve an EE, 7 iterations are needed at the first state while only 4-5 iterations
are required from state 2 to state 1000. This means that when considering a dynamic network,
the proposed EGT-based LB scheme achieves a quick convergence by using an average of less
than 5 iterations.
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Figure 4.3: Average user data rate versus the iteration number.

4.4 Performance Evaluation

4.4.1 Simulation Setups

As shown in Fig. 4.1 (a), a 16 m x 16 m indoor office scenario is considered for the numerical
simulations. The network consists of 16 LiFi APs which are deployed following a square
topology on the ceiling. A WiFi AP is located at the center of the room to provide ubiquitous
wireless coverage. The users are initially distributed uniformly in the XY -plane of the room
and they hold a device in their hands. In our simulations, the users move randomly following
an ORWP model described in Section 2.7.3 to realize a real-life scenario. We use (2.46) to
calculate the k-th sample of autoregressive (AR)(1). The mean and variance of the random
process (RP), 6, are E[f] = 30° and 0y = 7.78°, which are compatible with the experimental
measurements. Moreover, the sampling time and the coherence time of ¢ are 7y = 13 ms and
T.p = 130 ms [83]. The k-th sample of ¢ along with w can be used in (2.6) to calculate the
normal vector at the Rx. Note that we used w = ) — 7 similar to [83], where {2 defines the
movement direction of users.

To evaluate user fairness, the fairness index, I, will be used as the metric which can be expressed
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Name of Parameters Symbol | Value
Height of the AP ZAP 35m
Height of the user device ZUE 1.5m
Optical transmit power in LiFi system Pix A
Noise power spectral density of LiFi Ny 10719 A%/Hz
The physical area of a PD Ap 1 cm?
Half-intensity radiation angle P19 60 deg.
Half angle of the Rx field of view (FOV) | U, 90 deg.
Gain of optical filter Ts(v) 1.0
Refractive index Nref 1.5
Optical to electric conversion efficiency | 7 0.53 A/'W
Maximum backoff stage Chnax 1024
Time duration of RTS trRTS 0.16 us
Time duration of CTS ters 0.14 pus
Time duration of frame header tu 0.23 us
Time duration of ACK tACK 0.14 ps
Time duration of SIFS tsIFs 28 us
Time duration of DIFS tDIFS 80 us
Time duration of PIFS tPIFS 128 ps
Propagation delay tp 1 us
Channel bit rate in the WiFi system R, 1.732 Gbit/s
Average user movement speed Vs 1 m/s

Table 4.2: Simulation Parameters

as [27]:
=\
Nug Y=V a?
where x; is the achievable data rate of user 7. The fairness index ranges from O to 1, where 1
means all users achieve the same data rate. The parameters in the simulation are summarized in

Table 4.2. Each simulation contains 1000 quasi-static states. The results shown in the following
plots are averaged over 1000 independent tests.

(4.33)

4.4.2 Performance Analysis

In this section, the data rate performance of OFDMA and TDMA RA schemes in LiFi systems
is first evaluated. Following this, the HLWN is considered and the evaluation of the proposed
EGT-based LB scheme on both user data rate and fairness is undertaken. Finally, the impact of
the average handover efficiency and user speed on the system throughput is analyzed.

1) OFDMA vs. TDMA: Initially, a stand-alone LiFi OFDMA network with 16 LiFi APs is
considered. In LiFi, due to the low pass effect of the front-end elements, the available channel
bandwidth depends on the actual devices. Therefore, the impact of cutoff frequency is studied.
Fig. 4.4 presents the average user data rate achieved by the proposed low complexity OFDMA
RA scheme versus the 3 dB bandwidth, fj. It can be seen that the user data rate increases with
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Figure 4.4: Evaluation of average data rate with different 3 dB bandwidth in LiFi OFDMA
network. A comparison between proportional fairness (PF) and max-min fairness
(MF). (Nyg = 80, 16 LiFi APs and no WiFi AP considered)

fo, but the gradient decreases. This is because when 3 dB bandwidth is large enough and the
modulation bandwidth is fixed, the LiFi channel gain tends to be flat and the achievable data rate
is maximized. In addition, Fig. 4.4 shows that ‘PF’ can achieve a better data rate performance
than ‘MF’ due to the sacrifice of user fairness. The gap between these two curves increases
along with the modulation bandwidth B; .. For the typical 3 dB bandwidth of 30 MHz, the data
rate differences between ‘PF’ and ‘MF’ are 9.6, 41.2, 57.7 Mb/s, respectively when By, equals
to 100, 300 and 500 MHz.

Considering a HLWN, the data rate performance achieved by an EGT-based LB scheme is
presented in Fig. 4.5 (a), where OFDMA and TDMA RA methods are used in the LiFi network,
respectively. In the TDMA RA scheme, resources are partitioned only in the time domain [101].
The user fairness is evaluated and shown in Fig. 4.5b, where the fairness index is used as the
criteria. As shown in Figs. 4.5 (a) and Figs. 4.5 (b), when using the proposed EGT-based LB
scheme, the OFDMA RA method outperforms the TDMA RA method in terms of both user data
rate and fairness index. This is because the OFDMA scheme can utilize the high-frequency RUs
more efficiently than the TDMA RA method when the low-pass effect of the front-end devices
are considered. As shown in (2.43), the LiFi channel response in the frequency domain is
inversely proportional to the frequency. This means that users with high SINRs are able to use
a large modulation bandwidth, while the users with low SINRs may not be able to transmit
signals on high-frequency subcarriers. The OFDMA RA scheme is able to carefully allocate
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high-frequency RUs to users with high SINRs while allocating low-frequency RUs to users
with low SINRs. By this method, the overall user data rate can be enhanced in LiFi systems.
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Figure 4.5: Evaluation of the system performance by using different LB and RA schemes in
HLWN. (B, = 300 MHz, fo = 30 MHz, € = 2, nouno = 0.9, no,vao = 0.6 and
Nyg = 200)

2) EGT vs. Benchmark LB schemes: In Figs. 4.5 (a) and 4.5 (b), two benchmark LB
algorithms for HLWNs are evaluated and compared with the proposed EGT-based LB scheme.
Specifically, ‘HT’ represents that the APA of users is determined by using a hard threshold
while ‘RAA’ means that each user randomly chooses the host AP from their strategy set S,
[101]. The handover efficiency is considered in the AP selection in the benchmark algorithms.
After the AP allocation, the proposed OFDMA resource allocation scheme is used in both
‘HT” and ‘RAA’ schemes. It can be seen that the EGT-based LB scheme achieves a better
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performance in terms of user data rate and fairness index. Particularly, the achievable data rate
by EGT is notably 20 Mb/s and 30 Mb/s more than RAA and HT, respectively. Regarding the
fairness index, the EGT-based LB scheme offers a significant improvement compared to the
two benchmark schemes. This is because in the EGT scheme, there is a high probability that
users with low payoff will switch to better APs, which makes the network well load-balanced.
It can be seen from Fig. 4.5b that the proposed low-complexity OFDMA scheme achieves
data-rate performance closed to the optimum scheme. Another interesting observation from
Fig. 4.5b is with regard to the HT with OFDMA in the downlink. As can be seen, the fairness
index increases initially with the increase of J due to the fairness among LiFi users increase.
However, after § > 1, it starts to decrease. The reason for this is that when the HT is applied,
the number of users connected to the WiFi AP will increase as the increase of 3, which leads
to a degradation in the throughput of WiFi users. On the other hand, the LiFi users benefit
from more released resources and their data rate increases. Therefore, the load between WiFi
and LiFi is not well balanced, which leads to a slight decrease in the fairness index.
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Figure 4.6: Evaluation of the effects of WiFi utilization ratio on the user data rate in HLWN
(Br = 300 MHz, fo = 30 MHz, nouno = 0.9, no,vao = 0.6 and Nyg = 200)
and a stand-alone WiFi network (Nyg = 40).

3) WiFi utilization: In Fig. 4.6, the effect of the WiFi utilization ratio, ¢, on the user data rate
is evaluated. As shown in (4.5a), ¢ = 1 means that the uplink and downlink have the same
probability to access the WiFi channel. When ¢ is large enough (e.g. € = 20), the downlink
can utilize more than 95% of the WiFi resources. As shown in Fig. 4.6, by decreasing e from
20 to 1, the average user date rate will reduce by approximately 50% from 40 Mb/s to 20 Mb/s.
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In comparison, users in HLWNs only have a 8% decrease in the achievable data rate. This is
because, in HLWNSs, some of the users in WiFi can be transferred to LiFi layers when WiFi
provides less resources for downlink. It should be noted that in the simulation, it is assumed
that HLWN has 200 users while the stand-alone WiFi network has only 40 users. Although the
HLWN has 5 times users, when proposed EGT method is applied, the users can still achieve
much higher data rate than users in the stand-alone WiFi network for all . Hence, the HLWNs
can maintain a good downlink performance regardless of the WiFi utilization ratio. Also, it can
be seen in Fig. 4.6 that the proposed EGT-based LB scheme can always achieve a higher user
data rate than the HT scheme regardless of the WiFi utilization ratio.
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Figure 4.7: Evaluation of average handover rate corresponding to user speed. (The EGT-based
LB scheme is applied, B; = 300 MHz, fo = 30 MHz, € = 2, nouno = 0.9,
Tlo,vHO = 0.6 and NUE = 200)

4) User Speed: The effect of user speed on the handover rate is evaluated and presented in
Fig. 4.7. Handover rate is defined as the ratio of the total number of handovers and the total
simulation time. It appears that when the user speed is less than 3 m/s, the handover rate of
VHO is higher than the handover rate of HHO and they both increase along with user speed. If
the user speed is greater than 3 m/s, the handover rate of HHO still increases with user velocity
while the VHO performs oppositely. This can be explained as follows. Due to the ICI in LiFi
systems, when a user moves from one cell center to another cell center, the SINR will first
decrease and then increase. In this case, for low speeds, the LiFi-connected user will be handed
off to WiFi when approaching the cell edge, then, they will connect to another LiFi AP when
entering the cell-center region. Accordingly, the number of VHOs is higher than the HHO. For
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high speeds, the users may pass the cell-edge regions quickly without being connected to the
WiFi AP. Therefore, the number of VHOSs decreases while the number of HHOs still increases.
It can be seen that by using the proposed EGT scheme, the number of handovers in the fast
movement case (e.g. 4 m/s) is still more than twice that in the low movement case (e.g. 1 m/s).
Work is ongoing to try and reduce the number of VHOs and achieve a high throughput for
high-speed users in HLWN:Ss.

5) Average Handover Efficiency: In Fig. 4.8, the impact of the average horizontal and vertical
handover efficiency, 7o nno and 1o, vHo, on the user data rate is evaluated. It can be seen that
with an increase in 79 vHO, the user data rate achieved by EGT is almost constant. However,
the user data rate achieved by HT significantly increases with an increase in 79 vyo. This is
because a hard threshold, 7', is used for the APA in the HT scheme and the vertical handover
from a LiFi AP to a WiFi AP will only occur when 7o vio X D, 4, < T and vice versa. Hence,
for a low 19 vHO, it is more likely for the user to switch from a LiFi AP to the WiFi AP and
less likely to switch back. Therefore, when considering a low value for 79 vio, the majority of
users in the HT scheme are served by WiFi. In comparison, in the EGT-based LB scheme, the
AP allocation is determined based on the achievable data rate in both WiFi and LiFi cells. If
the WiFi cell is overloaded, the user data rate achieved by WiFi is low. This may result in users
transferring from the WiFi layer to the LiFi layer despite a high vertical handover overhead.
In this case, users will be assigned to the LiFi or WiFi APs in a more balanced way. Thus, it
can be concluded that the proposed EGT-based LB scheme can achieve a better user data rate
than the HT scheme when the average vertical handover efficiency, 7o vro, is low. It should
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Figure 4.8: Evaluation of the effects of nuuo and nvuo on the user data rate. (B = 300
MHz, fo =30 MHz, ¢ = 2 and NUE = 200)

also be noted that for both EGT and HT schemes, increasing the average horizontal handover
efficiency, 70 nno, from 0.3 to 0.9 only increases the average data rate slightly. Hence, 79 uno
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has little impact on the system performance. This can be explained by two factors. First, with
an average user speed of 1 m/s, the average horizontal handover rate is very small as shown in
Fig. 4.7. This means the likelihood of horizontal handover is low. Second, considering 79 HHO
in (4.25) has little effect on the best LiFi AP selection. As a result, in a system suffering ICI,
only the AP with the best received signal strength can provide efficient data to the UE. If a UE
is assigned to APs other than the one that provides the best signal strength, then the signal from
the AP providing the best signal strength will become interference. This will cause the signal
power to be less than the interference power and the SINR to be less than 0 dB, which does not
yield high data rates.

4.5 Summary

In this chapter, the joint effect of random orientation and mobility has been considered to
evaluate the performance of HLWN in a more realistic scenario by using the ORWP mobility
model. The handover management takes into account the effect of the handover overhead. The
impact of vertical and horizontal handover on the average throughput of a HLWN has been
evaluated. A low-complexity OFDMA RA scheme in LiFi systems has been proposed for
HLWNSs. The performance of user data rate and fairness has been evaluated compared to the
HLWN system where TDMA is used in LiFi. An enhanced EGT-based dynamic LB scheme
for HLWNSs has been proposed. In the proposed HLWN, the LiFi system adopts the OFDMA
scheme while the WiFi system applies the CSMA/CA which benefits from a utilization ratio to
fairly allocate WiFi resources between the uplink and downlink. Then, LB has been achieved
based on these two schemes and the EGT algorithm. Also, the impact of the WiFi utilization
ratio on the average data rate of a HLWN has been assessed in this chapter.
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Chapter 5

A VCSEL Array Transmission System
with Novel Beam Activation
Mechanisms
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5.1 Introduction

Instead of using wide-spread beams emerging from illumination systems, the beam-steered
infrared light communication (BS-ILC) systems use narrow well-directed beams emerging from
a dedicated source. The deployment of narrow infrared (IR) beams in BS-ILC systems leads to
small cell coverage, which implies that it is more likely that each beam only serves a single user
equipment (UE). Therefore, capacity sharing among multiple UEs as well as traffic congestion
can be avoided. By only activating beams that point towards the UEs, the BS-ILC systems
provide better energy-efficiency as narrow beams with high directivity can send a greater
portion of the transmitted power to the corresponding UE. Therefore, a higher signal-to-noise
ratio (SNR) can be achieved. Moreover, due to the high bandwidth of narrow beam sources,
such as fiber-coupled source, laser diode and vertical-cavity surface-emitting laser (VCSEL),
the link can support higher capacity. In addition, compared with wide-spread beams, the narrow
beams provide better privacy as UEs outside the coverage area cannot receive the transmitted
signals. The BS-ILC systems have been explored in [28,42-44]. Wavelength-controlled
2D beam-steered systems based on fully-passive crossed-grating devices are introduced and
1D beam steering has been demonstrated in [42], which shows a multi-beam system with a
capacity of 2.5 Gbit/s. The 2D steering of the multi-beam system has been first demonstrated
in [43] and with adaptive discrete multitone modulation (DMT) using 512 tones, a gross bit
rate of 42.8 Gbit/s has been achieved. In addition, by using 60 GHz radio signal in the
uplink, upstream delivery of 10 Gbit/s per upstream has been presented. In [44], the authors
proposed a novel optical wireless communication (OWC) receiver (Rx) concept, which can
enlarge the Rx aperture without reducing the bandwidth, Also, a multi-beam system with
downstream capacities of up to 112 Gbit/s per IR beam was demonstrated. In [28], an
alternative approach, which is based on a high port count arrayed waveguide grating router
(AWGR) and a high-speed lens, is proposed. With pulse amplitude modulation (PAM)-4
modulation, a total system throughput beyond 8.9 Gbit/s over 2.5 m can be achieved by using
80-ports C-band AWGR. Moreover, the localization and tracking of the UE are achieved based
on a 60 GHz ultra-wideband (UWB) radio link. However, all these studies consider fixed user
location without mobility and the latency is high in these systems. When a mobile UE is
considered, due to the small confined coverage area of the narrow beam, the beam that serves a
UE may vary fast and frequently. Therefore, a high-accuracy and low-latency beam activation
system or user tracking system is required to achieve a seamless connection.

Ordinary radio based indoor positioning techniques based on wireless fidelity (WiFi),
Bluetooth, UWB and radio frequency identification (RFID) are not suitable candidates in this
study due to their low accuracy, high latency and high hardware cost [120]. In recent years,
visible light positioning (VLP) systems have emerged and various algorithms for VLP systems
have been proposed, which include received signal strength (RSS), time differential of arrival
(TDOA) and angle of arrival (AOA) methods. Due to being able to achieve high positioning
accuracy and low cost, VLP is attracting more and more attention. Some studies have shown
that the VLP technologies can achieve centimeter-level accuracy [120-123], which is way
more accurate than Bluetooth (2-5 m), WiFi (1-7 m) and other technologies [124]. The VLP
systems can be divided into two categories based on the receiving device: photodiode (PD)
based VLP or image sensor (IS) based VLP. The PD-based VLP system has low latency but
is sensitive to the device rotation, and hence cannot achieve high positioning accuracy for
UEs without fixed orientation. The IS-based VLP systems are more robust to device rotation.
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However, due to the high computational latency of image processing or the communication
latency of transmitting image data for server-assisted computation, the real-time performance
of these systems is limited [120].

Also, when VLP is adopted, the UE is required to autonomously transmit location information
to the access points (APs) owing to the lack of a real-time backward channel from UE to APs.
This adds an unnecessary burden on the UE and leads to the inevitable latency in real-time
tracking. As the VLP system requires illumination devices and real-time backward channels, it
may not be suitable for the VCSEL array system proposed in this study. To address the issue of
power consumption and latency caused by UE localization, two beam activation schemes are
proposed in this study. The first method is a passive beam activation scheme using a corner-cube
retroreflector (CCR). The CCR is a light-weight small device, which can reflect light back to
its source with minimal scattering. By using CCR, immediate feedback can be obtained for
beam activation which minimizes the latency and leads to almost zero delay. The CCR has
been proposed for the VLP system in [125]. Compared to the method in [125], no illumination
equipment is required in our method and the power consumption for the localization system is
almost zero. The second method utilizes the omnidirectional transmitter (ODTX) in the uplink
communication. By using the uplink RSS matrix, this method does not require any extra signal
power for localization. Compared with the PD-based VLP system, the beam activation system
with ODTx is robust to the device orientation, that is to say the user can be located accurately
without concerning the random orientation of the UE. Compared with the IS-based system, IS is
not required, which reduces the cost. And the computation latency is reduced as the positioning
algorithm is based on the RSS, which is the simplest and most cost effective schemes.

Among different types of laser diodes, VCSELs are one of the promising candidates to ensure
high-data rate communications due to several outstanding features such as [52]: high-speed
modulation (bandwidths of larger than 10 GHz), high power conversion efficiency, low cost and
compact in size. These attributes make VCSELs appealing to many applications, particularly
for high-speed indoor networks [53]. In this study, a VCSEL array system with novel beam
activation methods is proposed. Compared with the wavelength-controlled BS-ILC system:s,
the proposed VCSEL array system removes the requirement of wavelength-tuning, spatial light
modulation (SLM), microelectromechanical systems (MEMS) and coherence of beams and
fiber connection to the AP End-point devices may include virtual reality devices, smartphones,
televisions, computers and internet of things (IoT) applications.

5.2 Multi-beam System Setup

A VCSEL array system is presented in Fig. 5.1. The APs of the system is composed of Npeam
narrow-beam transmitters (Txs) and each Tx is a VCSEL with a beam divergence of 0,cam,. The
position of the 7ni-th Tx is denoted as piy 4. The 7i-th Tx is slightly tilted so that it is directed
towards the center of its corresponding cell, peen,». Hence, the normal vector of the 7n-th Tx is
denoted as Ny 4, = (Peell,i — Ptx,i)/||Peell,i — Ptx,n||, Where ||-|| denotes the norm operator.
The side length of each cell is denoted as d.);. The location of the UE is denoted as pyg and
for the downlink communication, an avalanche photodiode (APD) is used as the Rx at the UE
side.
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X transceiver
o cell center
A user equipment

Figure 5.1: The downlink geometry of a VCSEL array system.

The Gaussian output beam profile of the VCSEL is presented in Chapter 2.2.2. Therefore, the
received optical power at the Rx is denoted as:

Prx,opt = IG (d, ¢)AeffGAPD COSW)I"GC’U <$>

(5.1)

~ 2c08()) Pix opt AetGAPD ( 2d? sin? ¢ ) ¥
- €x — ———Jrect | — |,
7W?2(d cos ¢) W2(d cos ¢) U,

where I (d, ¢) is the Gaussian beam intensity given in (2.5); Gapp is the gain of the APD;
Aeg is the effective area of the APD; Py op is the transmitted optical power of a single beam;
the distance vector from the Tx to the Rx is d and the distance is d; W (d cos ¢) is the beam
waist given in (2.4); W, is the field of view (FOV) of the Rx; ¢ is the radiance angle of the Tx
and 1) is the incidence angle of the Rx. The incidence angle of Rx on the UE, v, is presented
in (2.16). Furthermore, rect(\%) =1, for 0 < ¢ < WU, and 0 otherwise. Due to the eye safety
consideration, the transmit optical power should be limited. A detailed discussion about eye
safety is given in the Appendix, where the beam wavelength )\ is chosen to be 1550 nm. The
maximum allowable transmitted power for Opwin of 2°, 4° and 6° are 19, 60 and 129 mW,
respectively. The spectrum efficient direct current biased optical orthogonal frequency division
multiplex (DCO-OFDM) scheme discussed in Chapter 2.4.1 is applied in this study to achieve
high data rates. Therefore, the electrical SNR of the UE at each effective subcarrier m can be

denoted as: ( 2
RAPDPrx opt
= e{l,2,...,M/2 -1}, 5.2
T = i —ayezez M EA 2=1 (5-2)
where M is the number of orthogonal frequency division multiplex (OFDM) subcarriers; & is
the conversion factor; o2 is the total noise power for each subcarrier and is given in (2.14). The

baseband modulation bandwidth is denoted as Br,. Based on the Shannon capacity, the data
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rate for the UE can be expressed as [91]:

M/2-1 )
_ L _ (M/Q - 1) (RAPDPrX,opt)

At the Rx, we utilize a high-bandwidth indium gallium arsenide (InGaAs) APD (G8931-10),
where it works in the spectral range of 950 nm to 1700 nm. The peak sensitivity wavelength
is 1550 nm. The parameters of this APD are given in Table 5.1 [126]. It is noted that the
Rx bandwidth inversely depends on the capacitance of the APD, i.e., B, = 1/(2rRpCr),
where Cr is the capacitance of the APD and Ry is the feedback resistor of the transimpedance
amplifier (TIA). Therefore, small-area APDs are required to achieve wide bandwidth at the
Rx. However, for small-area APDs, a lens is required at the Rx to collect enough power and
consequently enhance the SNR.

Parameter ‘ SymbOIJ Value
Bandwidth By, 1.5 GHz
Spectral response range - 950 to 1700 nm
Peak sensitivity wavelength - 1550 nm
Effective Area of APD At T % 0.25 x 0.25 x 1074 m?
Rx FOV v, 60°
Gain of APD GaPD 30
Responsivity Rapp 0.9 A/W
Refractive index Nref 1
Laser noise RIN —155 dB/Hz

Table 5.1: APD parameters. [3]

5.3 Beam Activation

For a VCSEL array system, it is important to determine which beam should be activated
to optimize the system performance. The beam selection strategy considered in this study
is the signal strength strategy (SSS), which only selects the beam providing the highest
received power. Other beam selection strategies can be applied to activate two or more beams
simultaneously to achieve better performance. However, two or more beams consume more
power, which may not be energy efficient. The trade of between spectrum and energy efficiency
will be considered in our future work. Therefore, the index of the serving beam for the user is
expressed as:

I = argmax Py UE, 5.4

neN

where A is the set of beams and P« UE,» 1 the received optical power of the user from the
n-th beam. To solve (5.4), the knowledge of user location is required. The cell size is very
small in the VCSEL array system, therefore, an accurate localization technique is needed.
For the mobile UE, the user tracking system is required to update the location of the UE
quickly and frequently. The VLP can easily achieve sub-meter accuracy. However, most VLP
localization technologies utilize the downlink transmission of the visible light communication
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(VLC) system [28], which requires extra light setting for the proposed system. In addition,
the location information needs to be processed and sent back to the server, which causes extra
delays to the real-time beam activation system. Two beam activation schemes are proposed
in this study to address the power consumption and delay issue. The first method is a passive
beam activation scheme, which uses a CCR to obtain a power matrix and then find the serving
beam. The second method uses the ODTx in the uplink communication. The details of these
two schemes are presented in the following subsections.

5.3.1 Systems with a Corner-cube Retroreflector

input aperture

\

/
* ./ output aperture
(a) X-Y view

| A A
P

I
D
>
|

\1

$

(b) X-Z view

1
i

Figure 5.2: Corner-Cube retroreflector.

A retroreflector can reflect part of the incident beam back to the direction it came from. The
retroreflector can be realized by a CCR, retroreflective sheeting or even retroreflective spray
paint [127]. The CCR is a light-weight small device, which can reflect light back to its
source with minimal scattering. By using CCR, immediate feedback can be obtained for beam
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activation which minimizes the latency and leads to almost zero delay. The CCR has been
proposed for the VLP system in [125]. In this thesis, the CCR is considered. As the distance
between the Tx and the CCR, d, is much larger than the size of a CCR, all the incident rays can
be considered to be parallel with an incident angle of ). According to Snell’s law, the refracted
angle ¢/ = sin™! S;“rj’, where n, is the refractive index of the retroreflector. Fig. 5.2 (a) shows
the result for a triangular corner-cube reflector at normal incidence. The solid line is the input
aperture, which is the shape of the CCR face, and the dotted line is the output aperture which
is the outline of the retroreflected beam. The overlap area of the input and output aperture
is the active reflecting area, and the incident rays outside this area will not be retroreflected.
Fig. 5.2 (b) shows the result for a triangular corner-cube reflector at oblique incidence. The
displacement of input and output apertures, [, can be obtained as:

D =2Ltan¢’, (5.5)

where L is the length of the CCR. The size of the active reflecting area mainly depends on
Lccr, which is shown in Fig. 5.2 (a) .

—

' . ' . .
' '
' '
' '
3 r
' '
' '
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dbeam

B VSCEL

O Active reflecting area

Figure 5.3: The setup of the AP in the VCSEL array system using a CCR (Npeam = 9).

A CCR can reflect part of the incident light to the opposite direction. Based on this property,
a passive beam activation is proposed to reduce the power consumption of the battery-operated
UE and the latency. A CCR will be mounted next to the Rx of a UE and will reflect part of
the transmitting light back to the source beam. As shown in Fig. 5.3, a PD, which is referred
to as RxAP, is mounted next to each source beam to detect the light reflected by the CCR.
The area bounded by the red line in Fig. 5.3 is the active reflecting area, which is the area
hit by the retroreflected light. As discussed previously, the size of the active reflecting area
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is determined by Lccr, which mainly depends on the size of the retroreflector as shown in
Fig. 5.2. The side length of the RxAP is denoted as drxap. To make sure the light transmitted
by the source beam, after being reflected by the CCR, will only be received by the RxAP next
to this source beam, the source beams need to be separated from each other with a distance
of dpeam = Lcocr + drxap- In this chapter, the orientation of the Rx and CCR are assumed
to be fixed and vertically upward. However, it should be noted that due to the limitation
of the maximum incident angle of the CCR and the rotation of the UE, a single Rx may
not always receive the signal and a single CCR may not always reflect the light back to the
reversed direction. As a result, when a UE’s orientation is considered, multiple Rxs and CCRs
should be mounted in different directions to solve the issue. The structure of multiple Rxs and
CCRs, which ensures that the system is robust against random orientation, will be a subject
for future studies. In terms of beam activation mechanism, before transmitting the data packet,
all the beams will send test signals simultaneously. By monitoring the power matrix, which is
the power received by the array of RxAPs, the beam corresponds to the RxAP receiving the
maximum reflected power will be activated to transmit the data packet. Therefore, the index of
the source beam for the UE in (5.4) can be reformulated as:

I = argmax PrxAP,n, (5.6)
neN

where Prxap,p is the received power, reflected by the UE’s CCR, of the n-th RxAP. By covering
the front face of the CCR with a liquid crystal display (LCD) which produces unique signal
frequency, the retroreflected light can be modulated. By transitioning between transparent and
opaque states, LCD shutter can approximate a square wave signal at low modulation frequency
[125]. In addition, the power consumption of the LCD with its driver circuit is only in the order
of tens of uW. The use of the LCD serves multiple purposes. First, it can be used to determine
whether a UE is active and requires data communication. Second, it helps to distinguish the
active UE from mirrors or CCRs in the environment. Finally, for a multi-user scenario, the
active UEs can be distinguished among each other through modulating the retroreflected light
differently.

t5 SIFS SIFS SIFS SIFS
TS RS, DATA, TS RS, DATA,
Beam 1 and RXAP 1
TS RS, DATA, TS
Beam 2 and RxAP 2
TS TS RS, DATA,

Beam 3 and RxAP 3

Figure 5.4: Beam activation mechanism.

The beam activation mechanism is shown in Fig. 5.4. At the beginning, all the beams send
test signal (TS) simultaneously. It is noted that the TS can be unmodulated light. The UE will
retroreflect and modulate the TS into the reflected signal (RS), and the RS will be received by
the corresponding RxAP after a mean propagation delay of ¢5. The beam will be activated based
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on (5.6). Then, the data frame will be transmitted by the serving beam after a short inter-frame
space (SIFS). In Fig. 5.4, firstly, beams 1, 2, and 3 send TS simultaneously. Then, the RxAP
1 and 2 receive RS retroreflected by the UE 1 and UE 2, respectively, while the RxAP 3 does
not receive any reflected signal. Therefore, beams 1 and 2 are activated to transmit data frames
to UE 1 and UE 2, respectively. After the SIFS, all the beams send TS again. Here, the RxAP
3 receives RS retroreflected by the UE 2, which means that UE 2 moved to the cell served
by the beam 3. Hence, the beam 3 is activated to transmit data to the UE 2 while the beam
2 is deactivated. As a consequence, real-time tracking of UEs and real-time beam activation
can be executed with almost zero-delay for a UE with ultra-low power and no computational
capability. In addition, the proposed system with CCR does not first require the estimation of
the position of UEs.

5.3.1.1 Signaling Cost Analysis

The effective throughput can be obtained based on the ratio of the time allocated for data
transmission and the total time, including that used for the signaling. Accordingly, we have:

LData
— ttot = tData 1+ ldel
Cdown ’ ¢ o o (57)

tdelay = tTS + t5 + tRS + tsIFS + tSIFS,

ijDan:a -

where tpat, is the average data transmission time; Lpat, 1S the average data packet length;
Gdown 18 the average downlink data rate which can be obtained based on (5.3); the fgclay is the
total delay time; and ¢ is the total time required to complete the transmission of a packet; g
and trg are the signaling periods; tgrrg is the time required for the SIFS. Assuming there is no
collision, the effective throughput can be obtained as:

IDat
7-eff = . a(down- (5.8)
Ltot
Parameter ‘ Symbol ‘ Value

Test signal time trs 0.3 micro-seconds
Reflected signal time tRs 0.3 micro-seconds
Average length of data packet [128] Lpata 64 Kbytes
Mean propagation delay [129] ts 3 ns
SIFS [128] SIFS 2 micro-seconds

Table 5.2: Parameters of beam activation mechanism.

5.3.2 Systems with Omnidirectional Transmitter on the User Equipment

In this study, an alternative scheme is proposed for beam activation by using ODTx for the
wireless IR uplink transmission. An ODTX, which achieves omnidirectional transmission
characteristics by using multiple transmitting elements, is first proposed for light-fidelity (LiFi)
systems in [106]. The ODTXx is chosen as it is very robust against random device orientation.
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PD |3

Omnidirectional Tx

Figure 5.5: Localization using the ODTx.

The structure of this ODTx is shown in Fig. 5.5. There is one IR light-emitting diode (LED)
located on each side of the UE. It is assumed that the IR LED follows Lambertian radiation and
m is the Lambertian order which is given as m = 2. The received optical power of a PD from
the ODTX can be written as [106]:

(m“!‘l)Ptx,ODAPn?ef cos(9) 1!} <P
>~ ¥c
Prx,OD = {

27d? sin? (W) ’

) 5.9
0, otherwise

where Piy op is the transmitted optical power of a single IR LED in the ODTx; Ap represents
the physical area of the PD; n.er denotes the internal refractive index; the incidence angle of
the PD is ¢ and the FOV of the PD is W.. Based on (5.9), it can be observed that the received
optical power is independent of the irradiance angle of the ODTx, which means that the rotation
of the UE will not change P, op. Consequently, the received optical power only depends on
the position of the UE, puk.

By mounting multiple PDs in different orientations on the ceiling, multiple RSS values, P« op,
can be collected. In indoor positioning systems, RSS-based methods have been widely adopted
since RSS values are easy to obtain [124]. In this study, the artificial neural network (ANN)
algorithm is used to estimate the user position. The ANN is only one of the algorithms used
to estimate the user position, and it is used in this study to help the comparisons between
the performance of different beam activation schemes. Other positioning algorithms such as
fingerprinting, proximity and trilateration can be adopted as well. The main motivation of using
ANN is that it can estimate the beam activation directly without estimating the UE location,
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which reduces the latency. Other methods require the prediction of the user position first and

Input Hidden Output |
Layer Layer Layer |
(ReLU) (Sigmoid)!

|

Serving
Beam
Index

(a) ANN for UE localization

Input Hidden Output
Layer Layer Layer
(ReLU) (softmax)

Beam 1: yes/no?

Beam 2: yes/no?

Artificial Neural Network
(b) ANN for beam activation

Figure 5.6: The ANN structures

then complete the beam activation. Conventionally, the ANN is adopted to estimate the user
position first. After finding the position of the UE, pyg, the beam that needs to be activated can
be obtained based on (5.4). Fig. 5.6 (a) shows the layout of the ANN for the UE localization.
The input of the ANN is the RSS from 5 receiving PDs facing in different directions. There are
Npidden neurons in the hidden layer and the activation function is a rectified linear unit (ReLU).
In the output layer, the sigmoid activation function is adopted and the output is the position
of the UE pyg, which should be normalized. Then, the index of the serving beam can be
calculated based on (5.4). In this study, the proposed ANN predicts the index of serving beam
directly without the need of positioning first. The layout of the ANN for beam activation is
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shown in Fig. 5.6 (b). The input and hidden layer is the same as the counterpart in the ANN for
UE localization, while the output layer uses the softmax activation function and the number of
output neurons equals the number of beams Ny,e,,,. The value of each output neuron represents
the probability of activating the corresponding beam. As the SSS is adopted here, the beam with
the highest probability should be selected as the serving beam for the UE. The beam activation
can be executed in two steps: the offline training of ANN and then the online activating of
beams. The RSS data in this study can be generated based on the ideal channel model in (5.9).
However, the Lambertian irradiation model is not exactly accurate in real applications. To
ensure the accuracy of the beam activation, the ANN can be pre-trained using the data from the
ideal model and then trained with the on-site data [130].

Users can access the uplink and receive the data on the downlink simultaneously since the
uplink and downlink are operating on different wavelengths and, hence, there would be no
interference between them. It is assumed that the uplink is always active for data or TS
transmission. By using the collected uplink RSS values, the index of the serving beam can
be predicted. However, the delay time, Z4clay, Of the system is caused by the signal propagation
from the ODTx to the APs and the ANN processing time to estimate the active beam index.
The signal propagation time, which is in the order of tens of ns, can be ignored when compared
with the ANN processing time. Hence, the £4c1ay 18 mainly determined by the ANN processing.
For a static user, the effect of #qeclay can be ignored. If the user is moving, tqelay should be
taken into account when evaluating the system performance. It is noted that this method can
be still applied to mobile users with low speed, however, for those users with high speed, the
delay due to ANN mechanism can cause the location information to be outdated and a wrong
beam might be activated. When there are multiple UEs, multiple access schemes, such as time
division multiple access (TDMA), frequency division multiple access (FDMA), or carrier sense
multiple access with collision detection (CSMA/CA) should be adopted.

5.4 System Level Analysis

5.4.1 System with Single User

In a VCSEL array system, the total number of beams is denoted as Npeap, and the beams are
pointing in different directions. Therefore, the channel gain distribution is different for each
beam. The central beam, which points vertically downward, provides the best channel as it has
the shortest distance to the UE. Hence, initially, we start with the central beam and then we
extend the analysis to the whole system. In a single user system, the SNR and average data
rate of the 7-th beam are represented as Ysingle,n and Esingleﬁ, respectively. The central beam
is assumed to be the 1°* beam and its SNR and average data rate are denoted as Vsingle,a=1 and
5sing1e,ﬁ:1, respectively. For the central beam, the horizontal distance between an active user
and the cell center is denoted as r. It is assumed that UEs are uniformly distributed and the
probability density function (PDF) of r can therefore be given as:

2r

fr(r) = o TSR (5.10)

92



A VCSEL Array Transmission System with Novel Beam Activation Mechanisms

where R is the radius of the service region of the central beam and R = /d?, ), /7. The vertical

cel
distance between the Tx and the UE is denoted as h. As the central beam is pointing vertically

downward, cos ¢ = cos®) = h/Vh? + 12, sing = r/vh?+r? and d = Vh? + r2. Hence,

for UEs served by the central beam, (5.1) can be reformulated as:

_ 2Py optAeiGaPD h 22

For a single user case, the system is noise-limited and the there is no interference. Therefore,
the SNR given in (5.2) for the user served by the central beam can be obtained as:

y (r) (RAPDPM,UE(T))2
single,i=1(") =
smete (M — 2)k202 5.12)
=0 exp(- 477’2)
22 PN T W)
where vy = ( 2Ri§5;“;5i?ﬁiﬁ2i§:]3h)2. The SNR in decibel (dB) can be expressed as:
7db7ﬁ=1(r) = 10logyq (’Ysingle,ﬁ:l(r))- (5.13)

Recalling from the fundamental theorem of a function of a random variable [131], the PDF of
Ydb,i=1 can be written as:

fr(v) = fr(r0)

| a1 () lr=ro

. 27“0/R2 514
| &-101ogy (hﬂifﬂexp(—%))h:m 49

_ log(10)(h? + r§)W2(h)
~ 10R2(4h2 + 413 + W2(h))’

where
To = f'r’il(r)/)
) dryp exp <4h2/W2(h) — yIn(10) /10)
=5 W2(h)Wy E0) —4h%, vaba=1(R) <7 < Yapa=1(0),

(5.15)
where W(+) is the Lambert W function, also called as the omega function or product logarithm;
In(-) denotes the natural logarithm. As 0 < 9 < R < h, the PDF of yqp, =1 in (5.14) can be
approximated as:

_ In(10)(h*)W?2(h)
HO) ™ oRs (402 + W2(h)

) Yab,a=1(R) < v < Yaba=1(0), (5.16)

Therefore, the approximated PDF of ~yg, -1 is a uniform distribution function between
Yab,a=1(R) and vgp 4=1(0), where vqp, =1 (R) and yqp s=1(0) can be obtained from (5.13).
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Based on (5.3) and (5.12), the data rate of the central beam at radius 7 can be represented as:

M/2-1 4r?
Csingle,ﬁ:l(r) = /]WBI (1 + h2 + 2 exp ( - W+(h))> (517)

Therefore, the average data rate of the central beam can be written as:

Esingle,ﬁ:l =K [gsingle,ﬁzl (T)]
B2 . 4
- /0 - Blog, (1 oz P (- 7))>fr(7“) dr

h W2(h
M-2_ (R o 4r? N 2r
- B logy(1+ -0 exp(— — )2
oM J, oz e W?(h))>R2

M -2 R Y0 47"2
NWWRQB/O QTID (mexp(—m)) dT
__M-2 2 2 0 2 42 SO 2R*
- 21n(2)MR2B[(h R )ln<h2+R2>+R —hin <h2> W?(h)]'
(5.18)

The approximation is made as is the SNR, Ysingle,a=1(r) = 72tz exp (- mf+(2h)) is much

FSys

larger than 1. For a single-user case, the average data rate of the VCSEL array system, (- gle’

is the mean of the average data rate of all beams, which can be expressed as:

1 Npeam Npeam
~SYys _ - ~ _ _ ~UB
Csingle - N E Csingle,ﬁ < N E Csingle,ﬁ:l - Csinglefl:l - Csingle? (519)
beam beam
n n
where Csmgle denotes the upper bound of the system average data rate in a single-user scenario.

According to (5.19), the upper bound is the average data rate of the central beam, Esing]e,ﬁ:]_.

5.4.2 System with Multiple Users

The performance of a multi-user system is limited by two factors: noise and inter-cell
interference (ICI). When multiple UEs are served by the same beam, due to the
high-directionality of each Tx in the VCSEL array system, space division multiple access
scheme (SDMA) proposed in [13] will be adopted. Based on (5.4), the UEs served by the
same beam are grouped together. Multiple beams can serve corresponding UEs simultaneously
within the same time slot as the interference between these narrow beams can be significantly
mitigated. Active UEs served by the same beam share the bandwidth resource equally. Hence,
the data rate of the optical SDMA system can be expressed as:

Npoam NUE, Npeam NVUE,a

G = D Z Gonltigun = Y Z Ny inste (5.20)
n=1 n=1

where (nulti,un 18 the data rate of user p served by 7i-th beam in the multi-user scenario;
Nug, 7, is the number of active UEs served by the 72-th beam; and Cgingle, i, 1S data rate of user p
served by n-th beam in a single-user scenario. For the best-case scenario, it is assumed that all
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the beams are utilizing different wavelengths, which should be perfectly distinguished by the
optical Rx. Therefore, the system is noise limited as ICI is completely avoided and the signal
to interference-plus-noise ratio (SINR) is represented as shown in (5.12). Hence, the average
data rate of the central beam can be written as:

NuE,a=1 NuE,a=1

gmulti,ﬁzl = E[ Z gmulti,,u,ﬁ:l] = Z
p=1

p=1

1

E [Csingle,ﬁ:l (T,u)] = Esingle,ﬁ:h

Nug,a=1

(5.21)
where (ulti,u,na=1 1S the data rate of user u served by the central beam, and 7, is the horizontal
distance between the user p and the center of central cell. We can see that the average data
rate of the central beam for the multi-user scenario is the same as the one for the single-user
scenario. It should be noted that the average data rate of other beams is less than the average
data rate of the central beam. Hence, the average data rate of the entire system for multi-user

scenario will be upper bounded as follows:

Nbeam
= = A ~UB
Crsgjlti = Z Cmulti,'fz < Nagmulti,ﬁzl = Cmulti? (522)
n=1
where IV, denotes the average number of active beams and ngm denotes the upper bound of

the average data rate in the VCSEL array system. The value of [NV, depends on the total number
of active UEs, Nyg, in the system as well as the total number of beams, Npeap,, on the Tx, and
it can be calculated as follows [132]:

Na = Nbeam - Nbeam(l - 1/Nbeam)NUE' (523)

If the number of active UEs are infinite, Nyg = o0, the average number of active beams, N,, is
equal to the total number of beams on the Tx. On the other hand, when there is only one active
UE, N, = 1.

5.5 Simulation Results

dbeam | Locr | drxap | APs height | UE height | Opwium
12mm | 5mm | 5mm 3.5m 1.5m 4°

Table 5.3: Parameters in Zemax simulation

First of all, it should be noted that for all simulations in this chapter, the corresponding transmit
power of the beams for different values of Oy are based on the eye safety regulations given
in Appendix A. Hence, the transmit power for Opwmy of 2°, 4° and 6° are 19, 60 and 129
mW, respectively. To test the accuracy of the beam activation using CCR, simulations with a
beam number of Npean, = 9 are carried out in Zemax and the setup of the AP in the VCSEL
array system is presented in Fig. 5.3. Each beam is pointed to the center of each square cell
and the cell size is 10 cm x 10 cm. The configuration of cells is shown in Fig. 5.7 (a) and
different UE positions are considered. The parameters are listed in Table 5.3. The simulation
result is presented in Fig. 5.7 (b). The received power of each PD in the array of RxAPs is
analyzed. When the UE is in L1, L2 or L4, which are inside cell 5, it can be seen that the
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Figure 5.7: The UE locations and received power matrix, Npeam = 9.

RxAP 5 receives much higher power than other RxAPs and thus beam 5 should be activated.
When the UE is at L3, which is in the boundary of cell 4 and 5, the RxAP 4 and RxAP 5
receives similar power. Therefore, based on the beam activation algorithm, either beam 4 or
beam 5 or both of them should be activated. When the UE is inside cell 9 such as L6, RxAP
9 has the highest power and beam 9 will be activated. L7 is located in the corner of cell 7,
for this case, only the RXAP 7 collects power from the retroreflected light. These simulation
results show that by using the CCR, the system can activate the corresponding beam for the
UE accurately. The IS-based VLP system proposed in [120], is selected as the benchmark
scheme. According to (5.7) and Table 5.2, the average latency, caused by the system can be
calculated. Therefore, the average latency of the system using CCR is in the order of a few
micro-seconds, which is significantly lower than the average positioning time, 44.3 ms, of the
IS-based VLP system proposed in [120]. Hence, real-time fast tracking can be enabled by using
the retroreflector. In the traditional VLP systems, if the position estimation is completed in the
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UE, the computation will add a high power burden to the UE. Also, in order to activate the best
beam, it requires the autonomous transmission of users’ location information from UE to APs.
If the position estimation is done at the AP side, the UE needs to transmit data collected by
the ISs or PDs to the AP for server-assisted computation. In conclusion, when the traditional
VLP system is applied for the beam activation, it always requires a real-time backward channel
from UE to APs. However, with the utilization of a retroreflector, the backward channels can
be replaced by the RS reflected by the retroreflector. In addition, no additional illumination
devices are required as the TS is transmitted by the VCSEL array system, which severs the dual
functionality of communication and positioning. Hence, the proposed beam activation method
based on a retroreflector has the advantage of low latency, low power consumption and low
cost.
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Figure 5.8: The comparison of beam activation accuracy between the ODTx and the single-PD
Tx for both orientation models (M1 and M?2) with different number of hidden
neurons.

The accuracy of the beam activation is analyzed in this part. In order to train the ANN shown
in Fig. 5.6, which has one hidden layer, we first generate 100, 000 UEs with different positions
and orientations. For each location and orientation, the corresponding RSS matrix are generated
based on (5.9) and the serving beam index is calculated according to (5.1) and (5.4). The RSS
values are treated as the input of the ANN while the serving beam index is the output. After
generating these samples, 80% of the data is used for the training set and 20% of the data is used
for the test set. In a real scenario, the accuracy can be further increased by training the on-site
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data. The effect of device orientation is studied and two orientation models are considered
here. The first orientation model (M1) is the Gaussian model introduced in Chapter 2.7.1
for elevation angle of the UE and the second orientation model (M2) is the uniform model,
which assumes uniform distribution in all movement directions. The selected benchmarks for
comparison include: a) a single IR LED for uplink transmission and beam activation (which
is called a single Tx in the rest of this chapter), b) the IS-based VLP [120]. As shown in
Fig. 5.8, the system with ODTx achieves 98% accuracy when Npiqden = 9. Systems with a
single Tx can only achieve an accuracy of 82% and 78% for orientation models M1 and M2,
respectively. The position error of the IS-based VLP system is around 4 cm [120], which leads
to a poor activation accuracy of 64.6%, as shown in Fig. 5.8. To achieve an accuracy of more
than 90%, the positioning error is required to be less than 1 cm according to Fig. 5.9. In terms
of the beam activation latency for the system using ODTX, the delay time, fgclay, 15 mainly
caused by the ANN processing time. In a laptop with Intel(R) Core(TM) i7-7700HQ CPU @
2.8 GHz, the processing time of ANN with Npjqqen = 5 for user positioning is 29.7 ms, which
is lower than the 44.3 ms of the IS-based VLP systems. In addition, no additional illumination
device is required for the ODTXx as it serves the purpose of uplink communication and beam
activation simultaneously. In conclusion, the ODTx is much more robust against random device
orientation compared with the single Tx system, while it has the advantage of higher accuracy,
lower latency, lower power consumption and lower cost compared with the IS-based VLP.
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Figure 5.9: The comparison of beam activation accuracy between the ODTx and the IS-based
VLP system for different positioning error.
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Figure 5.10: SNR distribution in a single user system.

The simulation results for systems with a single user scenario are shown in Fig. 5.10-5.12.
In the central cell with a size of 10 cm x 10 cm, the SNR distribution is illustrated in
Fig. 5.10 (a)-(c) for different values of fpwin. When Opwinv = 2°, the UE achieves the
highest SNR, 27.7 dB, in the cell center. However the SNR at the cell corner is almost O dB.
This is because the beam divergence angle is small and thus most of the power is focused around
the beam center. By increasing Opwi from 2° to 4°, although the transmit power increases
from 19 mW to 60 mW, the peak SNR decreases to 23.7 dB since the beam is more diverged.
However, the wider divergence angle leads to a great increase, 16 dB, in the SNR for the UE
at the cell corner. With the further increase of fpwin to 6°, the transmit power doubles to
120 mW but the SNR slightly decreases to 22.7 dB. The advantage is that the UE at the cell
corner can achieve a SNR of 19.4 dB. The SNR distribution of the VCSEL array system with
10 x 10 beams is plotted in Fig. 5.10 (d). It can be seen that the distributions of all other cells
have similar distributions to the central cell with a slight decrease in the SNR values. To verify
the PDF of the SNR derived for the central beam in (5.14), Monte-Carlo simulations are carried
out and the histogram of SNR are plotted by the blue bars in Fig. 5.11. The analytical PDF in
(5.14) is plotted by the black dash-dot line while the approximated PDF in (5.16) is plotted by
the red line. As the red line, black dash-dot line and the histogram are well matched, the PDF of
the SNR for the central beam can be well approximated by the uniform distribution expressed
in (5.16).
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Figure 5.11: Probability density function of the SNR for the central beam (Opwnnm = 4°).

Fig. 5.12 (a) shows the average data rate for the central cell with different cell size. It can
be seen that for different values of Opwrn, the analytical derivation in (5.18) matched the
Monte-Carlo simulation results. When the cell size is small, the central beam with Opwn = 2°
provides higher average data rate. However, with the increase in cell size, its average data
rate decreases faster than the others. This is because, with a smaller fpwqn, the beam
power is more focused on the center, which leads to high power in the cell center and low
power in the edge, as shown in Fig. 5.10 (a). By increasing frwin, the beam power is less
focused. Therefore, the decrease in the average data rate is slower when the cell size increases.
When the cell size d.p is 5 cm, the beam with Opwiv = 2° provides the highest data rate,
3.8 Gbit/s. However, when the cell size dgq is 10 cm, the average data rate for Opwin = 4°
and Opwinm = 6° are 3.4 Gbit/s and 3.5 Gbit/s, respectively, which are higher than the average
data rate for Opwinv = 2°, 2.7 Gbit/s. Fig. 5.12 (b) demonstrates the average data rate for
the VCSEL array system with Npean beams and deey = 10 cm. The number of beams
along one axis is denoted as v/ Npeam- It can be seen from Fig. 5.12 (b) that by varying the
number of beams along one axis, the value of average data rate for the simulation results will
be upper bounded by _s[ijfgle in (5.19). The result indicates that, in a VCSEL array system,
gtslfr]?gle is actually a good approximation of the average data rate when the number of cells is
small. This occurs because the distance between the central cell and the edge cell is small,
the SNR distribution of other cells will be similar to the SNR distribution of the central cell as
shown in Fig. 5.10 (d). However, with the further increase of \/Npcam, the distance between
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the central cell and the edge cell increases, which will lead to higher path loss and a decrease in
the average data rate. In such cases, ;Iijfgle can only be considered as the upper bound instead
of a well-approximation. It should be noted that for a single UE scenario with d..;; = 10 cm,
a VCSEL array system with fpwrnm = 4° and 6° can provide similar performance, which is

better than the system with Opwin = 2°.
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Figure 5.12: Average data rate in a single user system.

Simulations for systems with multiple users are carried out. The relationship between the
number of UEs, Nyg, and the average data rate of the VCSEL array system (Npeam = 100
and d..;; = 10 cm) is shown in Fig. 5.13. For the ideal case without ICI, where each beam uses
a different wavelength, the analytical derivation in (5.22) matches with the simulations without
ICI for both Opwum = 4° and 6°. This also gives the upper bound of the average data rate,
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Figure 5.13: Average data rate for the VCSEL array system with multiple users. (Npeam =
10 x 10, deep = 10 cm).

(UB ., for the VCSEL array system with multiple UEs. When all the beams are using the same

wavelength, the ICI needs to be taken into consideration as the ICI will degrade the system
performance. When the number of UEs, Nyg, is less than 6, we can see the average data rate of
the system with ICI is very close to the average data rate of the system without ICI, and thus the
average data rate of the system with ICI can be well approximated by (5.22) for small value of
Nyg. With the increase of Nyg from 6 to 20, the chance of having ICI rises, which widens the
gap between the average data rate of simulations with ICI and the average data rate of a system
without ICI. Further increases in Nyg, from 20 will lead to a larger gap between systems with
and without ICI. It should be noted that in a VCSEL array system with multiple UEs, the system
with Opwinv = 4° achieves a higher data rate than the system with Opwin = 6°. When the
cell size is fixed, a larger divergence angle means more power will reach the adjacent cells and
will be treated as interference noise by UEs in the adjacent cells. Therefore, a small divergence
angle can alleviate the ICI and increase the average data rate. When Nyg = 20, a throughput
of around 50 Gbit/s can be achieved by systems with Opwinv = 4°, while only 33 Gbit/s can
be achieved for a systems with Opw = 6°.

To calculate the system throughput, the user mobility should be considered and, hence, the
effect of the delay caused by the beam activation should be evaluated. It is assumed that
all of the users are moving randomly following the random waypoint model [133]. In terms
of the mechanism using CCR, the effective throughput, 7.g, can be obtained based on (5.8).
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According to the parameters in Table 5.2, it can be obtained that 7o = 0.98 X (gown. For the
mechanism using ODTX, the latency, tgelay, 18 majorly caused by the ANN processing time.
Hence, the beam activated at current time will be based on the user location in Z4e1ay ms ago.
In a laptop with Intel(R) Core(TM) 17-7700HQ CPU @ 2.8 GHz, the processing time of ANN
with Nyiqden = D is 30 ms. The selected benchmarks for comparison include: a) the IS-based
VLP proposed [120], b) the IS-based VLP system in which the position error is assumed to be
5 mm. The evaluation of system throughput and outage probability corresponding to the user
speed is presented in Fig. 5.14. The outage probability, Py, is defined as the probability that
the user throughput is less than the required threshold data rate, R, where R is assumed to
be 2.5 Gbit/s. When the IS-based VLP [120] is adopted for positioning and beam activation,
due to the high positioning error and high latency, the effective system throughput is much
lower than the other schemes while the outage probability is more than 60%. When the user
speed is 0.1 m/s, by decreasing the positioning error of the IS-based scheme from 3.97 cm
to 5 mm, the system throughput increases substantially from 8.7 Gbit/s to 14.5 Gbit/s, which
achieves similar performance as the system with CCR and the system with ODTx. However, for
high-speed users, the latency, caused by beam activation and positioning, can lead to outdated
location information, and the wrong beam may be activated. Therefore, when the user speed
increases to 2 m/s, the system throughput of the IS-based scheme (5 mm positioning error)
decreases rapidly to 11 Gbit/s. In comparison, due to the lower latency, the system throughput
of the ODTx-based scheme only decreases to 12.8 Gbit/s. In terms of the CCR-based scheme,
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the system throughput and outage probability is independent of the user speed, which indicates
the CCR mechanism has a extremely low latency and thus the effect of delay can be ignored.
Hence, the system with CCR mechanism can be used for scenario which required extremely
high data rate and low latency such as virtual reality and argumented reality. In comparison,
the system with ODTx can be used for low-speed scenario which requires robustness against
orientation such as smartphones and tablets.

5.6 Summary

In this chapter, we have proposed a VCSEL array system which can support high data rate,
low latency and multiple UEs without the requirement of expensive/complex hardware, such
as SLM, MEMS, fiber and so on. Two beam activation methods have been proposed based on
the small cell property of the VCSEL array system. The beam activation based on the CCR
can achieve low power consumption and almost-zero delay, allowing real-time beam activation
for high-speed users. The other beam activation is based on the ODTx, which serves the
purpose of the uplink transmission and beam activation simultaneously. This method is robust
against random device orientation and is suitable for low-speed users. The effects of the cell
size and beam divergence angle have been considered in this study. By evaluating the system
performance, the choices of cell size and beam divergence angle have been proposed for the
VCSEL array system.
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6.1 Summary and Conclusions

Similar to other cellular systems, inter-cell interference (ICI) significantly degrades the system
performance of light-fidelity (LiFi) attocell networks. In this thesis, to deal with ICI in LiFi
attocell networks, different methods have been proposed. The structures of angle diversity
receivers (ADRs) have been studied to fully exploit the potential of LiFi networks. To
overcome the disadvantages due to ICI, blockage and random device orientation, the hybrid
LiFi/WiFi network (HLWN) is a potential solution to future wireless communications where
LiFi augments wireless fidelity (WiFi) in providing ultra-high speed and low latency wireless
connectivity. In addition, a vertical-cavity surface-emitting laser (VCSEL) array transmission
system with proper beam activation mechanisms has been proposed to mitigate ICI as well due
to high directivity of the narrow beams.

In the third chapter of this thesis, we have investigated the ICI mitigation in LiFi networks using
ADRs. The impact of the diffuse link considering random user equipment (UE) orientation
has been studied and it has been shown that both line-of-sight (LOS) and non-line-of-sight
(NLOS) links have an important influence on the system performance. The performance
of different ADR structures have been compared and the optimized ADR structures have
been proposed for the considered scenario. This method can be extended to other scenarios
easily. By studying systems with different levels of noise power spectrum density, we have
shown that when the system is noise-limited, maximum ratio combining (MRC) outperforms
select best combining (SBC), otherwise, SBC is the preferred combining scheme. In an
interference-limited system or noise-plus-interference limited system, the adoption of the
double source (DS) cell configuration can further mitigate the NLOS interference and thus
improve the system performance. This study contributes to guiding the designs of ADRs, the
choice of signal combining schemes and the adoption of the AP configurations.

In chapter 4, a hybrid LiFi/WiFi network with user movement and random device orientation
has been considered. A low complexity orthogonal frequency division multiple access
(OFDMA) resource allocation (RA) scheme for LiFi systems and an evolutionary game theory
(EGT) scheme for load balancing (LB) considering the handover effect in HLWNs have
been proposed. The proposed RA scheme for LiFi OFDMA systems outperforms that in
time division multiple access (TDMA) systems in terms of both data rate and user fairness
because of an efficient use of high-frequency resources. For both proportional fairness (PF)
and max-min fairness (MF) schemes, the proposed EGT-based LB scheme can achieve a better
data rate and fairness performance than benchmark LB schemes. The HLWNs can maintain
a good downlink performance regardless of the uplink requirements in WiFi. The average
horizontal handover efficiency has little impact on the system performance while the average
vertical handover efficiency affects the system performance greatly. In the case of low average
vertical handover efficiency, the EGT-based LB scheme achieves a better user data rate than
the hard threshold (HT) scheme by balancing the user load between LiFi and WiFi more
efficiently.

In the fifth chapter, a novel VCSEL array system, which supports high data rate, low latency
and multiple user access without the requirement of expensive/complex hardware, is proposed.
In addition, the choices of cell size and beam divergence angles are recommended. In order
to support mobile users, two beam activation methods are proposed. Beam activation based
on the corner-cube retroreflector (CCR) can achieve low power consumption and almost-zero
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delay, allowing real-time beam activation for high-speed users. The mechanism based on
the omnidirectional transmitter (ODTX) is suitable for low-speed users and very robust to
random orientation. The proposed methods exhibits significantly superior data rate and outage
probability performance than the benchmark schemes. For a single UE scenario, regarding
the central beam, the probability density function (PDF) of the signal-to-noise ratio (SNR)
in dB can be considered as a uniform distribution. In addition, the analytical derivations for
the average data rate of the central beam and its upper bound are presented and proven by
simulations. This study may have great potential in guiding the designs in future experiment
studies and performance analysis on the VCSEL array system.

6.2 Limitations and Future Research

In chapter 3, it is assumed that all ADRs are equipped with compound parabolic concentrators
(CPCs) to achieve high concentration gain and narrow field of view (FOV) of photodiodes
(PDs). This characteristic of CPC is very beneficial for interference mitigation in LiFi attocell
networks. The narrower the FOV of a CPC, the higher the concentrator gain, but the longer
a concentrator will be. The number of PDs on an ADR is limited by the size requirement.
In further work, the system performance of ADRs with other types of concentrators can be
evaluated. Moreover, when the DS cell configuration is adopted, the transmit power is equally
split to the positive and negative sources, which degrades the performance of the noise-limited
system. Also, when no LOS link exists, the NLOS paths from the desired positive and negative
sources will cancel each other out, which leads to poor SNR performance. Upgrading the design
of the DS cell to overcome the aforementioned problems could be a topic for future studies. In
addition, the impact of blockage, which could substantially affect the system performance, is
not considered. Therefore, another topic for future research is evaluating the effect of link
blockage on LiFi systems with ADRs. Besides, experimental works which validate the use of
ADR in areal scenario should be carried out in the future. By using adaptive signal combining
schemes or adaptive single source and double source configuration, the system performance
may be improved, which could also be subjects for future study.

In chapter 4, the most significant problem is that the proposed LB algorithm for the HLWN
system only considers the average throughput within each coherent time slot and makes
decisions based on this. If only the immediate reward is taken into account, the algorithm
will end up with overlooking the long term benefits of performing handover. For a long-term
system performance assessment, user behavior prediction is required. In LiFi systems, the
mobility-aware resource allocation algorithms, which use the historical data and future-state
prediction, have been studied in [107-109]. In these studies, the mobility-aware algorithm is a
feasible solution as it has been previously shown that human mobility is relatively predictable
[134]. However, device orientation is considered in this study as it will affect both positioning
and handover. To the best of our knowledge, no study has shown that the device orientation can
be predictable. If the device orientation cannot be predicted, then the channel state information
(CSI) in the next state also cannot be estimated as well. Hence, finding a model which predicts
the position and orientation of UE and performing handover considering the long-term effect
could be a potential future direction. Furthermore, the effect of the uplink load balancing on
downlink LiFi communications is not considered in this study and will be considered in future
work.
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In chapter 5, we only consider a VCSEL array system which covers a small open space area.
The reflection from other objects is ignored and only the LOS is considered. In future studies,
we may consider a network of VCSEL arrays to cover the entire indoor scenario, in that case,
the NLOS components should be taken into consideration. Furthermore, the beam selection
strategy considered in this study is the signal strength strategy (SSS), which only selects one
serving beam at a time. Other beam selection strategies can be applied to activate two or
more beams simultaneously to achieve better performance. However, two or more beams
consume more power, which may not be energy efficient. The trade of between spectrum
and energy efficiency will be considered in our future work. The research area is still broadly
open for research and could be extended in many interesting directions, such as utilizing the
spatial and multiplexing gain, designing the omnidirectional CCR and optimizing the resource
management in a multi-VCSEL-array network.

Another interesting area to explore is combining different interference mitigation techniques
into one system. For example, a hybrid LiFi/WiFi network system where the LiFi systems
use the VCSEL array as transmitters and ADRs as the receivers. Besides, device to device
communication can be taken into consideration in such systems.
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Appendix A
Maximum Transmit Power
Considering Eye Safety

When laser diodes or VCSEIs are deployed, it is necessary to consider eye safety, which will
limit the value of the transmit power, Py opt. In this section, the maximum allowable transmit
optical power Py max Will be calculated based on regulations in the eye safety standard [135].
The Gaussian beam intensity at the distance z is:

. 2Ptx,opt ( 27’2 )

- TW2(2) P

I(r,z) W2

(A.1)

The aperture diameter of cornea is denoted as d,. The exposure level of the cornea at distance
z can be calculated as:

1 da/2
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The level of radiation to which persons may be exposed without suffering adverse effects is
called the maximum permissible exposure (MPE). Exposures above the MPE will lead to eye
injuries. Instead of actually performing an MPE analysis for all locations along the beam, the
exposure level at the most hazardous position (MHP), z,,n, can be calculated and compared
with the MPE. If the exposure level at the MHP, Ecyp,(2mpn), is less then the MPE, then
the MPE is not exceeded anywhere else in the beam [136]. Hence, when considering eye
safety, Fexp(Zmph) < Empe(texp), Where teyxp, represents the exposure duration and Eppe (texp)
represents the MPE value corresponding to tey,. Therefore, the maximum allowable transmit
optical power Py max can be written as:

ﬂ'dzEmpe(texp)
2

4(1 - exp(*#inph)))'

When the angular subtense of the apparent source is less than 1.5 mrad, the MPH, z,pp,
is 10 cm. The MPE value Eppe(texp) can be calculated based on parameters in Table A.1
[135]. The maximum allowable transmit optical power, Py max is plotted against the exposure
duration t.p, in Fig. A.1 for different wavelengths and different Opwin. The Py max for
A = 1550 nm is much larger than the Py max for A = 850 nm so that A = 1550 nm is chosen

Ptx,max(texp) = (A3)
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in this study for higher data rate communication. The maximum allowable transmitted power,

Pix max, for Opwim = 2°, 4°, 6° are 20 mW, 60 mW, and 130 mW, respectively.

A = 1550 nm A = 850 nm
Exposure duration, texp (s) | 0.35t0 10 | 10 to 10° 103 to 10 10 to 10°
MPE, Eppe (W - m—2) 10* /texp 1000 | 18t255Cy /texp 10C4Cr
Aperture stop (mm) d, 1.5tZ’X§ 3.5 7 7
C, B B 100-002(A=700) | 1(0-002(A=700)
Cy - - 1 1
Table A.1: Parameters for eye safety
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Figure A.1: Maximum transmit power considering eye safety
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and Harald Haas

Abstract— The increasing number of mobile devices challenges
the current radio frequency (RF) networks, e.g. wireless
fidelity (WiFi) networks. Light Fidelity (LiFi) is considered as
a promisi 1 y technology, which operates within
the visible light spectrum and infrared spectrum. In an indoor
scenario, a hybrid LiFi/WiFi network (HLWN) provides a
potential solution to future wireless communications where LiFi
augments WiFi in providing ultra-high speed and low latency
wireless connectivity. In this paper, dynamic load balancing (LB)
with handover in HLWNs is studied. The orientation-based
random waypoint (ORWP) mobility model is considered to
provide a more realistic framework to evaluate the performance
of HLWNs. Based on the low-pass filtering effect of the LiFi
channel, we firstly propose an orthogonal frequency division
multiplexing access (OFDMA)-based resource allocation (RA)
method in LiFi systems. Also, an enhanced evolutionary game
theory (EGT)-based LB scheme with handover in HLWNs is
proposed. In the EGT scheme, each user adapts their strategy to
improve the payoff until LB is achieved across LiFi and WiFi.
Then, the LiFi system uses the proposed OFDMA-based RA
method while the WiFi system applies the carrier sense multiple
access with collision detection (CSMA/CA). Simulation results
show that in the LiFi system the OFDMA-based RA scheme
outperforms the time division multiple access (TDMA) scheme
in terms of both user data rate and fairness. Regarding LB in
HLWNSs, the proposed EGT scheme can achieve a remarkable

)} in throughp pared to bench k sck
such as hard threshold (HT) scheme and random access point
assignment (RAA) scheme.

Index Terms—Evolutionary game theory, hybrid network,
LiFi, load balancing, WiFi, handover overhead, OFDMA.

I. INTRODUCTION

UE to rapid growth in the number of mobile devices
as well as their ever increasing communication speeds,
which are expected to surpass 20 Mbps by 2021 [1], the tradi-
tional radio frequency (RF) wireless networks face challenges
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to fulfill the future demands. It is reported that the entire RF
spectrum will not be sufficient to provide the demanded traffic
by 2035 [2]. Light-fidelity (LiFi) is a novel, bidirectional and
fully networked wireless communication technology that can
support the next-generation high-speed requirement [3]. LiFi
can potentially utilize more than 300 THz of the visible light
spectrum, which is approximately 139, 000 times greater than
the 2.16 GHz wireless gigabit alliance (WiGig) channel in the
IEEE 802.11ad standard [4]. It has been shown that a single
light-emitting diode (LED) can achieve a data rate of 10 Gbit/s
using orthogonal frequency division multiplexing [5]. In addi-
tion, by using wavelength division multiplexing (WDM), LiFi
is able to provide data rates of 14 Gbit/s [6].

Despite a wide variety of advantages provided by LiFi, limi-
tations of this technology should also be considered to develop
feasible solutions. Link blockage is one factor that can affect
LiFi performance significantly. Inter-cell interference (ICI) can
significantly restrict the spectrum efficiency, especially for the
cell-edge users. An effective solution is to combine LiFi with
existing RF networks, e.g. wireless fidelity (WiFi), to form
a hybrid LiFi and WiFi network (HLWN) [7], [8]. Such a
network cannot only achieve high data rates through LiFi, but
can also provide ubiquitous coverage through WiFi in case
of any link blockage within the optical channels or severe
ICL. As LiFi uses a different spectrum from WiFi, there is no
interference between LiFi and WiFi systems. Thus, the HLWN
is able to offer a total system throughput greater than that of
a stand-alone LiFi or WiFi network [8].

In HLWN:S, efficient load balancing (LB) can significantly
improve the overall quality of service (QoS). When user
mobility is involved, the LB consists of access point (AP)
assignment (APA), resource allocation (RA) and also handover
management. Several studies on the topic of HLWNs have
been undertaken [9]-[13]. In [9], the hybrid visible light com-
munication (VLC) and RF network are studied for the purpose
of system throughput enhancement. In that work, APA and RA
are performed in a static system without consideration of user
mobility and random device orientation. In [10], a practical
hybrid VLC/WiFi network is studied, which uses VLC only
for downlink and WiFi just for uplink communications. The
hybrid network proposed in that paper is different from the
HLWNs where LiFi and WiFi can be used for both down-
link and uplink communications. The majority of subsequent
research focused on system LB optimization in HLWNs so

0090-6778 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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as to improve the performance of data rate and user fairness
[11]-[13]. Most papers consider a static and simple network
setup where user movement and receiver orientation are
ignored, which can affect the performance of LiFi systems [14]
and consequently HLWNs. In addition, the proposed optimiza-
tion schemes in [11]-[13] are of high computational complex-
ity, which are difficult to implement. In recent literature, game
theory has been extensively applied to network selection and
interference management problems in heterogeneous wireless
networks [15], [16]. In the evolutionary game theory (EGT)
model, each user will adapt their strategy to achieve a better
payoff until each user’s payoff cannot be increased unilaterally.
In our previous work, an EGT-based LB scheme for hybrid
LiFi and RF networks is proposed [17], where random device
orientation in LiFi systems is considered. The proposed EGT
scheme in our previous work is able to achieve a better user
satisfaction performance at low computational complexity.
However, in order to attain a more accurate evaluation of
the system performance, there are three factors that should
be considered:

1) RA Enhancement: In most of the research studies on
hybrid LiFi and RF networks, the RA in both LiFi and
RF (e.g. WiFi) systems is considered as an optimization
of users’ resource portions, which are fractional numbers
between 0 and 1 [11]-[13], [18]. This is suitable for a time
division multiple access (TDMA) scheme. In multi-user LiFi
systems, an efficient multiple access scheme can help to avoid
intra-cell interference and achieve multi-user diversity gains.
Due to the flexibility in RA, orthogonal frequency division
multiplexing access (OFDMA) has been widely adopted in RF
networks [19]. By means of the OFDMA scheme, resources
can be allocated in both time and frequency domains, where
the minimum and indivisible time-frequency slots are known
as resource units (RUs). A resource block (RB) is composed
of a number of RUs. It is evident that allocating those RUs
to different users is more efficient and flexible than allocating
subcarriers or time slots only. Moreover, by considering the
low pass effect of front-end elements, an adaptive user-to-RU
assignment is able to substantially enhance the overall system
spectral efficiency compared to TDMA schemes. In [20], [21],
OFDMA in LiFi systems has been studied, however, OFDMA
and TDMA achieve the same throughput performance as
equal channel gains are assumed for all subcarriers. Hence,
it is important to consider the channel response with the
effect of front-end elements in the RA of LiFi OFDMA
systems. In addition, WiFi is the most widely used local area
network where carrier sense multiple access with collision
avoidance (CSMA/CA) is implemented for allocating trans-
mission resources in a multiuser system. To the best of our
knowledge, all previous studies on HLWNSs consider TDMA or
OFDMA for WiFi, which is not realistic. Hence, in this study,
we consider the realistic/practical RA scheme, CSMA/CA,
for WiFi.

2) Handover: In order to ensure seamless connectivity as
well as to fulfill the data rate requirement of mobile users
in cellular networks, the ongoing connection may require
to be transferred from one AP to another. This process is
called handover. Many current research studies on hybrid LiFi
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and RF networks consider a static network and handover is
not taken into account [11]-[13]. However, when a handover
occurs in dynamic HLWNS, signalling information (referred
to as handover overhead) would have to be exchanged. This
process causes transmission losses of desired data, leading to
a reduction in data rate. Thus, handover overhead must be
considered in LB for such hybrid networks. In a heteroge-
neous hybrid network, a handover may result in subsequent
handovers. For example, when a user switches from LiFi to
WiFi, due to the increased load and reduced user data rate
in the corresponding WiFi cell, users allocated to this WiFi
AP may have to be reallocated to other WiFi or LiFi APs.
Moreover, the load decrease of the LiFi attocell may lead to
the increase in the data rate of existing users served by this AP.
During each of these handovers, the overhead may affect the
achievable user data rate. Therefore, LB should be designed
with handover considered.

3) Device Orientation: Due to the directionality of the
LiFi transmitter and receiver, the change of device orientation
will lead to the variation of the channel condition, which
may further result in the new AP assignment. To the best
of our knowledge, all the previous studies about the HLWN
assume that the orientation of the user device is fixed or
with a uniform distribution model, which is not practical.
The device orientation model has been proposed recently in
[22], [23] through experimental measurements. By considering
the random orientation of the UE during the user’s move-
ment, an orientation-based random waypoint (ORWP) mobility
model has been proposed in [23]. To evaluate the performance
of HLWN in a more realistic scenario, the ORWP mobility
model is considered in this study.

It should be noted that compared to our previous study
in [17], we first considered OFDMA in LiFi and CSMA/CA
in WiFi systems in this study. Secondly, the joint effect of
random orientation and mobility has been considered in a
more realistic framework which has been ignored in [17].
Thirdly, both horizontal and vertical handover efficiencies
have been included in our analysis. All these can affect
the AP selection as well as the RA scheme, which pose
new challenges regarding RA and LB in a hybrid LiFi/WiFi
network. To address these challenges, an enhanced EGT-based
algorithm is proposed, which is intrinsically different from
the one presented in [17]. The detailed description of the
EGT-based algorithm is given in Section III-B. In sum-
mary, the main contributions of this work are listed as
follows:

o The joint effect of random orientation and mobility are
considered to evaluate the performance of HLWN in
a more realistic scenario by using the ORWP mobility
model.

The handover management takes into account the effect
of the handover overhead. The impact of vertical and hor-
izontal handover on the average throughput of a HLWN
is evaluated.

A low-complexity OFDMA RA scheme in LiFi systems
is proposed for HLWNs. The performance of user data
rate and fairness is evaluated compared to the HLWN
system where TDMA is used in LiFi.

.
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e An enhanced EGT-based dynamic LB scheme for
HLWNS is proposed. In the proposed HLWN, the LiFi
system adopts the OFDMA scheme while the WiFi
system applies the CSMA/CA which benefits from a
utilization ratio to fairly allocate WiFi resources between
the uplink and downlink. Then, LB is achieved based
on these two schemes and the EGT algorithm. Also,
the impact of the WiFi utilization ratio on the average
data rate of a HLWN is assessed in this study.

The rest of the paper is organized as follows. The hybrid
LiFi and WiFi system model is introduced in Section I
In Section III, the low complexity OFDMA RA scheme for
LiFi systems and the EGT-based LB scheme including han-
dover for HLWNs are proposed. The performance evaluation
and discussion are presented in Section IV. Conclusions are
drawn in Section V.

II. HYBRID LiFi/WiFi NETWORK MODEL
A. System Setup

As shown in Fig. 1(a), an indoor hybrid LiFi/WiFi network
is considered in this study, where one WiFi AP and Ny,
LiFi APs are deployed. All LiFi APs and the WiFi AP are
connected to the central unit (CU) through optical fibres with
the CU controlling and managing them. In this study, it is
assumed that the user can only be served by one technology,
either WiFi or LiFi, at a time.

In the LiFi system, the visible light spectrum is used for
the downlink transmission. Regarding the uplink transmission,
the infrared (IR) spectrum is adopted in this study since it
does not affect the illumination and adds no interference to the
LiFi downlink communication and the existing RF networks
[24], [25]. It should be noted that the downlink communication
in LiFi systems is the primary focus of this study. Each
LiFi AP is composed of multiple LEDs to transmit optical
power and an infrared receiver to detect the uplink signals.
The user terminals are equipped with photodiodes (PDs) to
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receive visible light signals and infrared transmitters to serve
the uplink. In each LiFi cell, optical OFDMA is employed as
the multiple access scheme.

For the WiFi system, it is assumed that the WiFi AP follows
the IEEE 802.11ad standard [4]. According to this standard,
each station (STA) can communicate with the AP (uplink
and downlink) or with other STAs (direct link). Particularly,
we only consider the uplink and downlink in WiFi systems
in this study while direct user to user communication is not
taken into account. The main medium access control (MAC) of
IEEE 802.11 is CSMA/CA, which is therefore also considered
in this study [26]. All the nodes in the WiFi system including
the WiFi AP are allowed to access the channel using the
available bandwidth during data transmission. This means
that the uplink transmission of WiFi will affect the downlink
communication. For example, when increasing the uplink
throughput, the downlink network will have fewer chances to
get access to the channel. This can lead to a drastic decrease in
downlink throughput. Therefore, in this work, the effect of the
‘WiFi uplink data rate requirement on the downlink resource
allocation is considered.

In the HLWNSs, the set of wusers is denoted as
U = {p|p € [1, Nug], u € N}, where N is the set of natural
numbers. Assume the total number of users and LiFi APs are
Nuyg and Ny, respectively. The set of LiFi APs is denoted by
A = {a]a € [1, N ], € N} and the WiFi AP is denoted
by W. The mobility-aware resource allocation algorithms
which use the historical data and future-state prediction have
been studied in [27]-[29]. However, random device orientation
is considered in this study and to the best of our knowledge,
no previous study has shown that the device orientation can
be predictable. Since the future state cannot be predicted,
it may not be practical to optimize the long-term performance
of the system. Hence, the system performance in a single
quasi-static state is considered instead. A quasi-static period
is a short duration where the channel state information (CSI)
can be assumed to be constant [30]. In the indoor scenario,
for both LiFi and WiFi channels, the CSI can be assumed to
be constant for a short time period, commonly known as the
coherence time. The coherence time for LiFi networks is in the
order of tens of milliseconds [23], which encompasses several
RBs. During each quasi-static period, the CSI of channels in
HLWN:S is fixed for the duration of 7},, which is the minimum
value between the coherence time of LiFi channels, 77,, and
the coherence time of WiFi channels, Tyw. So that, T, =
min{7%,, Tw}. The evaluation of the coherence time of both
LiFi and WiFi channels is not the focus of this study and will
be considered in future work. The dynamic HLWN system can
be divided into many quasi-static periods and each period is
referred to as a ‘state’. Each user will be served by either a LiFi
AP or a WiFi AP in each state and the sequence numbers of the
state are denoted by {1,2,--- ,n|n € N}. The CU performs
the AP assignment and allocates the available resources to
each individual more efficiently compared to a distributed case
in which each AP allocates its own resources to the users.
In this study, the proposed EGT algorithm is realized in a
centralized manner within the CU. By monitoring the network
continuously, the CU obtains knowledge of the CSI. Based on
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the collected CSI, the CU undertakes the AP selection and
resource allocation at each state. In the following, the LiFi
and WiFi system models are described.

B. LiFi System Model

According to [31], the LiFi channel impulse response
between the transmitter (Tx) and the receiver (Rx) in the
frequency domain can be modelled as:

H(f) = HrosHr(f), (1

where Hpos denotes the path loss of a line-of-sight (LOS)
channel and Hy(f) represents the front-end device frequency
response. The LOS channel fading gain between the Tx and
Rx can be modelled as follows [32]:

(m + 1) Ayn?

ref ; m( ;
Ts(v) cos™(¢) cos P <V
Hrios = 27d? sin? U, W) ) N
0, >V,
2)

where Ay, is the physical area of the PD; ny is the internal
refractive index of the concentrator; d is the distance between
the Tx and Rx; W, denotes the field of view (FOV) of the
PD; ¢ is the incidence angle of the receiving PD; Ty (v))
represents the gain of the optical filter; ¢ denotes the irra-
diance angle of the Tx. The Lambertian order is denoted as
m = —1/logy(cos(®y/3)), where @y, is the half-intensity
radiation angle. The distance vector between the LiFi AP
and the user equipment (UE) is denoted as d. As shown
in Fig. 1(b), the random device orientation can be described
by two angles: the polar angle # and azimuth angle w [33].
In the Cartesian coordinate system, the normal vector of the
user device can be written as [23]:

npp = (cos(w)sin(f), sin(w)sin(9), cos(d)). 3)

Accordingly, the angle of incidence to the PDs is denoted as
1 = arccos < d,npp >, where <,> is the inner product
operator.

The front-end frequency response can be modelled by a first
order low pass filter as [34]-[36]:

He(f) = exp(=—=), @

/
ve fo
where fj is the 3 dB cut-off frequency of the front-end filtering
effect; ve is the fitting coefficient and |Hp(fo)|> = —3 dB
when v, = 2.88 [35].

In LiFi systems, the Tx and Rx use intensity modula-
tion (IM) and direct detection (DD), respectively. Due to
the baseband IM/DD communication, the transmit signals are
required to be positive and real. Modulation techniques such
as direct current biased optical (DCO)-OFDM and asym-
metrically clipped optical (ACO)-OFDM are developed to
ensure real and positive signals [36]. The spectrum efficient
DCO-OFDM is used in this study to achieve high data
rates. More spectrum efficient techniques have been developed
such as spectral and energy efficient (SEE)-OFDM [37] and
enhanced unipolar (eU)-OFDM [38], but they use the same
subcarrier structures as in DCO-OFDM. Therefore, using these
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more advanced modulation techniques will not alter the main
contributions of this work. The analysis can be applied to
other types of OFDM systems in a similar manner. The SINR
between user ;o and the serving LiFi AP « can be expressed
as [17]:

2
Yalf) = (TP Hpo(f))

K2NoBL + 3 ic ay foy (TPex Hpi ()2

where 7 is the receiver’s optical to electrical conversion
efficiency; Py is the transmitted optical power of a LiFi AP;
H,, o (f) is the channel gain between user 1 and the serving
LiFi AP « based on (1); « is the ratio of DC optical power
to the square root of electric signal power. When x = 3,
it can be guaranteed that 0.3% of the signals are clipped and
the clipping noise is neglectable [39]. Furthermore, Ny and
By, denote the noise power spectral density and the baseband
modulation bandwidth in the LiFi system, respectively. The
channel gain between user p and the interfering LiFi AP 7 at
frequency f is denoted as H, ;(f). It is noted that when other
OFDM techniques, which has closed form SINR expressions,
are applied, (5) should be replaced with the corresponding
expression.

In the LiFi system, adaptive M-quadrature amplitude modu-
lation (M-QAM) is used on different OFDM subcarriers. The
number of OFDM subcarriers is denoted by M, which is an
even and positive integer. The sequence number of OFDM
subcarriers is denoted by m € [1,M], m € N. In order to
ensure that the OFDM signal is real, Hermitiam symmetry
is applied. As a result, only half of all available subcarriers
can be used for information transmission, i.e., subcarriers
m > M/2 do not carry any information. As DCO-OFDM
is used in this study, the effective subcarrier set (referring
to the subcarriers bearing information data) is defined as
M. = {m|m € [2,M/2],m € N}. The number of effective
subcarriers [36] is denoted by M, = M/2 — 1. In this study,
it is assumed that there are several RBs in a quasi-static
period, and each RB contains M K RUs, where K is the
number of subframes in the time domain. The frequency of the
subcarrier m is denoted as f,,,. As the channel is assumed to be
constant during a quasi-static period, the spectral efficiency of
the RU on the m-th subcarrier is identical for each subframe.
According to the modulation and coding scheme given in
Table I [40], for user p served by the LiFi AP «, the spectral
efficiency of subcarrier m, ¢, a,m. can be determined based
on 7, (fm) obtained from (5). Therefore, for user 1 served
by the LiFi AP «, the communication link data rate of the RU
on subcarrier m for each subframe can be written as:

i 2BLqy,0,
i = Saaeam ©

Therefore, the total LiFi link data rate of user x served by
the LiFi AP « is expressed as:

5

IR

Link _ Link
e = I E Ta,me )
meMe

r

C. WiFi System Model
In a WiFi system, users and the WiFi AP use the CSMA/CA
with request to send/ clear to send (RTS/CTS) hand-shaking
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TABLE I
MODULATION AND CODING TABLE [40]
min. SINR . Spectral efficiency
[dB] Modulation | Code rate bit/s/Hz]
- - - 0
1 QPSK 0.44 0.8770
3 QPSK 0.59 1.1758
5 16QAM 0.37 1.4766
8 16QAM 0.48 1.9141
9 16QAM 0.60 2.4063
11 64QAM 0.45 2.7305
12 64QAM 0.55 3.3223
14 64QAM 0.65 3.9023
16 64QAM 0.75 4.5234
18 64QAM 0.85 5.1152
20 64QAM 0.93 5.5547
DIFS SIFS SIFS SIFS PIFS
Initial backoff 1 ;" LoicTs o © UACK! | DATA
AP - ’—‘
Tnitial backoff 2 RTS ; DATA
STAL
Initial backoff 3
STA2
Fig. 2. Tllustration of CSMA/CA with DCA mechanism.

mechanism, as shown in Fig. 2. In CSMA/CA, the STAs listen
to the channel for an interval called distributed inter-frame
space (DIFS). If the channel is sensed to be idle after DIFS,
they initiate their backoff time. Both users and the AP have a
random backoff number and the one with the lowest backoff
number has the priority to transmit the information. Before
data transmission, the STA sends the RTS packet. If the RTS
packet is received successfully by the AP, a CTS packet will be
sent by the AP after a short inter-frame space (SIFS). After
the two-way handshaking of RTS/CTS, the data frame will
be transmitted. Also, an acknowledgement (ACK) frame will
be sent by the AP if the data frame is successfully received.
In [26], a detailed explanation and performance analysis of
the CSMA/CA with RTS/CTS mechanism is provided. The
time duration used for successful data transmission on the
uplink (downlink) is called the uplink (downlink) utilization.
The ratio of the uplink (downlink) utilization and the total
transmission time is defined as uplink (downlink) utilization
efficiency [41]. We denote this ratio by Uyp (Udown), Which
is a fractional number between 0 and 1. In addition, the uti-
lization ratio of Ugown and Uy, is defined as:

. Ui
Ugp

In this work, the full buffer model is considered. This means
that there are always packets to send in the buffers of the
WiFi AP and UEs. Since the WiFi AP and each user have the
same probability to access the channel, the utilization ratio
€ is naturally equal to Nw1+1’ where N, is the number of
users served by the WiFi AP. In order to flexibly allocate the

(®)
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available spectrum between uplink and downlink transmission,
a mechanism called downlink compensation access (DCA)
is considered [41]. By using DCA, e can be any required
utilization ratio greater than or equal to ﬁ In the DCA
mechanism, the AP can transmit data frames after point
inter-frame space (PIFS) following the previous ACK packet
until the utilization ratio reaches the requirement, as shown in
Fig. 2. Assume that € is the required utilization ratio. Initially,
the utilization ratio € = 1/(Ny, + 1) is less than €. In this
case, the DCA is used and the handshake mechanism of RTS
and CTS is not necessary. The AP can transmit multiple data
frames while € < ej. Note that the AP accesses the channel
without collision during the DCA because PIFS is used as
the frame gap, which is shorter than DIFS. When € > ¢ is
achieved, the RTS/CTS handshake instead of DCA will be
used for the WiFi AP transmission. In this way, the required
utilization ratio is maintained.

The uplink and downlink utilization efficiency can be
expressed as:

1

Uup = U1 sl ©)
€
Udown = U1_+e" (10)
where U is the system utilization efficiency given by [41]:
U= DPsPilp )
(1= po)ts + peps(1 = pa)ts + pepspata + pe(1 — po)te
an

where pj is the probability of successful transmission; p; is the
probability that there is at least one transmission in a backoff
unit time; pg is the probability that a data frame is transmitted
by the DCA under the condition that the previous transmission
was successful; ¢ is the duration of an empty slot time; ¢, is
the average transmission time of the frame payload; t. is the
average time that the channel is sensed to be busy because of
a collision; ¢ is the average time that the channel is sensed as
busy because of a successful transmission; and ¢4 is the time
duration for DCA. Specifically, ps, ps, pa can be presented
with the number of users served by the WiFi AP as the primary
variable, which has been given in [41]:

p(Ny) = 1= (1= p)™ T, (12)
Ny + Dpe(l = po)™

pe(Ny) = (H#’ 13)
Ny — 1

palNe) = 53—, (14)

where p. = 2/(Cmax + 1) is the probability that a user
transmits a data frame in a backoff counter time; Ciax is
the maximum backoff stage. Also, t., ts and ¢4 are expressed
as follows:

te = trrs + tpirs, (15)
ts = trrsttors+Hin+tp + tack + 3tsirs + tpirs,  (16)
tq = tu + tp + tack + tsirs + tpirs, (17

where trrs, tors, ta, tack, fsips, tpirs, and iprps are
the time duration of RTS, CTS, frame header, ACK, SIFS,
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DIFS and PIFS. In this way, the utilization function in (11)
can be written as a function corresponding to the number of
users served by the WiFi AP, denoted by U(Ny). Similarly,
the uplink and downlink utilization efficiency can be rewritten
as Uyp(Ny) and Ugown (Nw)-

The channel bit rate in the WiFi system is denoted by R..
The downlink data rates for user j in the WiFi cell can be
expressed as:

RUdown (Nw)

Ry wis = N, . (18)
and the uplink data rate for a WiFi user can be expressed as:
R Uyp(Nw
T piwifi = — ;‘\F;( W)» (19)
w

D. Handover

The handover overhead causes a reduction in the average
data rate of users who have to be handed off to new APs. The
definition of handover efficiency was first introduced in [8]
and was later used in [42] and [27]. Generally, in an indoor
scenario, the handover overhead is in the order of milliseconds
and the overhead time is considered as a random variable [43].
Hence, the exact overhead time is unknown at the beginning of
each state, which means the exact handover efficiency cannot
be calculated. Therefore, the average handover efficiency will
be used to estimate the negative effect of handover on user’s
data rate [27]. The average handover efficiency is assumed
to range from 0 to 1. There are two types of handover in a
hybrid network, horizontal handover (HHO) and vertical han-
dover (VHO). HHO occurs between APs of the same access
technology. VHO refers to the change of connectivity between
different wireless access technologies. The average handover
efficiency for HHO and VHO are denoted by 79 nno and
7)0,vHO. Tespectively. Hence, the estimated handover efficiency
between two consecutive states can be written as follows:

1) HHO: Since a single WiFi AP is considered in this study,
HHO only occurs between two LiFi APs. Assuming that user /¢
is served by a LiFi AP a}(f'*l) in the state (n—1), the estimated
HHO efficiency between state (n — 1) and state n can be
expressed as:

. -1
nﬁu):{"vmoﬁ i#afrV

i€ A,
1, i=alr Y,

(20)
where the operation [.]T denotes max( . ,0).

2) VHO: VHO occurs when the host AP of user s is
transferred from a LiFi AP to the WiFi AP or vice versa.
Assume that user p is served by AP aﬁlnfl in state (n — 1),
where aff'il) can be either a LiFi AP or the WiFi AP. The
estimated VHO efficiency can be defined as follows:

(n—1)

) 0,vHO, J #
(i) = { 6

je{A W}
1, jzaff’flj«, jefamy

2D

We note that the CSI feedback can be notably reduced
by means of limited-feedback mechanisms [30], [44], [45].
Hence, the overhead due to handover is dominant compared
to the overhead due to CSI feedback, however, the handover
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efficiency can include both overheads, and this does not change
the generality of our model.

E. Orientation-Based RWP Mobility Model

In this section, we describe the ORWP which provides a
more realistic framework for the analysis of system perfor-
mance in a LiFi network [23]. In fact, the ORWP model
incorporates the device orientation, which is modeled based
on the experimental measurements, into the random waypoint
mobility model. This method was later developed in [46]. It
is shown that the random orientation for walking users can
be modeled as a correlated Gaussian distribution with the
mean of E[] = 30° and variance of oy = 7.78°. A first-
order autoregressive (AR) model can be exploited to generate
correlated random samples of device orientation. Therefore,
the k-th sample of AR(1) can be obtained as [23]:

Olk] = co + c10[k — 1] + w[k], (22)

where w[k] is a white noise process with the variance of
ow. To guarantee that the random process (RP), 6, is wide-
sense stationary, the condition |¢;| < 1 should be met. The
factors cp, ¢; and the variance oy, can be obtained based on
the mean, variance and coherence time of the experimental
measurements as follow:

Ty
co=(1—c)E[f], ¢ =0.05"0, 02 =(1—c})oz, (23)

w

where T is the sampling time and T, is the coherence
time of the RP, §. The coherence time is obtained based
on the least-squares spectral analysis (LSSA) technique from
the experimental measurements, which is described in detail
in [33].

III. DYNAMIC LB SCHEME IN HYBRID
LiFi/WiFi NETWORKS

Two algorithms are discussed in this section. The
low-complexity OFDMA RA scheme for LiFi systems is
summarized in Algorithm 1. The EGT-based LB scheme of
the HLWNS is presented in Algorithm 2. The RA scheme in
Algorithm 1 is part of the LB scheme in Algorithm 2. Hence,
in the following, the detailed explanations of Algorithm 1
will be given first in Section III-A and then, Algorithm 2 is
described in Section III-B.

A. Resource Allocation in OFDMA LiFi Systems

In this section, the resource allocation in a single LiFi
cell in a quasi-static state is investigated. As a single cell a
is considered in this section, for the simplicity of notation,
the communication link data rate of the RU on subcarrier m
for each subframe, rb‘gkm, will be written as 7,,,. The
[B-proportional fairness is a generic fairness function which
includes a number of well-known fairness concepts such as
proportional fairness, max-min fairness and throughput maxi-
mization. Hence, it has been widely adopted in studies dealing
with resource allocation problem [11], [12], [17], [47]. The
[B-proportional fairness function considering both user data
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Algorithm 1 : Low-Complexity RA Algorithm in the Cell «
for LiFi OFDMA Systems

1: Initialization: Subcarrier m = %, For all user pp € U,,
7 WMy = 0.

2: whife Subcarrier m > 2 do

3:  for Each user p € U, do

4: Calculate the link data rate, 7, ,.

5

6

7

Calculate Z,, ;41 based on (26).
end for
Calculate k,, ,, for each user on subcarrier m according
to (33).
8 m=m-—1.
9: end while

rate and fairness is used as the utility function in this study,
which is defined as [48]:

o) Ingx?e, B=1 o
v(r) =< 21—
1-3 8=>0, B#1,

where /3 denotes the fairness coefficient and « is the user data
rate. The well known proportional fairness and the max-min
fairness can be realized using this utility function by setting
B =1 and 8 — 400, respectively [12]. In order to solve the
resource allocation problem, the optimization problem can be
formulated as follows:

> s ( > k/t,rrnr/l.rrl>

max
Kpm
HEU meM.
st Y km =K, meM,. (25)
HEU

where k,, ,, denotes the number of RUs allocated to user
/v on subcarrier m in each RB and U, denotes the set of
users served by the AP «. By using the Lagrangian multiplier
method, an iterative algorithm is proposed to find the optimum
of (25) in [35]. However, this method is of high computational
complexity due to the iterative algorithm. In order to reduce
the complexity, a novel RA scheme in LiFi OFDMA systems
is proposed in this section.

Since the LiFi channel gain in the frequency domain
is inversely proportional to the frequency [36], only users
with high SINR are able to utilize the high frequency
resources. In other words, the number of users who can
utilize high-frequency resources is much less than the number
of users who can use low-frequency resources. Therefore,
the low-complexity RA scheme is proposed to be carried out
from high-frequency to low-frequency subcarriers in sequence.
For user y, the aggregate data rate from subcarries m to M /2,
Zyi,m» can be calculated by adding the data rate achieved on
subcarrier m, Ky m7u,m, and the aggregate data rate from
subcarries m + 1 to M/2, Zy,m+1. This can be expressed
as:

‘ m+ Zymy1, 2<m< M/2
Dy = { Ky pom + Zymr m / 26)

0, M/2 < m.

Algorithm 2 EGT-Based Centralized LB Algorithm Executed

in the CU

1: Initialization: The users are randomly allocated to an AP

from S,,; based on OFDMA (for LiFi) or CSMA/CA (for

WiFi), each AP allocates the available resources to the

players of the corresponding cell; the CU calculates the

payoff of each player 77" and the average payoff 7<">;

and ¢ < 1.

for each player p € U do

3:  Calculate the probability of mutation, p5*>, based on
(37) and generate a random number §, which is uniformly
distributed between 0 and 1.

4 if § <pg'> then

5:if a;""1> is a WiFi AP then

6 Calculate the estimated payoff if connected to the

best LiFi AP, 71>, based on (40) and Algorithm 1.

o 2

»

7 else

8: Compute the estimated payoff if connected to the
WiFi AP, 75%>, based on (41) and CSMA/CA
scheme.

9: end if

10: Based on (39), check whether the potential AP will
be overloaded first and then decide to stay with the
previous AP or switch to a new AP.

11:  else

12: No mutation occurs, the player ;1 remains with the
previous AP.

13:  end if

14: end for

15: for each AP o € AJ{W} do
16:  According to Algorithm 1 and (18), the available
resources are allocated by the CU to players in each cell.
17: end for
18: ¢ < ¢t 4 1 and repeat from Step 2 until no AP switch
occurs.

It should be noted that the sum of &, ;.71 and Z,, ;41 is less
than > Ky m7p,m. Hence, the sub-optimization problem

meM.
can be formulated as follows:

max Z g (KpmTpm + Zym+1)

S m

HEUn
st kum =K, méeM.. 27)

HEU
To solve the sub-optimization problem in (27),

the Lagrangian multiplier method is used and the Lagrangian
function can be expressed as:

F(ku.rrn)‘m) = Z wﬁ (k#,mr#-,m + Z;L-,TrHrl)
PEU

(28)

FAm | K= kum |, 29

HEU
where )\, is the Lagrangian multiplier for the m-th constraint
in (27). To obtain the optimal k, ., the gradient of the
Lagrangian function in (29) is set to be equal to 0, which
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is written as:

OF (kymy A w
% = (b Tom + Zypmg1) ™ = Am = 0.
wm
(30)
It can be obtained from (30) that:
1
1 T 5 Z
P p,m,) _ Zumi1 31
e ( A Tum @D
Based on the constraint in (27), (31) can be solved as:
-5 Zym+1 1
Ao = | K4+ >0 =) SN ()T (32)

Tym

HEU HEU

By inserting (32) into (31), the number of RUs allocated to
user 1 € U, on subcarrier m in each RB is given by:

K+ Z Zymt1

el B

: z
by = — " - Zemtl - (33)
> Tim

PEU

Tym

It can be noted that iterative computation is not required
in (33). A closed-form solution is obtained for &, ,, in (33)
which reduces the computational complexity substantially.
Algorithm 1 summarizes the low-complexity RA scheme. The
LiFi data rate of user x can be expressed as:

Duw= 3 b 1.
meMe

(34)

B. Proposed EGT-Based LB Scheme

The global optimum of the system LB problem can be deter-
mined using exhaustive search. However, exhaustive search is
very computational expensive. In this section, an EGT-based
LB scheme, which reduces the computational complexity and
achieves sub-optimum performance, is proposed for the APA.
At the beginning of each state, the EGT-based scheme is
performed and each user will be assigned to an AP. If a
handover occurs, users cannot transfer any data during the
handover association time. The setup of evolutionary game
for LB in each state are described as follows:

1. Players Set (U): The players in the game are the users
in the hybrid network. The set of players is ¢/ and the total
number of players is Nyg.

2. Strategy Set (S,): Each user can be potentially served
by one of LiFi APs or the WiFi AP. In order to efficiently
utilize the LiFi resources, each user will be allocated to its
best LiFi AP if it must be served by LiFi. The best LiFi AP is
defined as the one which can offer the highest link data rate
with handover efficiency taken into account. The best LiFi AP
for user p can be defined as:

Link

Ay = argmax u(d)r, (35
To reduce the complexity of the AP selection scheme, user
o will be assigned to the AP from the strategy set S,,. This
set contains the best LiFi AP and the WiFi AP, denoted as
Sy ={Au, W}

3. Payoff Function: The payoff of a player is defined by
the user data rate, which is achieved by either a LiFi or the
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WiFi AP. The payoff function of user x served by the AP «
can be written as:

) Dy, a=4,
Ty =
Ry witi, a=W,

where D, , is the achievable data rate when user y is served
by the LiFi AP «, given in (34); and R, w5 is the achievable
data rate if user p is connected to WiFi AP, expressed
in (18).

In the EGT-based LB scheme, the players can achieve
a better payoff by adapting their strategy iteratively. The
adaptation of the AP selection strategy and the evolution
of the population is based on the ‘mutation and selection
mechanism’ in EGT [16]. For each player, the strategy shift
occurs randomly. The players experiencing a lower value of
payoff are more likely to adapt their strategy. Following the
rule, in the ¢-th iteration, the probability of mutation for user
can be expressed as:

(36)

e 1- Ta p<t=1> o z<t—1>
Pt = F<t-1>0 Twa 37)

0 7.‘.<L71> > ﬁ.<f—1>

, > .

TR

where wi)'gb denotes the player’s payoff in the previous
iteration; 7<~!> represents the average payoff of all players
in the previous iteration. The average payoff of all players in
the ¢-th iteration is given by:

1

F<t> N }:ﬂ,;t:’
, ;
UE 7

where 7> is the payoff of user y in the ¢-th iteration, given
in (36).

When a mutation occurs, the user may be assigned to a new
AP to maximize the estimated payoff in the current iteration.

The new serving AP can be determined as:

(38)

A <t>

<t>
« = argmaxm
H giesu Mot

(39)
B R
()i, iFaytTl,
where a§t> is the AP assigned to player y at the ¢-th iteration;
7‘T”<_f.> is the estimated payoff when the player is allocated to a
new AP v other than ai"~'>. The estimated payoff 7% is
greatly related to the resource allocation scheme in different
networks:

i). LiFi network (v = A,,): In this case, aﬁ**b is the WiFi
AP and user ;2 may experience a handover from WiFi to LiFi
in the ¢-th iteration. The estimated payoft can be calculated
by using the data rate result in LiFi OFDMA systems, shown
in (34). Assume that the set of users allocated to LiFi AP v
in (t — 1)-th iteration is denoted by U= ~1>. After the user is
handed off from the WiFi AP to LiFi AP v, the set of users
served by the LiFi AP v becomes U5t = US> [J{u}.
According to (34), the estimated payoff of user y if connected
to LiFi AP v can be obtained as:

ﬂi? = Z l%,t,,,Lr',,_"L, pEUS”, v= Ay,
meMe

(40)
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where l%,l,,,,, is the estimated number of RUs that is allocated
to user . on subcarrier m of each RB, which can be calculated
according to Algorithm 1.

ii). WiFi network (v = W): It is assumed that the number
of users served by the WiFi AP at the (¢ — 1)-th iteration
is denoted by N5t~'>. In the case of v = W, user p
would experience handover from a LiFi AP to the WiFi AP.
According to (18), the estimated payoff of user y is expressed
as:

A<t ReUdown

NS U
where R, is the channel bit rate in the WiFi system; and
Udown 1s the downlink utilization efficiency which is given
in (10). Note that Ujown should be computed based on
NS> = N2> 41

The proposed EGT-based LB algorithm can be summarized
into three steps: i) in the AP assignment step, each user
adapts their AP selection strategy unilaterally to improve the
payoff; 2) in the RA step, based on the RA schemes, e.g.
OFDMA or CSMA, the available resources are allocated to
users; 3) repeat step 1 and 2 until no user can adjust the AP
selection unilaterally to increase their payoff. The EGT-based
LB algorithm is given in Algorithm 2.

v="W, @1

C. Convergence Analysis of Proposed Scheme

The EGT-based LB scheme can converge after several iter-
ations, which has been proved in [17]. Typically, when a con-
vergence is reached, an evolutionary equilibrium (EE), referred
to as the Nash Equilibrium in the evolutionary game [16], can
be achieved.

Definition 1: A strategy profile & = {a, | € U} reaches
an EE when no user can change the strategy unilaterally to
improve their payoff, i.e. [16]:

Ty, = Tpad, s

O # o, a0, €Sy, (42)

where the payoff of the user ; connected to the AP « is
denoted as 7, q.

In this section, the numerical simulation is used to evaluate
the iteration numbers required in the proposed LB scheme.
The simulation setup is described in Section IV and simulation
parameters are listed in Table. II. The users are moving
randomly in an indoor scenario for 1000 quasi-static states.
In each state, the EGT-based LB scheme is executed to find
the EE, which provides the AP assignment and resource
allocation results. At the first state, users randomly choose an
AP from their strategy sets as an initial host AP. After the first
state, the allocated APs in the previous state are considered
as the initialization of host APs. The iteration number of
the proposed EGT-based LB scheme is evaluated and shown
in Fig. 3. In the legend, ‘PF’ represents proportional fairness
(8 = 1) while ‘MF’ means max-min fairness (5 — +00).
It can be seen that in order to achieve an EE, 7 iterations
are needed at the first state while only 4-5 iterations are
required from state 2 to state 1000. This means that when
considering a dynamic network, the proposed EGT-based LB
scheme achieves a quick convergence by using an average of
less than 5 iterations.
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Fig. 3. Average user data rate versus the iteration number.

TABLE IT
SIMULATION PARAMETERS

Name of Parameters Symbol | Value
Height of the AP ZAP 3.5m
Height of the user device ZUE 1.5 m
Optical transmit power in LiFi system P I W
Noise power spectral density of LiFi No 10719 A%Hz
The physical area of a PD A, 1 cm?
Half-intensity radiation angle D1/ 60 deg.
Half angle of the receiver FOV . 90 deg.
Gain of optical filter T(v) 1.0
Refractive index Tyef 1.5
Optical to electric conversion efficiency | 7 0.53 A/W
Maximum backoff stage Cinax 1024
Time duration of RTS trTS 0.16 us
Time duration of CTS ters 0.14 pus
Time duration of frame header tH 0.23 pus
Time duration of ACK tack 0.14 us
Time duration of SIFS tsiFs 28 s
Time duration of DIFS 1pIFS 80 ps
Time duration of PIFS tpiFs 128 pus
Propagation delay tp, 1 ps
Channel bit rate in the WiFi system R 1.732 Gbit/s
Average user movement speed Vg 1 m/s

IV. PERFORMANCE EVALUATION
A. Simulation Setups

As shown in Fig. 1(a), a 16 m x 16 m indoor office
scenario is considered for numerical simulation. The network
consists of 16 LiFi APs which are deployed following a square
topology over the ceiling. A WiFi AP is located at the centre
of the room to provide ubiquitous wireless coverage. The users
are initially distributed uniformly in the XY -plane of the room
and they hold a device in their hands. In our simulations,
the users move randomly following an ORWP model described
in Section II-E to realize a real-life scenario. We use (22) to
calculate the k-th sample of AR(1). The mean and variance
of the RP, 4, are E[f] = 30° and gy = 7.78°, which are

Authorized licensed use limited to: University of Edinburgh. Downloaded on August 12,2021 at 01:34:06 UTC from IEEE Xplore. Restrictions apply.

120



Publications

ZENG et al.: REALISTIC INDOOR HYBRID WiFi AND OFDMA-BASED LiFi NETWORKS

250

~6- MF, By, =300 MHz
200 [{-0- MF, By, =500 MHz

100

Average Data Rate (Mb/s)
%2

50,

20 40 60 80 100
3 dB bandwidth, f, (MHz)

Fig. 4. Evaluation of average data rate with different 3 dB bandwidth in
LiFi OFDMA network. A comparison between proportional fairness (PF)
and max-min fairness (MF). (Nyg = 80, 16 LiFi AP and no WiFi AP
considered).

compatible with the experimental measurements. Moreover,
the sampling time and the coherence time of # are Ty = 13
ms and T, 9 = 130 ms [23]. The k-th sample of ¢ along with
w can be used in (3) to calculate the normal vector at the
receiver. Note that we used w =  — 7 similar to [23], where
€ defines the movement direction of users.

To evaluate user fairness, the fairness index, I, will be used
as the metric which can be expressed as [8]:

il
Nue i

where x; is the achievable data rate of user i. The fairness
index ranges from 0 to 1, where 1 means all users achieve
the same data rate. The parameters in the simulation are
summarized in Table II. Each simulation contains 1000 quasi-
static states. The results shown in the following plots are
averaged over 1000 independent tests.

(43)

B. Performance Analysis

In this section, the data rate performance of OFDMA
and TDMA RA schemes in LiFi systems is first evaluated.
Following that, the hybrid LiFi/WiFi network is considered
and the evaluation of the proposed EGT-based LB scheme
on both user data rate and fairness is undertaken. Finally,
the impact of the average handover efficiency and user speed
on the system throughput is analyzed.

1) OFDMA vs. TDMA: Initially, a stand-alone LiFi
OFDMA network with 16 LiFi APs is considered. In LiFi,
due to low pass effect of front-end elements, the available
channel bandwidth depends on the actual devices. Therefore,
the impact of cutoff frequency is studied. Fig. 4 presents the
average user data rate achieved by the proposed low complex-
ity OFDMA RA scheme versus the 3 dB bandwidth, fy. It
can be seen that the user data rate increases with fo, but the
gradient decreases. This is because when 3 dB bandwidth is
large enough and the modulation bandwidth is fixed, the LiFi
channel gain tends to be flat and the achievable data rate is
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Fig. 5. Evaluation of average data rate by using different LB (resource
allocation) schemes in HLWNs. (B, = 300 MHz, fo = 30 MHz, € = 2,
no,uHo = 0.9, no,vio = 0.6 and Nyg = 200).
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Fig. 6. Evaluation of user fairness by using different LB (resource allocation)
schemes in HLWN. (Br. = 300 MHz, fo = 30 MHz, € = 2, 19 o = 0.9,
70,vaO = 0.6 and Nyg = 200).

maximized. In addition, Fig. 4 shows that ‘PF’ can achieve
a better data rate performance than ‘MF’ due to the sacrifice
of user fairness. The gap between these two curves increases
along with the modulation bandwidth By.. For the typical 3 dB
bandwidth of 30 MHz, the data rate differences between ‘PF’
and ‘MF’ are 9.6, 41.2, 57.7 Mb/s, respectively when By
equals to 100, 300 and 500 MHz.

Considering a hybrid LiFi/WiFi network, the data rate
performance by using an EGT-based LB scheme is presented
in Fig. 5, where OFDMA and TDMA RA methods are used
in the LiFi network, respectively. In the TDMA RA scheme,
resources are partitioned only in the time domain [17]. The
user fairness is evaluated and shown in Fig. 6, where the fair-
ness index is used as the criteria. As shown in Figs. 5 and 6,
when using the proposed EGT-based LB scheme, the OFDMA
RA method outperforms the TDMA RA method in terms of
both user data rate and fairness index. This is because the
OFDMA scheme can utilize the high-frequency RUs more
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efficiently than the TDMA RA method. As shown in (4),
the LiFi channel response in the frequency domain is inversely
proportional to the frequency. This means that users with high
SINRs are able to use a large modulation bandwidth, while the
users with low SINRs may not be able to transmit signals on
high-frequency subcarriers. The OFDMA RA scheme is able
to carefully allocate high-frequency RUs to users with high
SINRs while allocate low-frequency RUs to users with low
SINRs. In this way, the overall user data rate can be enhanced
in LiFi systems.

2) EGT vs. Benchmark LB Schemes: In Figs. 5 and 6,
two benchmark LB algorithms for HLWNs are evaluated
and compared with the proposed EGT-based LB scheme.
Specifically, ‘HT’ represents that the AP assignment of users
is determined by using a hard threshold while ‘RAA’ means
that each user randomly chooses the host AP from their
strategy set S, [17]. The handover efficiency is considered in
the AP selection in the benchmark algorithms. After the AP
allocation, the proposed OFDMA resource allocation scheme
is used in both ‘HT’ and ‘RAA’ schemes. It can be seen
that the EGT-based LB scheme achieves a better performance
in terms of user data rate and fairness index. Particularly,
the achievable data rate by EGT is notably 20 Mb/s and
30 Mb/s more than RAA and HT, respectively. Regarding the
fairness index, the EGT-based LB scheme has a significant
improvement compared to the two benchmark schemes. This
is because in the EGT scheme, there is a high probability that
users with low payoff will switch to better APs, which makes
the network well load-balanced. It can be seen from Fig. 6
that the proposed low-complexity OFDMA scheme achieve
data-rate performance closed to the optimum scheme. Another
interesting observation of Fig. 6 is with regard to the HT
with OFDMA in the downlink. As can be seen, the fairness
index increases initially with the increase of 3 due to the
fairness among LiFi users increase. However, after § > 1,
it starts to decrease. The reason for this is when the HT is
applied, the number of users connected to the WiFi AP will
increase as the increase of 3, which leads to a degradation
in the throughput of WiFi users. On the other hand, the LiFi
users benefit from more released resources and their data rate
increases. Therefore, the load between WiFi and LiFi is not
well balanced which leads to a slight decrease in the fairness
index.

3) WiFi Utilization: In Fig. 7, the effect of the WiFi
utilization ratio, €, on the user data rate is evaluated. As shown
in (9), € = 1 means that the uplink and downlink have the same
probability to access the WiFi channel. When e is large enough
(e.g. € = 20), the downlink can utilize more than 95% of the
'WiFi resources. As shown in Fig. 7, by decreasing ¢ from 20 to
1, the average user date rate will reduce approximately 50%
from 40 Mb/s to 20 Mb/s. In comparison, users in HLWNs
only have a 8% decrease in the achievable data rate. This
is because, in HLWNSs, some of the users in WiFi can be
transferred to LiFi layers when WiFi provides less resources
for downlink. It should be noted that in the simulation, it is
assumed that HLWN has 200 users while the stand-alone
WiFi network has only 40 users. Although the HLWN has
5 times users, when proposed EGT method is applied, the users
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(The EGT-based LB scheme is applied, B, = 300 MHz, fo = 30 MHz,
€ =2, no,uno = 0.9, no,vuo = 0.6 and Nyg = 200).

can still achieve much higher data rate than users in the
stand-alone WiFi network for all e. Hence, the HLWNs can
maintain a good downlink performance regardless of the WiFi
utilization ratio. Also, it can be seen in Fig. 7 that the proposed
EGT-based LB scheme can always achieve a higher user data
rate than the HT scheme regardless of the WiFi utilization
ratio.

4) User Speed: The effect of user speed on the handover
rate is evaluated and presented in Fig. 8. Handover rate is
defined as the ratio of the total number of handovers and the
total simulation time. It appears that when the user speed is
less than 3 m/s, the handover rate of VHO is higher than the
handover rate of HHO and they both increase along with user
speed. If the user speed is greater than 3 m/s, the handover
rate of HHO still increases with user velocity while the VHO
performs oppositely. This can be explained as follows. Due
to the ICI in LiFi systems, when a user moves from one cell
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(B = 300 MHz, fo = 30 MHz, € = 2 and Nyg = 200).

centre to another cell centre, the SINR will first decrease and
then increase. In this case, for low speeds, the LiFi-connected
user will be handed off to WiFi when approaching the cell
edge, then, they will connect to another LiFi AP when entering
the cell-centre region. Accordingly, the number of VHO is
higher than the HHO. For high speeds, the users may pass
the cell-edge regions quickly without being connected to the
WiFi AP. Therefore, the number of VHO decreases while the
number of HHO still increases.

It can be seen that by using the proposed EGT scheme,
the number of handovers in the fast movement case
(e.g. 4 m/s) is still more than twice that in the low movement
case (e.g. 1 m/s). Work is ongoing to try and reduce the
number of VHO and achieve a high throughput for high-speed
users in HLWNs.

5) Average Handover Efficiency: In Fig. 9, the impact of
the average horizontal and vertical handover efficiency, 70, o
and 79, vio. on the user data rate are evaluated. It can be seen
that with an increase in 10, vHo, the user data rate achieved by
EGT is almost constant. However, the user data rate achieved
by HT significantly increases with an increase in 1, vio. This
is because a hard threshold, 7, is used for AP assignment in
the HT scheme and the vertical handover from a LiFi AP
to a WiFi AP will only occur when 7o vio x Dya, < T
and vice versa. Hence, for a low 79 vuo, it is more likely
for the user to switch from a LiFi AP to the WiFi AP and
less likely to switch back. Therefore, when considering a low
value for 79, vro, the majority of users in the HT scheme are
served by WiFi. In comparison, in the EGT-based LB scheme,
the AP allocation is determined based on the achievable data
rate in both WiFi and LiFi cells. If the WiFi cell is overloaded,
the user data rate achieved by WiFi is low. This may result in
users transferring from the WiFi layer to the LiFi layer despite
a high vertical handover overhead. In this case, users will be
assigned to the LiFi or WiFi APs in a more balanced way.
Thus, it can be concluded that the proposed EGT-based LB
scheme can achieve a better user data rate than the HT scheme
when the average vertical handover efficiency, 70, vuo. is low.

2989

It should also be noted that for both EGT and HT schemes,
increasing the average horizontal handover efficiency, 79 HrHO.
from 0.3 to 0.9 only increases the average data rate slightly.
Hence, 70, uno has little impact on the system performance.
This can be explained by two factors. First, with an average
user speed of 1 m/s, the average horizontal handover rate is
very small as shown in Fig. 8. This means the likelihood
of horizontal handover is low. Second, considering 70 nHO
in (35) has little effect on the best LiFi AP selection. As a
result, in a system suffering ICI, only the AP with the best
received signal strength can provide efficient data to the UE.
If a UE is assigned to APs other than the one that provides the
best signal strength, then the signal from the AP providing the
best signal strength will become interference. This will cause
the signal power to be less than the interference power and
the SINR to be less than 0 dB, which does not yield high data
rates.

V. CONCLUSION

In this study, a hybrid LiFi/WiFi network with user move-
ment and a random orientation angle at LiFi receivers is
considered. A low complexity OFDMA RA scheme for LiFi
systems and an EGT scheme for LB considering the handover
effect in HLWNSs are proposed. Four conclusions are drawn
based on the simulation results: (i). The proposed RA scheme
for LiFi OFDMA systems outperforms that in TDMA systems
in terms of both data rate and user fairness because of an
efficient use of high-frequency resources. (ii). For both PF and
MEF schemes, the proposed EGT-based LB scheme can achieve
a better data rate and fairness performance than benchmark LB
schemes (HT & RAA). (iii) The HLWNs can maintain a good
downlink performance regardless of the uplink requirements
in WiFi. (iv). The average horizontal handover efficiency has
little impact on the system performance while the average ver-
tical handover efficiency affect the system performance greatly.
In the case of a low average vertical handover efficiency,
the EGT-based LB scheme achieves a better user data rate
than the HT scheme by balancing the user load between LiFi
and WiFi more efficiently.
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2
high-speed and fully networked wireless communication technology. A typical LiFi system uses
off-the-shelf low-cost commercially available light emitting diodes (LEDs) and photodiodes (PDs)
as front end devices [1]. Intensity modulation (IM) is used to encode the information in visi-
ble light communication (VLC) since the LED is an incoherent optical source. Direct detection
(DD) is adopted at the receiver end. LiFi utilizes visible light as the propagation medium in the
downlink for both illumination and communication purposes. It may use infrared light in the
uplink in order to allow the illumination constraint of the room to be unaffected, and also to
avoid interference with the visible light in the downlink [2]. The overall license-free bandwidth
of visible light is more than 1000 times greater than the whole RF spectrum [2]. Also, LiFi can
provide enhanced security as the light does not penetrate through opaque objects [3]. In many
large indoor environments, multiple light fixtures are installed, these luminaries can act as VLC
access points (APs). A network consisting of multiple VLC APs is referred to as a LiFi attocell
network [2]. Given the widespread use of LED lighting, a LiFi attocell network can use the existing
lighting infrastructures to offer fully networked wireless connectivity. Moreover, LiFi attocells can
be regarded as an additional network layer within the existing wireless networks because there is
no interference to the RF counterparts such as femtocell networks [2]. These benefits of LiFi have
made it favorable for recent and future research.

By improving the spatial reuse of the spectrum resources, cellular networks can achieve a higher
area spectral efficiency [4]. In comparison with RF femtocell networks, LiFi attocell networks use
smaller cell sizes as the light beams from LEDs are intrinsically narrow [5]. Thus, with the densely
deployed optical APs, the LiFi attocell network can achieve a better bandwidth reuse and a higher
area spectral efficiency. However, similar to other cellular systems, inter-cell interference (ICI) in
LiFi attocell networks limits the system performance. This is because the signal transmitted to a
user will interfere with other users who are receiving signals from the same frequency resource.
Particularly, cell-edge users suffer from severe ICI. Despite the dense deployment of APs, due
to ICI, LiFi may not provide a uniform coverage concerning data rate. Interference coordination
mechanisms have been extensively investigated for VLC systems [6]-[10]. The commonly used
technique is static resource partitioning [6]. By separating any two cells that reuse the same
frequency resource with a minimum reuse distance, ICI is effectively mitigated. However, there is a
significant loss in spectral efficiency. A combined wavelength division and code division multiple
access scheme was proposed in [7]. Although this approach enhances the system bandwidth, it

requires separate filters for each color band and thus creates additional cost. In [8], the fractional
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5 frequency reuse (FFR) technique is proposed to mitigate ICI. The FFR scheme is a cost-effective
? approach to provide improvements both in cell-edge user performance and average spectral ef-
2 ficiency, but a low user-density will decrease the average spectral efficiency significantly. Joint
1? transmission (JT) has been proven to improve signal quality for cell-edge users [9]. The downside
12 of the JT systems is the extra signaling overhead. Moreover, the space division multiple access
5’1 (SDMA) scheme using angle diversity transmitters proposed in [10] can mitigate ICI by generating
12 concentrated beams to users at different locations.

:; The angle diversity reception, first proposed in [11], allows the receiver to achieve a wide field of
19 view (FOV) and high optical gain simultaneously. An angle diversity receiver (ADR) is composed
;? of multiple narrow-FOV PDs facing in different directions. In [12]-[19], the ADR is used to
;g address the issue of ICI as well as frequency reuse in LiFi cellular systems, and different signal
;‘5‘ combining schemes are investigated. However, the proposed ADR structure is hard to implement
26 and the optimum ADR design is not given. Moreover, the system is assumed to be interference
;g limited instead of noise limited in [15], which is not always true as the ADR can mitigate most of
5(9) ICI with noise being the dominated part. Recently, due to the lower channel correlation achieved
:; from the angle diversity scheme, ADRs are introduced to improve the performance of indoor
33 MIMO-VLC systems, and the pyramid receivers (PRs) are proposed [20]. The generalized struc-
:g ture of truncated pyramid receivers (TPRs) are given in [21] to reduce the signal to interference
g? plus noise ratio (SINR) fluctuation. However, the optimum structures of the ADRs are not given
gg and therefore the performance gain is not fully exploited. In addition, to obtain a more accurate
40 evaluation of the system performance, the following three factors must be taken into consideration:
:; 1) User Device Orientation: Most of the studies on ADRs assume that the receiving device
:i is pointed vertically upward. However, it has been shown in our previous works that the random
:2 orientation of mobile devices can significantly affect the direct current (DC) channel gain and thus
47 the system performance [22], [23]. Therefore, the random orientation of the user equipment (UE)
23 needs to be considered. A random device orientation model has been proposed in [22]. This model
g? will be applied in this study to evaluate the system more accurately.

g; 2) Diffuse Link Signal Propagation: The non-line-of-sight (NLOS) link is neglected in most
54 LiFi and VLC studies and only the line-of-sight (LOS) channel is considered [4]-[9]. In [24], it is
gg shown that the LOS link is the dominate link and the effect of the reflected signal can be neglected.
2; However, the UE is assumed to be positioned vertically upward, which is not realistic for mobile
2(9) devices. In our study, we consider the effect of reflection when random device orientation is applied
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and the results show that the diffuse link cannot be ignored. A microscopic frequency-domain
method for the simulation of the indoor VLC channel is presented in [25]. A closed form for the
transfer function that contains all reflection orders is formulated. The method can be extended to
multi-spot transmission without a significant increase in the computational complexity. Therefore,

in this study, we will use the frequency-domain method to simulate the impact of the diffuse link.

3) Noise Power Spectral Density: The noise power spectral density of the PD has a huge impact
on the analyses of system performance. For different levels of noise power spectral density, the
system could be noise-limited, interference-limited or noise-plus-interference limited, which could

affect the choices of the signal combing schemes and the cell configurations.

The main contributions of this paper are summarized as follows:

« The coverage area of ADRs is defined to differentiate from the coverage area of APs. Ana-
lytical expressions for the coverage area of both PRs and TPRs are given.

« Based on the constraint set by the coverage area of ADRs, the lower bound of FOV of PDs
on an ADR is given for the single source (SS) system. The performance of PRs and TPRs
are compared, and optimized ADR structures are proposed to fully exploit the performance
gain of ADRs. In addition, the joint effect of the receiver and transmitter bandwidth on the
average data rate are analyzed.

« The performance comparison between the select best combining (SBC) and maximum ratio
combining (MRC) are given regarding different levels of noise power spectral density. It is
the first time shown that under certain circumstances, the SBC can outperform the MRC.

« The double source cell (DS) system is considered to further mitigate the NLOS interference.
The lower bound of FOV of PDs on an ADR is derived and the optimized ADR structures
are proposed for the DS system.

« By comparing the average SINR between the DS system and the SS system under different
levels of noise power spectral density, we present that, in a noise-dominated scenario, the SS

system should be applied, otherwise, the DS system is preferred.

The rest of this paper is organized as follows. The system model is introduced in Section II. The
generalized structures of ADRs are given in Section III. Section IV presents the optimum FOV
for PRs and TPRs. The concepts of the optical double-source cell are proposed in Section V. The
simulation results and discussions are presented in Section VI. Finally, conclusions are drawn in

Section VII.
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II. SysteEm MoDEL
A. Light Propagation Model

In indoor optical communications, the signal propagation consists of two components: the LOS
link and the diffuse link. Therefore, the overall channel DC gain is the sum of the LOS and diffuse
components:

Hiott = Hros + Haiffuses (1)

where H|os represents the LOS DC channel gain between the transmitter (Tx) and receiver (Rx),
and Hyigse 18 the diffuse DC channel gain which is the superposition of all NLOS components that
are caused by reflections from the surfaces of the walls.

1) LOS link: It is typically assumed that the LED follows the Lambertian radiation pattern[11].
The LOS DC gain is thus given by [25]:

(m+1) Mt
HLOS = WApTg(lﬂ) sinz( C) Ccos (¢) Cos(l//)vTx.Rxa (2)
where m is the Lambertian order, which is given as m = —In(2)/ In(cos(®;,2)), and ®,,, denotes

the half-power semi-angle of the LED; 4 is the distance between the Tx and the Rx; A, denotes
the physical area of the PD; T(y) represents the signal transmission gain of the optical filter; n.s
represents the internal refractive index of the concentrator; ¥, denotes the FOV of the PD of the

PD with concentrator; The irradiance angle of the transmitter is denoted as ¢ and the incidence

npp-d

T where d

angle of the receiving PD is denoted as ¢. Note that ¢ can be obtained by cos(y) =
defines the distance vector between the Tx and the Rx. The dot product is denoted as (-) and ||d||
denotes the Euclidean distance. Furthermore, npp is the normal vector of the PD. The visibility
factor is denoted as vrxrx, and vy rx = 0 if ¢ > /2 or ¢ > ¥, [25].

2) NLOS link: The diffuse link is due to the reflection from the walls. As mentioned earlier, the
frequency-domain method in [25] is used to obtain the diffuse link DC channel gain. We assume
that all the wall surfaces are purely diffuse Lambertian reflectors with m = 1. All of the surfaces
are divided into a number of small surface elements numbered by k = 1, ..., Ng, with areas A; and
reflective coefficients p,. To calculate the diffuse link DC channel gain, the propagation of light is
divided into the following three parts. The first part of the diffuse link propagation is the light path
between the Tx and all the reflective surface elements of the room. The LOS DC channel gain
between the Tx and the surface element k is defined as Hyy k. The transmitter transfer vector, t, is

defined as t = (Hry1, Hry2, ... Hry, N)T, where (-) defines the transpose of vectors. The second
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6
part of the diffuse link is the LOS link from all the Ng surface elements to all the Ng surface
elements. The LOS DC channel gain between the surface elements k and the surface element i
is given as H;;. To describe the LOS links between all surfaces inside the room, the Ng X Ng
room-intrinsic transfer matrix, H, is defined by its elements [H];; = H;;. In order to include
the reflective coefficient p; of the surface elements, the Ng X Ng reflectivity matrix is defined as
G, = diag(p, p2, ..., pn;) [25]. In the third part of the diffuse link, the light propagates from all the
surfaces of the room to the Rx. Similarly, we denote the LOS DC channel gain between the surface
element k and the Rx as Hyrx. The LOS DC channel gain between all the reflective elements of
the room and the receiver are grouped to give the receiver transfer vector r which is defined by its
transpose ' = (Hjrx, Harxs - Hygrx)

3) The total diffuse DC channel gain: According to [25], the total diffuse DC channel gain with

infinite reflection can be calculated by the matrix product:
Hyr =1'G,(I1- HG,)'t, (3)

where I denotes the unity matrix.

B. Signal Combining Schemes for ADR

An indoor LiFi network is studied and it is assumed that the total number of UE and LiFi APs
are Nyg and Ny, respectively. The set of APs is denoted by A = {a | a € [1,N.]}. The set of
users is denoted as U = {u | u € [1, Nyg]}. The ADR is used as the Rx and the set of PDs on
an ADR is denoted as P = {p | p € [1, Npp]}, where Npp denotes the total number of PDs on the
ADR. In order to achieve high data rates, the direct current biased optical (DCO)-OFDM is used
in this study. The number of OFDM subcarriers is denoted as M, where M is an even and positive
integer, and the sequence number of OFDM subcarriers is denoted by m € {0, 1,..., M — 1}. Two
constraints should be satisfied to ensure real and positive signals: i) X(0) = X(M/2) = 0, and ii)
the Hermitian symmetry constraint, i.e., X(m) = X*(M — m), for m # 0, where (-)* denotes the
complex conjugate operator [26]. Therefore, the effective subcarrier set bearing information data
is defined as M. = {m|m € [1, M/2 — 1], m € N}, where N is the set of natural numbers.

For an ADR, multiple PDs are receiving signals simultaneously. Thus, attention should be paid
to the selection of the signal combing schemes. There are different combining schemes such as
equal gain combining (EGC), SBC and MRC. An important metric to evaluate the link quality
and capacity is the SINR. The SINR of user  on subcarrier m can be obtained based on [15] and
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[27]:
Nep )
(Zl TPlepHas.p,p) /(M - 2)
p=
Yum = Nep Nep
Z szKzNOBL/M + Z (TPtx Z WpHa,A,pﬂp)z/(M - 2)
p=1 aieA\{as) p=1
N : @)
PD 5
( 21 TPocwpHogpp)
p=
~ Nep Nep
Z szKzNOBL(M - 2)/M + Z (TPlx Z WpHa,,;l.p)z
p=1 aieA\fas) p=1
where 7 is the optical-to-electrical conversion efficiency; P is the transmitted optical power of

the AP; w, denotes the combining weight of PD p; H,_, , is the overall DC channel gain between
the PD p of user p and the serving AP ag; « is the ratio of DC optical power to the square root
of electrical signal power; N, represents the noise power spectral density of the additive white
Gaussian noise and By is the baseband modulation bandwidth; H, , , is the overall DC channel
gain between the PD p of user u and the interfering LiFi AP a;. The serving AP a, for user u
is selected based on the signal strength strategy (SSS) where the UEs are connected to the APs
providing the best received signal strength. Hence, the serving AP ag for user ¢ can be expressed
as:

Nep

as = arg max Z IHQMPIZ. 5)
aeA =1
When the EGC scheme is adopted, the signals received by the PDs are simply combined with

equal weights, which can be described as:
w, =1, forany pe®. (6)

In terms of the SBC scheme, a switch circuit is required to output the information from the PD
with the highest SINR. Hence, the weight of each PD is given as:
I, p=ps
wy = , @)
0, otherwise

where pg can be obtained by:
(TPth-IaS,/J,p)2

s = arg max . ®)
b= A S ENGBL(M — D)/ M + PR G
ai€, as

On the subject of the MRC schemes, the weight for each PD is denoted as [15]:

. (tPoH ) o
P KZNOBL(M_ 2)/M + Z (TPleai,y,p)z'
ai€A\las}
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8
Based on the Shannon capacity, assuming electrical signals after optical to electrical conversion,

the data rate of the u-th UE on subcarrier m can be expressed as [28]:

B Jogy(1 + yyum), me[l,M/2-1]

Gum = 10)

0, otherwise

Hence, the data rate of the p-th UE can be obtained by ¢, = M- Lum-

m=1

III. ADR STRUCTURE

The ADR is composed of multiple PDs facing in different directions. By using a PD in con-
junction with a compound parabolic concentrator (CPC), a narrow FOV and high optical gain can
be achieved [11]. However, the narrow FOV is achieved at the expense of the longer length of the
CPC. Therefore, the number of PDs on the ADR should be limited due to the size limitation on
the mobile devices and smartphones. In this study, the TPR [21] and the PR [20] are considered as
they are both suitable for hand-held devices. The number of PDs on the TPR and PR are separately
denoted as Ntpr and Npg. The structure of the TPR with Ntpr = 9 and the PR with Npr = 8 are

presented in Fig. 1b and la, respectively. The ADR designs are analyzed in the following parts.

(a) The structure of truncated pyramid receiver with Nypr = 9. (b) The structure of pyramid receiver with Npr = 8.

Fig. 1. ADR structures.
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A. TPR Design

The TPR is composed of a central PD and a ring of Nrpr — 1 equally separated side PDs. Thus,

oONOUBLA WN =

9 the coordinate of the p-th PD on a TPR is represented as [19]:

2(p-Dn . 2(p-Dn .
1 + _ + rsin —————, , if1<p<N
(XUE rcos Nove — 1 Yug + rsm Nror — 1 ZUE) 1 P TPR

(xPD,ps YPD,p> ZPD.p) = ’

14 (XUE» YUE> ZUE) if p = Nrpr
15 11

17 where (xug, Yuk, zug) is the UE position, denoted as pyg. As the distance between the AP and the
UE is much larger than r, the distances between the AP and all PDs on a TPR are approximately
20 the same. The normal vector of each PD can be described by two angles: the azimuth angle of a
22 PD, wpp, and the elevation angle of a PD, 6pp [18]. When the UE is pointing vertically upward, the
24 TPR has one vertically orientated central PD and N — 1 inclined side PDs with identical elevation

angles @pp. In other words, the elevation angle of the p-th PD on a TPR can be expressed as:

@pD, if 1 < p< NTPR

29 HPD,vert.p = ( 1 2)

30 0, if p = Nrpr

32 The azimuth angle of the p-th PD is given by:

33 2(p—1
(p—)ﬂ if 1 < p < Ntpr

35 Wppsenp = { NTeR 1 : (13)

36 0, if p = Nrpr

39 B. PR Design
41 The PR can be regarded as a TPR without the central PD. Therefore, the coordinate of the p-th
43 PD on a PR is given by:

2(p—-m 2(p—-m

46 (XPD_p> YPD.p» 2PD,p) = (XUE +rcos , Yug + rsin s ZUE)- (14)

48 When the UE is vertically orientated, the elevation angle and the azimuth angle of the p-th PD are

50 separately expressed as:

2p -
OpDver,p = OpD,  WpDvertp = VA (15)

53 Npr

C. Random Orientation Model

58 The orientation of a UE has a great impact on the channel DC gain according to (2). In [22],

a model for the random orientation of mobile devices based on experiments is proposed so that
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Fig. 2. Representation of random UE orientation.

the system performance of LiFi attocell networks can be evaluated more accurately. The random
orientation model can be described by two angles: the elevation angle of a UE, 6yg, and the
azimuth angle of a UE, wyg. The geometrical representation of fyg and wyg is manifested in
Fig. 2. The probability density function (PDF) of 6yg can be modeled as the truncated Laplace
distribution and it can be simplified as [22]:

exp(-

So(Bug) = b,

b
<<=
0_0_2, (16)

where by = \/o%. The mean and scale parameters are set as yy = 41.39° and oy = 7.68° [22].
In addition, the PDF of the azimuth angle of a UE, wyg, is modeled as a uniform distribution. It
is assumed that the UE is initially pointing vertically upward and nygye = [0, 0, 1]7. The normal
vector of the UE after rotation becomes nyg. The rotation can be simplified as rotating around
the y-axis with fyg and then rotating around z-axis with wyg, which can be described by rotation

matrices R(6yg) and R(wyg) separately [29]. Thus, nyg is given by:

coswyg —sSinwyg 0 cosOug 0 sinfyg 0
nug = R(wyug)ROuE)NUEver = | sinwyg  coswyg 0 0 1 0 0
17
0 0 1 —sin QUE 0 cos HUE 1 ( )

= [sin Oyg cos wyg, sin Oy sin wyg, cos Oue]”

D. Normal Vector of the ADR

When the UE is pointing vertically upward, for both PRs and TPRs, the normal vector of the
p-th PD is obtained as:

p . . T
Dpp vert,p = [Sln(epD,vert,p) COS(‘UPD,Veer)’ Sln(HPD,verl,p) Sln(wPD,ven,p)’ COS(HPD,ven,p)] . (18)
DRAFT July 21, 2021

IEEE Transactions on Communications

135



Publications

Page 11 of 30 Under review for possible publication in

ONOUVLLA WN =

1
However, the normal vector of the UE will change due to the random rotation. The random
orientation model is described in Section III-C. Thus, the normal vector of the p-th PD after

the random rotation is obtained by:

npp ,(Oue, Wug) = R(‘UUE)R(GUE)HPD,ven,p

C cos wyg cos Bug — C; sin wyg + sin Hyg cos wug coS(Bpp yert,p) (19)
=| C;sinwyg cos Oyg + C; cos wyg + sin Gug sin wyg cos(Opp,yert,p)
—C sin Oyg + cos Byg coS(Bpp yert,p)
where C| = sin(fpp,yer,p) COS(Wppver,p) and Cp = SIN(Opp yert,p) SIN(Wpp vert,p)- Based on (19), after

the random rotation, the elevation angle of the p-th PD can be obtained as:
Opp,p = cos™! ( — C sin Oyg + cos Oyg cos(Gprvm,,)), (20)

and the azimuth angle of the p-th PD can be expressed as:

C| sin wyg cos By + C; cos wyg + sin Oyg sin wyg €o8(Bpp,yert,p)

@n

-1
(UpD, = tan ( - - .
P C cos wyg cos Hyg — C; sin wyg + sin Gyg cos wyg coS(pp vert,p)

Therefore, the incidence angle of the p-th PD, ,, can be obtained based on 6pp;, and wpp, as

_ —1npp-d
Y, =cos™ ( T ).

E. Receiver Bandwidth vs PD Area

The bandwidth of a PD is affected by its physical area, A,, and the PD thickness, L,. The
capacitance of the each PD is denoted as C; = eoer/z—z, where € and € are the permittivity of
vacuum and and the relative permittivity of silicon, respectively. The load resistance is defined as
Rioaa while the hole velocity is denoted as v,. Therefore, the receiver bandwidth can be written as
[30]:

1
r = .
2
\/ QR Co + (55

By solving ’;—Z: =0, the optimum L, can be denoted as L, op = +/0.8867R o006 A V).

B

(22

F. Visibility of an ADR

The visibility of an ADR was first defined in [18]. An AP is visible to a PD when the AP is

within the FOV of the PD. Hence, at the location pyg and the orientation (6yg, wug), the visibility
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factor between the p-th PD on the ADR and the a-th AP can be expressed as:

O’ wa,p > ‘{lc
Va,p(XuE, Yug, Oug, wug, ¥e) = ,and Y, = arccos(
1, otherwise

(23)

nPD,p(GUEa WUE) * da)

lldall '
where d,= (x, — Xug, Yo — YUE»>Zs — Zug) 18 the distance vector between the AP a and the UE. The
dot product is denoted as () and ||-|| is the norm operator. In terms of ADR, an AP is visible to an
ADR if and only if the AP is visible to at least one of the PDs on the ADR. Hence, for a given
UE position and orientation, the visibility of the ADR can be written as [18]:

LT 5 v, #0
V(xuE, YuE, Bug, wug, o) = aeA pep ; (24)

0, otherwise
It is assumed that both xyg and yyg follow a uniform distribution. The probability of visibility of
an ADR is defined as the probability that there is at least one AP within the visible area of the

ADR for all UE positions and orientations, and it can be expressed as follows:
11 1
Py(Yo) = fff f V(xug, yug, Oue, wue, o) —— —— = fo(Bur)dxuedyurdOurdwur
Xuk Yue Que
XUE YUE OUE WUE

V(g yue. Oug, e, ¥
= [ [ [ [ e e Y fgyasindysdiuedons
XUEYUEQUE

., (25

XUE YUE OUE WUE

where Xyg, Yug and Qug are the range of xyg, yug and wyg, respectively. Hence, it can be obtained

that Xyg = max(xyg) — min(xyg), Yug = max(yyg) — min(yyg) and Qug = max(wyg) — min(wyg).

IV. THE OptiMuM FIELD OF VIEW
A. Optimization Problem

In (2), the LOS channel gain Hog is a convex function of W, and decreases monotonically.
Hence, the smaller the ¥, the higher the channel gain. However, when the ¥, of the PD is
too small, there is a high chance that no APs are visible to the ADR and the LOS link cannot
be constructed. Thus, there is a trade off between the LOS channel gain and visibility. The
optimization problem is formulated as maximizing the LOS channel gain based on the constraint
that the ADR should provide visibility for all UE locations. Thus, the optimization function is
written as:

argmax  Hyos(‘¥o),
e (26)
subject to P,(¥.) = 1.

DRAFT July 21, 2021

IEEE Transactions on Communications

137



Publications

Page 13 of 30 Under review for possible publication in

coONOULh WN =

S \ o (Gpp wpp)

(xue ,yUE)

(Gpp 0)

(a) Visible area of PDs on the ceiling (b) Representation of the visible area on the xy-plane.

Fig. 3. Visible area of PDs

The solution set of P,(¥.) = 1 is denoted as R and P i, is the minimum value in R. As Hyos(¥.)
is a monotonically decreasing function, the maximum Hyos(W.) is achieved when ¥, = ¥, nin.
Hence, the optimization problem can be solved by finding the minimum value of ¥., ¥ min,
which satisfies P, = 1. Based on (25), W min cannot be solved in a closed form. Therefore, in
the following parts, we will study the ADRs’ visible area on the ceilings to solve the solution set

R and find a closed form for ¥, pip.

B. Coverage Area of ADR on the Ceiling

The coverage area of a PR for a vertical-orientated UE is studied in [18]. Fig. 3a demonstrates
that the visible area of the PD mounted on the PR is an ellipse on the ceiling. Hence, the visible
area of the 1-st PD, where pp; = Opp and wpp,; = 0, is given by [18]:

2 2
(xellipse,l - xcenler) + (yellipse,l - ycemer) _
a? b?

1, @n

where
hsin(2¥,) V2hsin(P,)
a= 5 = 5
cos(2¥.) + cos(20@pp) Veos(2¥,) + cos(20pp)

(2%

and
h Sin(2®p]j)
cos(2¥,) + cos(2@pp)’

Xeenter = XUE + Ycenter = YUE» (29)

where £ is the vertical distance between the AP and UE. The detailed proof is given in Appendix

A. Fig. 3b depicts that the shape of the visible area of the p-th PD can be obtained by rotating the
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1-st PD around (xyg, yug) with an angle of wpp ,, which can be represented as:

Xellipse,] — XUE COSWwpp,p — sin wpD,p Xellipse,] — XUE
= ny(wPD,p) = .
Yellipse,p — YUE Yellipse,1 — YUE S Wep, p COS Wpp,p Yellipse,I — YUE

Xellipse,p — XUE

The TPR can be seen as the combination of a PR, where Npr = Ntpr — 1, and a central PD. When
the UE is facing vertically upward, the visible area of the central PD is a circle. Therefore, the

shape of the visible area of the p-th PD on a TPR is given by:

COSwpp,p — sin wWpD,p Xellipse,| — XUE XUE .
+ , ifl1< p< Ntpr
| sinwpp,  €OS wpp,, Yellipse,] — YUE YUE
xellipse,p
= BNE
Yellipse,p r
Xeircle .
> if p = Nrer
| Yeircle
2 2 — 2
where x;, . + V5. = (htan'Fo)”.
C. Lower Bound of FOV
A AP Visible area Reference circle
O UE X Critical point — Outer boundary
Tcell
P [—— 8 i Wpp
N
ch
0 2 4 6 8 0 2 4 6 8
x (m) x (m)
(a) PR, Npr =4 (b) PR, Ne =6
= 8
4
x (m) x (m)
(c) TPR, Nypg =5 (d) TPR, Nrpr =7
Fig. 4. Coverage area of PRs and TPRs with different number of PDs.
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Fig. 5. Visible area of ADR in xz-plane.

For a fixed UE location, the ADR has the smallest coverage area on the ceiling when vertically
orientated. In other words, we will investigate the worst condition, i.e. the situation that an ADR
is positioned vertically upward which provides the smallest coverage area on the ceiling. Under
other orientation scenarios, the coverage area is larger. Based on (30) and (31), Fig. 4 illustrates
the visible area of 4 different types of ADRs when the UE is at the cell corner, that is to say, the
cross-point of four LiFi cells. The blue curve is the outer boundary of the visible area. On the
outer boundary, the points that have the shortest distance to the UE are defined as critical points,
P.. d. denotes the horizontal distance between p. and the UE. To ensure P, = 1, there are two
constraints and the detailed explanation of these constraints are given as follows:

1) Constraint I: The central area above the ADR should be visible to the ADR. As shown in

Fig. 5a, the total FOV of an ADR is represented as W, Which can be written as:
Yoo = e + ®PD‘ (32)

In terms of PRs, if @pp > W, then the central part is not covered by the visible area of the ADR
as manifested in Fig. 5a. If the UE is in the cell center, then no APs will be visible to the ADR.
Hence, the condition @pp < ¥, should be satisfied so that the area directly above the UE is covered
by the visible area of the ADR. Based on this constraint and (32), the lower bound of ¥, can be

obtained as:

\Poa
Wetmin = —5" L 33)

With respect to the TPR, the area directly above the UE is covered by the central PD orientating
vertically upwards as illustrated in Fig. 5b. The concern should be the central coverage gap

between the central PD and the side PDs. Therefore, @pp < 2V, is required to ensure there is
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no gap between them. By substituting this constraint into (32), it can be derived that:

‘Pcl,min = \Pgolal . (34)

2) Constraint 11: The outer boundary of the visible area should be large enough. The side
length of a square cell is denoted as rg as shown in Fig. 4. The horizontal distance between
the UE and the a-th AP is denoted as d,,,. When the UE is at the cell corner, dy, = grcen for
any a € A. With the decrease of ¥, the outer boundary of the visible area will decrease, which
means d, will decrease. If d. is smaller than the horizontal distance from the AP to the cell corner,
which is grccu, there will be no APs within the visible area of the ADR for cell-corner users.
Therefore, to ensure that at least one AP is visible to the cell-corner UE, d. should be larger than
the horizontal distance from the AP to the cell corner. By moving towards any direction, due to

the symmetry, the cell-corner UE will get closer to at least one AP. In other words,

2
demin = Max (min (dh,a)) B \/T_rcen, subject to a € A. 35)

XUE-YUE a
That is to say, if there is at least one AP inside the outer boundary of the visible area for the
cell-corner UE, then, when the UE moves to other locations, the AP will still be inside the outer
boundary of the visible area. Hence, to meet the condition P, = 1, it is required that d, > %ﬁrce”.
Also, it can be seen from Fig. 4 that p. is always inside the green reference circle, which has a

radius of A tan(Wor). Hence, demin < de < htan(Wo), Where d min = grce“.

pe (e, 0, @)

%

&

UE (0,0,0) x

Fig. 6. The geometrical representation of ¢, ®pp, Wiow and d. in the spherical coordinate system.

Fig. 6 presents the geometrical relationship in a spherical coordinate system. The coordinate

of p. is represented as (7,0, w.) and w, = wpzn‘” |[p=2 for both PRs and TPRs. The geometrical
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4
5 relationships among d;, d, and ds, illustrated in Fig. 6, can be represented as:
6
; & = & + 12 = 21 cos(Po), (36)
9
10 & = d} + & - 2dxd, cos(w.), 37
11
g E=n+d2 2= +d, ds=htan@pp). (38)
14
15 According to (37), (36) and (38), the lower bound of ¥, set by Constraint II is derived in Appendix
16 . )
17 B and is represented as:
18 FZ(dCZ): if dc,min < dc2
19 lIJ(:Z,min = 5 (39)
;? Fy(demin), otherwise
22 where
23 —1 Vh2 + dc2 COS(LPM)MI) —h
24 Fy(d.) = Wiora — tan " B (40)
25 d. cos(w.) — \h? + d? sin(Wiora)
;g and

hcos(we) sin(Wiow)
28 = ————— 41)
29 cos(Wiotar) + sin(w.)
g? 3) Summary: Based on (33), (34) and (39), the lower bound of ¥, can be expressed as:
32
33 \pc,min = max(\}’cl,min’ Lch,min)~ (42)
34
gé Therefore, the solution set R is W min < ¢ < Wi For different numbers of PDs on the PR, the
37 optimum FOV is W i, as the FOV gets smaller, the higher the channel gain and received signal
38
39 power.
40
41
42 V. DouBLE SOURCE CELL CONFIGURATION
43
44 In the conventional SS cell configuration, each cell is equipped with a single AP in the cell
45
46 center. The double source (DS) cell configuration is proposed to further exploit the spatial diversity
2; of the ADR in [17]. As demonstrated in Fig. 7, each LiFi AP consists of two sources which
gg transmit the same information signals but with opposite polarity. These two sources are termed
51 as the positive source and the negative source, which transmit the time domain signal sp,(#) and
52
53 Sneg(?) respectively. In a single optical cell, the received optical signal at a PD is denoted as [17]:
54
gg ssum(t) = Spos([)Hpos + sneg(t)Hneg’ (43)
57 . . .. . .
58 where H) is the channel gain between the positive source and the PD; H,, is the channel gain
2(9) between the negative source and the PD. For a fair comparison, the total transmitting power for the
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Fig. 7. Double source cell configuration.

SS system and DS system should be the same. Hence, the transmit power of each source is halved
when the DS configuration is applied and the received optical power at the PD can be written as

[17]:
Py Py AH
Py = 7‘|Hpos - Hnegl = ‘2 . (44)

Generally, the receiver is closer to the desired AP than the interfering AP. For the desired
AP, due to the narrow FOV of ADRs, one PD can hardly receive LOS signals from both the
positive source and negative source simultaneously, and only one appears as the LOS channel
gain. In respect of the interfering AP, the channel gains H,, and H,., are both NLOS. Hence, the
difference between Hy,o, and H, is small and the interference is attenuated accordingly. Therefore,
the double source cell configuration can suppress the signal power from interfering APs [17]. As
the LOS interference can be mitigated by the narrow FOV of the ADR and the NLOS interference
can be mitigated due to the adoption of the DS configuration, the SINR of user x on subcarrier m
can be approximated by:

Nep P 2
( Z W[)T%AHH\,/,I,]))

p=1

Tum ® 5o 43)

> w2k NoBL(M - 2)/M

p=1
where AH, ,, , is the overall DC channel gain between the PD p of user u and the serving AP a;

in the DS system. As manifested in Fig. 7, d. min Will vary according to the distance between the
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5 positive and negative sources, which can be represented as:
6
7 T, d, T, T,
cell source \2 cell \2 . cell

: VO - 51 =S
9 demin = Max (min (dh,a)) = , subjectto ae€ A.
10 TUE-YUE “ 2 dsourcc 2 .
1 ( + (T) , otherwise
12 (46)
13
14 Therefore, the lower bound of ¥, for the double source cell system can be calculated based on
15
16 (39) - (42).
17
18
19 Table I. Parameters Lists
20
21 ‘ Parameter ‘ Symbol ‘ Value
22
23 Transmitted optical power per AP Py 10 W
24 Modulated bandwidth for LED B 20 MHz
25
26 Physical are of the single PD receiver A, 1 cm?
27 FOV of the single PD receiver Y. 60°
28
29 The total FOV of an ADR Wootal 60°
30 Half-intensity radiation angle D)5 60°
:; PD responsivity T 0.5 A/W
33 Noise power spectral density No 107" A%/Hz
:: Vertical distance between APs and UEs | & 2.15m
36 Wall reflectivity Pwall 0.8
3; Ceiling reflectivity Peeiling 0.8
39 Floor reflectivity Phoor 0.3
40 Refractive index Nref 1.5
41
42 Optical filter gain G 1
43 Permittivity of vacuum & 8.854 x 1072 F-m™!
44
45 Relative permittivity of silicon & 11.68
46 Hole velocity Vp 4.8 x 10* m/s
47
48
49
50

1
22 VI. ResuLrs AND Discussions
53 . .
54 A. Simulation Setups
55 . . . . . . . .
56 As shown in Fig. 4, an 8 m X 8 m X 3 m indoor office scenario is considered in this study, where
57 — . . L.
58 4 LiFi APs are deployed following a square topology. All of the users are uniformly distributed
2(9) in the room and move randomly following the random waypoint model [22]. To make a fair
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Fig. 8. Comparisons among received optical power for LOS link, LOS + diffuse link up to order L and infinite reflections in 2

different positions with different orientations.

comparison, the total physical area, A; = NppA,, of the ADRs should be the same. Hence, the
physical area A, on each PD decreases when the number of PDs increases. The other parameters

used in the simulations are listed in Table I.

B. Importance of Reflection and Orientation

Fig. 8 shows the received optical power in two different locations with different orientations.
The room setup and the SS deployment is as shown in Fig. 5 and a single PD receiver with a FOV
of 60° is used. The received optical power from the LOS and NLOS link can be calculated based
on (2) and (3), respectively. The ratio of the received optical power from the LOS signal link to
the total received optical power is represented as pj,. In Fig. 8a and 8b, the pj, of cell-center
UEs at (6,6) degrades substantially when the orientation changes. In Fig. 8c, the optical power
from the diffuse link occupies more than 40% of the total optical power when xyg = 1,yyg = 1.
Nevertheless, in Fig. 8d, by changing the device orientation, there is no LOS signal and only the

signal from the diffuse links can be received. Therefore, the device orientation has a great impact
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16 &
17
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19 Number of PDs, Npp
20
21 Fig. 9. The relationship between ‘¥ nin and the number of PDs, Npp, on an ADR for the SS system.
22
23
24
;Z on the received single power and thus cannot be ignored. In addition, both the LOS link and diffuse
27 link should be considered to analyze the performance of a multi-cell visible light communication
28
29 system. Fig. 8 demonstrates that when the number of bounces is more than 5, the corresponding
30 . . . . .
31 paths make a minor contribution to the total optical power. Hence, to reduce the computational
gg complexity while maintaining high channel estimation accuracy, a light reflection order of L = 5
34 and the orientation model proposed in [22] are considered for the following simulations.
35
36
37 .
38 C. Performance Analysis for SS cells
39
40 1) Lower bound of FOV: Fig. 9 manifests the relationship between the lower bound of the FOV,
41
42 Y. min» and the numbers of PDs. The analytical results are calculated based on the lower bound
43 . . . . . . . . .
44 given in (42). The Monte-Carlo simulations for UEs with a vertical orientation can be carried out
:g based on (25), and the lowest value of ¥, satisfying P, = 1 is W¢min. It can be seen that the
47 analytical results exactly match the simulation results. When Npp < 6, with the increase of Npp,
48
49 Y. min decreases and the PR achieves smaller W ;, than the TPR. With the further increase of
50 .
51 Npp from 6 to 10, the lower bound of FOV, ¥, nin, for the PR becomes fixed due to (33) while the
g; W min for the TPR still decreases and is lower than the ‘P ,;, for the PR. For Npp > 10, W, i, does
54 not change anymore for TPR as well due to (34). It is noted that the Monte-Carlo simulations are
55
56 also performed for UEs with the random orientation model proposed in [22] and the results are
57 . . L . .
58 matched with the analytical derivation for vertical-orientated UEs as well.
2(9) 2) MRC vs. SBC: The MRC scheme is known to achieve better performance than the SBC
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Fig. 10. The performance comparison between MRC and SBC for the SS (PR, B;=100 MHz).

scheme when there is no interference in the system. However, this may not be true when the
interference is taken into consideration. To demonstrate the performance comparison between the
MRC and SBC scheme, the simulation is carried out for different noise levels. In Fig. 10a, the
noise power spectrum density level Ny is 107" A?/Hz. When Npp = 3, the level of interference
is slightly higher than the noise, and the MRC schemes achieves similar average SINR as the
SBC scheme. With the increase of Npp, the noise level becomes higher than the interference
level and the system gradually becomes noise dominated. It can be seen that in a noise-limited
system, MRC outperforms SBC in terms of average SINR. The noise power spectrum density
level Ny is 102! A%/Hz in Fig. 10b. When Npp, < 6, the interference level is higher than the noise
level and SBC performs slightly better than MRC. However, the noise starts to rise above the
interference level with the further increase of Npp and thus MRC outperforms SBC. For a noise
power spectrum density level of 10722 A%/Hz, Fig. 10c depicts an interference-limited system and
the SBC scheme achieves a higher average SINR than the MRC scheme for all values of Npp. In
brief, when the system is interference dominated, SBC is a better combining scheme. Otherwise,

MRC outperforms SBC when considering the average SINR.

3) PR vs. TPR: Fig. 11 manifests how the number of PDs Npp affects the system performance
for both PR and TPR configurations. The average SINR in Fig. 11a and Fig. 11b exhibit the same
tendency. For fair comparisons, it is assumed that the total physical area, A; = NppA,, of the ADRs
should be the same. Hence, the increase in Npp will lead to the decrease in the physical area A,
on each PD, which means less received power. Nevertheless, when Npp increases from 3 to 6, the
average SINR for the PR and TPR both increase. The increase is caused by the decrease in ‘P min

as displayed in Fig. 9, which leads to a higher channel gain and compensates for the power loss
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23
24
25
26
27 . . .
8 due to the decrease in Aj. In terms of the PR, the further growth of Npp leads to the decline in
;(9) the average SINR since W, i, does not change anymore. In comparison, the average SINR for the
31 TPR increases until Npp = 9 as W, i, is still decreasing. When Npp increases from 9 to 10 for
32
33 the TPR, W min decreases slightly from 21° to 20° as demonstrated in Fig. 9. However, the power
34 . . . . .
35 loss caused by the reduction in A, exceeds the increase of received power gained from the small
:? decrease in W, min, and thus the average SINR drops. Considering Npp > 10, W, min is fixed and the
38 average SINR declines as A, reduces. Hence, in terms of the average SINR, the optimum values
39
40 of Npp are 6 and 9 for PR and TPR, respectively. It can also be observed that the PR outperforms
41 . .
2 the TPR with regard to both the average SINR and average data rate when Npp < 6 since the PR
f" has smaller ¢ yin. On the other hand, when Npp > 6, the TPR has smaller ‘P i, than the PR and
45 hence achieves better performance.
46
47 4) Receiver bandwidth vs. transmitter bandwidth: Based on (22), the relationship between the
48
49 receiver bandwidth, B, and the number of PDs, Npp, is manifested in Fig. 12. When Npp increases
50 . . .
51 from 3 to 15, the bandwidth increases from 150 MHz to around 350 MHz due to the decrease in
g; the physical area of each PD. The communication bandwidth B is the minimum value between
54 the receiver bandwidth and the transmitter bandwidth, which is denoted as B = min(B;, B;). The
55
56 user data rate is determined by the SINR and the communication bandwidth. When the transmitter
57 . . - . . L.
58 bandwidth B, is 100 MHz, which is less than B, for all values of Npp in Fig. 12, the communication
2(9) bandwidth is limited by the transmitter and thus By, = 100 MHz. As By does not vary according to
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Fig. 12. Receiver bandwidth versus the number of PDs, Npp.

Npp, the average data rate follows the same trend as the average SINR in Fig. 11a. By increasing
the transmitter bandwidth B, to 500 MHz, B, < B, for all Npp and the communication bandwidth
is limited by the receiver side. Hence, the communication bandwidth B, = B.. In Fig. 11b, with
the increase of Npp, the average SINR first increases and then decreases, which peaks at Npp =
6 and Npp = 9 for the PR and TPR, respectively. In contrast, when Npp grows, the average
data rate increases even when the SINR degrades, which is due to the greater bandwidth. To
sum up, the PR with Npp = 6 and TPR with Npp = 9 achieve the highest average data rate
for transmitter-bandwidth-limited systems whereas the average data rate peaks at Npp = 15 in a

receiver-bandwidth-limited system for both PR and TPR.

D. Performance Analysis for DS cells

1) Lower bound of FOV: Fig. 13 demonstrates the change in the minimum FOV against the
number of PDs for the DS configuration. As shown for the PR, with the increase in Npp, the lower
bound of FOV ¥, i, for the DS cells decreases and converges to 30° at Npp = 5, which is earlier
than the SS configuration. When Npp < 5, the W i for the DS configuration is lower than the
counterpart in the SS configuration. In terms of the TPR, the minimum FOV for DS converges to
20° at Npp = 8 and has smaller W i, than the SS when Npp < 9.

2) MRC vs. SBC: Previously, in Fig. 10c, we have shown the performance comparison between
the MRC and SBC for the SS system with Ny = 102> A%/Hz. Due to the low level of noise power
spectral density, the system is mostly interference-limited and SBC outperforms MRC for all given

values of Npp. By adopting the DS configuration, as shown in Fig. 14, the average interference to
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Fig. 13. The relationship between ¥ i, and the number of PDs, Npp, on an ADR for the DS system.

noise ratio (INR) is larger than 1 only when there are 3 or 4 PDs on the PR. Whereas for Npp > 5,
the noise plays a similar or more important role than the interference. Therefore, compared with
the SS system, for the same level of noise power spectral density, the average INR of the DS
system degrades substantially. This indicates that the DS system can mitigate interference. With
regards to the average SINR, MRC and SBC have similar performance when Npp < 4 whereas
MRC outperforms SBC for Npp > 4. From the above analyses, it can be deducted that MRC is a

better combining scheme for the DS system with respect to the three different levels of Ny given

5

107

310

7 (dB)
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—#— SINR-PR-SBC
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Average INR
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Fig. 14. The performance comparison between MRC and SBC in DS cells (PR, Ny = 10 A*/Hz, B,=100 MHz).
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Fig. 15. The performance comparison between PRs and TPRs in DS cells (MRC, N, = 102" A%/Hz).

previously in this study.

3) PR vs. TPR: Fig. 15 illustrates the performance comparison between PR and TPR config-
urations. With respect to the PR, when Npp rises from 3 to 5, the average SINR increases from
19.3 dB to 24 dB, where the increment comes from the decline in W ;. For the same reason,
with regards to the TPR, the average SINR grows from 18.5 dB to 27 dB when Npp increases
from 4 to 7. The PR and TPR achieves the peak at Npp = 5 and Npp = 7 respectively. For both
PR and TPR configurations, after the peak points, the average SINR drops due to the reduction
in the area A, of each PD, which leads to less physical power. With regard to TPR, changing
Npp from 7 to 8 results in the decrease in ¥ i, Which leads to a channel gain boost. However,
the gain cannot compensate for the power loss stems that from the reduction in A, and thus the
system performance degrades. When Npp < 5, the PR outperforms the TPR, otherwise, the TPR
is a preferred structure. In conclusion, the optimum number of PDs is 5 and 7 for PRs and TPRs,
respectively. In addition, the TPR with Npp = 7 outperforms the PR with Npp = 5 in terms of the
average SINR.

4) DS vs. SS: Fig. 16 demonstrates the performance comparison between the DS system and the
SS system with respect to different levels of noise power spectrum density, Ny. The typical value
of Ny for a PD is 1072! A?/Hz, at which the DS system achieves a slightly higher average SINR
than the SS system for both PRs and TPRs. By reducing the noise power spectrum density level to
10722 A%/Hz, the system becomes interference-limited. With the aid of the DS configuration, the
ADR can suppress the signal power from interfering APs by attenuating the NLOS path. Hence,
when Ny = 10722 A%/Hz, the average SINR of DS cells is 7 dB and 5 dB higher than the average
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Fig. 16. The performance comparison between the DS and SS systems.

SINR of SS cells for PRs and TPRs, respectively. For a noise spectrum density level of 1072
A’/Hz, the system becomes noise limited, in which the DS could not improve system performance
by reducing the power of interference signal. In addition, the received power is halved when the

DS configuration is applied, and thus the SS outperforms the DS in terms of the average SINR.

VII. CoNcLUSIONS

This paper investigates the ICI mitigation in LiFi networks using ADRs. The impact of the
diffuse link considering random UE orientation is studied and it is shown that both LOS and diffuse
links have an important influence on the system performance. The performance of different ADR
structures are compared and the optimized ADR structure is proposed for the considered scenario,
where the method can be extended to other scenarios easily. By studying systems with different
levels of noise power spectrum density, we showed that when the system is noise-limited, MRC
outperforms SBC, otherwise, SBC is the preferred combining scheme. In an interference-limited
system or noise-plus-interference limited system, the adoption of the DS cell configuration can
further mitigate the NLOS interference and thus improve the system performance. However, the
limitation of the DS cell is that the transmit power is equally split to the positive and negative

sources, which degrades the performance of the noise-limited system.

APPENDIX A

PRrooF oF (27)

The visible area of the 1-st PD with w}, = 0 is illustrated in Fig. 6a. The point O represents the

location of the UE, pyg, and OE represents the normal vector of the PD. The intersection point of
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28
the normal vector with the ceiling is E. The coordinate of E is denoted as (xc, y., z.) and points A,
B, C, D, F are denoted in the same way. Points A and B are the vertices of the ellipse. Points C
and D are the co-vertices of the ellipse. The centre point of the ellipse is denoted as F. The angle
between each of the four vectors, OA, OB, OC, OD with OE is .. The length of the semi-major
and semi-minor axes of the ellipse are represented by a and b separately. The length of semi-major

axes a is denoted as:
_|AB| _ htan(¥. + ®pp) + htan(‘¥. — Opp)
=T 2
hsin(2'¥,)
cos(2¥.) + cos(20pp)

As A, B, E, F and O are on the same xz-plane, y, = y, = y. = yr = yug- As A, B, C, D, E and

47

F are on the ceiling, z, = 2, = zc = 24 = zr = Ze = Zap, Where z,p is the height of the AP. As C and
D are on the same yz-plane with F, the coordinates x of these points are represented by:
Xe = Xg = X = xyg + (@ — htan(¥; — Opp))
h $in(2@pp) (48)
cos(2¥.) + cos(20pp)

From Fig. 6, we know that x, = htan(®pp) + xyg. Based on the parameters above, we have

OE = (htan(fpp), 0, h) and OC = (—25102%)_ 4, 1) Since cos(¥,) = 2EOC p can be obtained

= Xyg +

cos(2¥,)+cos(2@pp)’ |OE||OC|*
as:
_ 2hsin(¥,) . )
Vcos(2W,) + cos(20pp)
Consequently, the equation of the ellipse is thus given by:
(-xellipse - xf)z + (yel]ipse - yf)z - L (50)

a? b?
The visible area of p-th PD can be obtained by rotating the visible area of the 1-st PD around the

line (x = xyg,y = yug) with an angle of wpp .

ApPENDIX B

Proor oF (39)

Substituting (37) and (38) into (36), we can get:

Vh? + d2 cos(¥,)

—d.cos w, t =h- 1
d.. cos w, tan(Opp) c0s(@rp) (G20)
Substituting (32) into (51), the elevation angle of each PD, ®pp, on PRs is derived as:
_ f 1 (dc)
Opp = F(d,) = tan™! R 52
PD 1(d.) = tan h(do) (52)
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1
2
3 29
4
5 where
6
7 fl (dc) = VhZ + dcz COS(‘Pl()tal) - h7
8 (53)
9 .
10 fZ(dc) = dc COS(C‘)C) - ﬂhz + dg Sln(‘{llolal)-
11 . i ’
The function F; has one zero at z; = htan(W,,) and one pole at p; = —hsin®ow) _ The
12 Veos2(Fioar)—sin®(we)
1 i derivative of F(d.) is given by:
15 OF, h? cos(we) cos(Wiowm) — h y/h? + d2 cos(w) + hd, sin(P o) (54)
16 = - .
17 ad. (fH(do) + f3(de) R + d2
18 . fol dF, .
19 By calculating the d satisfying aT: = 0, the two roots are denoted as:
;? _ heos(we) sin(Pio) _ hcos(w,) sin(Pior) 55)
T T v o o T T -
2 c0s(Wowr) — sin(we) cos(Wiorr) + sin(we)
;i When sin(w,) < cos(Wiol), it can be proven that 0 < d; < z; = htan(Wyom) < de; and z; < py. In
25 addition, % < 0. Therefore, for d. € (0, htan(W,y )], F; has a local maximum at d.,. When
26 ¢
27 sin(w,) > cos(Wul), p1 and d;; do not have real value. It can also be proved that 0 < d,, < z; and
28 2 .. . .
29 agz‘—fi‘f_“z) < 0. Similarly, for d. € (0, htan(W )], there is a local maximum at d.,. In summary, the
g? upper bound of F| is thus given by:
32 .
33 Fl(dCZ)a lf dc,min < ch
34 F 1,max — (56)
35 Fi(demin), otherwise.
:? According to (32), . is given by:
38
39 LPC = F2(d(.) = LP[OMI - F](du) (57)
40
41 Hence, the lower bound of F, is denoted as:
42
ﬁ FZ(dCZ)s if dc.min < dc2
po Faunin = (58)
4% Fy(d.min), otherwise.
47
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high rate transmission in a new band. There are two main indoor OWC technologies: visible
light communication (VLC) and the beam-steered infrared light communication (BS-ILC) [1].
The VLC systems use wide-spread beams emerging from illumination systems while the BS-ILC
systems use narrow well-directed beams emerging from a dedicated source.

The VLC systems uses the visible light spectrum of 400 to 700 nm, which provides a
bandwidth greater than 320 THz. Light-fidelity (LiFi) is a promising and novel bidirectional,
high-speed and fully networked VLC technology [2], [3]. By using orthogonal frequency division
multiplexing (OFDM), a single light emitting diodes (LEDs) can achieve a data rate of 10 Gbit/s
[4]. In addition, LiFi is able to provide data rates of 15.73 Gbit/s using off-the shelf LEDs [5].
Due to the wide coverage of the LED, multiple user equipment (UE) may be served by the same
LED and may share the same resources, which may lead to traffic congestion when the load is
high. In [6], an angle diversity transmitter (ADT) which consists of multiple narrow-beam visible
light LEDs has been proposed for optical wireless networks with the space division multiple
access scheme (SDMA). Multiple users at different locations can be served simultaneously by
activating different LED elements on an ADT. The result shows that SDMA schemes can mitigate
co-channel interference and thus greatly increase the average spectral efficiency (ASE). However,
the VLC systems requires the illumination to be switched-on, which may not always be desired
and thus increase the power consumption. Moreover, typically, the white light emitting LED,
which is used for illumination, have limited bandwidth as it is based on a blue LED with
phosphor coating [1].

The deployment of narrow infrared beams in BS-ILC systems leads to small cell coverage,
which implies that it is more likely that each beam only serves a single UE. Therefore, capacity
sharing among multiple UEs as well as traffic congestion can be avoided. By only activating
beams that point towards the UEs, the BS-ILC systems provide better energy-efficiency as
narrow beams with high directivity can send a greater portion of the transmitted power to the
corresponding UE. Therefore, a higher signal-to-noise ratio (SNR) can be achieved. Moreover,
due to the high bandwidth of narrow beam sources, such as optical fiber, laser diode and
vertical-cavity surface-emitting laser (VCSEL), the link can support higher capacity. In addition,
compared with wide-spread beams, the narrow beams provide better privacy as UEs outside the
coverage area cannot receive the transmitted signals. The BS-ILC systems have been explored
in [1], [7]-[9]. Wavelength-controlled 2D beam-steered systems based on fully-passive crossed-

grating devices are introduced and 1D beam steering has been demonstrated in [7], which shows
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a multi-beam system with a capacity of 2.5 Gbit/s. The 2D steering of the multi-beam system
has been first demonstrated in [8] and with adaptive discrete multitone modulation (DMT) using
512 tones, a gross bit rate of 42.8 Gbit/s has been achieved. In addition, by using 60 GHz radio
signal in the uplink, upstream delivery of 10 Gbit/s per upstream has been presented. In [9],
the authors proposed a novel OWC receiver concept, which can enlarge the receiver aperture
without reducing the bandwidth, Also, a multi-beam system with downstream capacities of up
to 112 Gbit/s per infrared beam was demonstrated. In [1], an alternative approach, which is
based on a high port count arrayed waveguide grating router (AWGR) and a high-speed lens,
is proposed. With pulse amplitude modulation (PAM)-4 modulation, a total system throughput
beyond 8.9 Gbit/s over 2.5 m can be achieved by using 80-ports C-band AWGR. Moreover, the
localization and tracking of the UE are achieved based on a 60 GHz ultra-wideband (UWB) radio
link. However, all these studies consider fixed user location without mobility and the latency is
high in these systems. When a mobile UE is considered, due to the small confined coverage
area of the narrow beam, the beam that serves a UE may vary fast and frequently. Therefore,
a high-accuracy and low-latency beam activation system or user tracking system is required to
achieve a seamless connection.

Ordinary radio based indoor positioning techniques based on WiFi, Bluetooth, UWB and radio
frequency identification (RFID) are not suitable candidates in this study due to their low accuracy,
high latency and high hardware cost [10]. In recent years, visible light positioning (VLP) has
emerged and various algorithms for VLP systems have been proposed, which include received
signal strength (RSS), time differential of arrival (TDOA) and angle of arrival (AOA) methods.
Due to being able to achieve high positioning accuracy and low cost, VLP is attracting more and
more attention. Some studies have shown that the VLP technologies can achieve centimeter-level
accuracy [10]-[14], which is way more accurate compared to Bluetooth (2-5 m), WiFi (1-7 m)
and other technologies [15]. The VLP systems can be divided into two categories based on the
receiving device: photodiode (PD) based VLP or image sensor (IS) based VLP . The PD-based
VLP system has low latency but is sensitive to the device rotation, and hence cannot achieve
high positioning accuracy for UEs without fixed orientation. The IS-based VLP systems are more
robust to device rotation. However, due to the high computational latency of image processing
or the communication latency of transmitting image data for server-assisted computation, the
real-time performance of these systems are limited [10].

Also, when VLP is adopted, the UE is required to autonomously transmit location information
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to the access points (APs) owing to the lack of a real-time backward channel from UE to APs.
This adds an unnecessary burden on the UE and leads to the inevitable latency in real-time
tracking. As the VLP system requires illumination devices and real-time backward channels, it
may not be suitable for the VCSEL array system proposed in this study. To address the issue
of power consumption and latency caused by UE localization, two beam activation schemes are
proposed in this study. The first method is a passive beam activation scheme using a corner-cube
reflector (CCR). The CCR is a light-weight small device, which can reflect light back to its source
with minimal scattering. By using CCR, immediate feedback can be obtained for beam activation
which minimizes the latency and leads to almost zero delay. The CCR has been proposed for the
VLP system in [16]. Compared with the method in [16], no illumination equipment is required
in our method and the power consumption for the localization system is almost zero. The second
method utilizes the omnidirectional transmitter (ODTx) in the uplink communication. By using
the uplink RSS matrix, this method does not require any extra signal power for localization.
Compared with the PD-based VLP system, the beam activation system with ODTx is robust to
the device orientation, that is to say the user can be located accurately without concerning the
random orientation of the UE. Compared with the IS-based system, image sensor is not required,
which reduces the cost. And the computation latency is reduced as the positioning algorithm is
based on the RSS, which is the simplest and most cost effective schemes.

Among different types of laser diodes, vertical cavity surface emitting lasers (VCSELSs) are one
of the promising candidates to ensure high-data rate communications due to several outstanding
features such as [17]: high-speed modulation (bandwidths of larger than 10 GHz), high power
conversion efficiency, low cost and compact in size. These attributes make VCSELSs appealing
to many applications, particularly for high-speed indoor networks [18]. In this study, a VCSEL
array systems with novel beam activation methods are proposed. Compared with the wavelength-
controlled BS-ILC systems, the proposed VCSEL array system removes the requirement of
wavelength-tuning, spatial light modulation (SLM), microelectromechanical systems (MEMS)
and coherence of beams and fiber connection to the AP. End-point devices may include virtual
reality devices, smartphones, televisions, computers and [oT applications. In summary, the main
contributions of this work are listed as follows:

« We propose a VCSEL array system which can support high data rate, low latency and mul-

tiple UEs without the requirement of expensive/complex hardware, such as SLM, MEMS,

fiber and so on.
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5
1
2
3 Two beam activation methods are proposed based on the small cell property of the VCSEL
g array system. The beam activation based on the CCR can achieve low power consumption
? and almost-zero delay, allowing real-time beam activation for high-speed users. The other
8 beam activation is based on the ODTx, which serves the purpose of the uplink transmission
?O and beam activation simultaneously. By collecting the RSS values, an artificial neural
:; network (ANN) is trained to predict the index of serving beam directly without estimating
13 the UE position first. This method is robust against random device orientation and is suitable
:g for low-speed users.
:? For a single UE scenario, regarding the central beam, the probability density function (PDF)
:g of the SNR is derived. The analytical derivation for the average data rate is provided for
20 the central beam and an upper bound is presented for the VCSEL array system.
g In terms of scenarios with multiple users, the optical SDMA 1is adopted and an analytical
;i upper bound for the average data rate is developed.
;Z The effects of the cell size and beam divergence angle are considered in this study. By
27 evaluating the system performance, the choices of cell size and beam divergence angle are
;g proposed for the VCSEL array system.
g? The rest of the paper is organized as follows. The VCSEL array system model is introduced
:; in Section II. In Section III, two beam activation methods are proposed. Analytical derivations
34 for the system level performance are presented in Section IV. The performance evaluation and
;Z discussion are presented in Section V. Conclusions are drawn in Section VI.
3
39 II. SYSTEM MODEL
:(1) A VCSEL array system is presented in Fig. 1. The AP of the system is composed of Npeam
ﬁ narrow-beam Txs and each Tx is a VCSEL with a beam divergence of 6peam. The position
:g of the n-th Tx is denoted as p{,. The n-th Tx is slightly tilted so that it is directed towards
46 the center of its corresponding cell, p(.;. Hence, the normal vector of the n-th Tx is denoted
:; as np. = (pZy,; — pR)/|IpLy — Pik|l, where ||-|| denotes the norm operator. The side length of
gg each cell is denoted as d.. The location of the UE is denoted as pyg and for the downlink
g; communication, an avalanche photodiode (APD) is used as the receiver (Rx) at the UE side.
53
54
55 A. Gaussian Beam
56
57
58
59
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Fig. 2: Geometrical representation of the elliptical Gaussian beam.
Depending on the bias current, the VCSEL output beam profile can be Gaussian [19]. The

geometrical representation of the Gaussian beam is shown in Fig. 2 and the Gaussian beam

intensity can be expressed as given in [20]:

2P 0 2rg
1000 = iy = () M

where Py ope is the transmitted optical power of a single beam and 7 is the distance from the
UE to the beam axis, which is represented as Zpeam-axis; the distance from the Tx to the UE
along the beam axis is given as dy; the beam width at zpe.m = dp is denoted as W (dp) and it

can be obtained as:

(@)

where A is the operating wavelength of the VCSEL. The beam waist is denoted as Wy =
ﬁ, where Opean, is the divergence angle. The relation between the beam divergence and the

angle for full width at half maximum (FWHM) intensity points, Opwmn, 1S given as Gpeam =

Opwin/+/21n(2), where In(-) represents the natural logarithm. The distance vector from the
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VCSEL to the UE is denoted as d = pyg — Pt and the distance is d = ||d||. The radiance angle

of the Tx is denoted as ¢ = cos™! "tg'd. It should be noted that ry = dsin¢ and dy = d cos ¢.

Hence, the intensity of the beam at the position of the UE can be reformulated as:

2P, opt 2d? sin? ¢
1(d, ¢) = opt_ ( - ) 3
(d.¢) 7W?2(dcos ¢) P W?2(dcos ¢) ®
The received optical power at the Rx of a UE is denoted as:

‘ s Y

P ur = I(d, §) AetGappg(¢) cos(¢)rect T

¢
@

_ 2!](7/«') Cos(d’)ax,optAeffGAPD ex (_ M)rect i
TW2(dcos §) P W (deos ) W)

where Gapp is the gain of the APD; A.q is the effective area of the APD, and v is the angle

between the normal vector of Rx on the UE, i.e., nyg, and the distance vector d. Therefore,

—1 nugp-(=d)
d

P = cos . Furthermore, rcct(\i,i’c) =1, for 0 < < ¥, and 0 otherwise, where V.
is the field of view (FOV) of the receiver. The gain of the optical concentrator is given as
g(1) = ¢?/sin® ¥, where < is the refractive index. Due to the eye safety consideration, the
transmit optical power should be limited. A detailed discussion about eye safety is given in the
Appendix, where the beam wavelength A is chosen to be 1550 nm. The maximum allowable
transmitted power for Opwmy of 2°, 4° and 6° are 19, 60 and 129 mW, respectively.

In this system, the Tx and Rx use intensity modulation (IM) and direct detection (DD),
respectively, and the transmit signals are required to be positive and real. The direct current
biased optical (DCO)-OFDM is used in this study to achieve high data rates. The sequence
number of OFDM subcarriers is denoted by m € {0,...,M — 1}, where M is an even and
positive integer which denotes the number of OFDM subcarriers. To ensure real and positive
signals, two constraints should be satisfied: i) X(0) = X(M/2) = 0, and ii) the Hermitian
symmetry constraint, i.e., X(m) = X*(M — m), for m # 0, where (-)* denotes the complex
conjugate operator [21]. Hence, the effective subcarrier set bearing information data is defined
as M, = {m|m € [1, M/2 — 1],m € N}, where N is the set of natural numbers. For the DCO-
OFDM signal, 2pc = £v/Paec, Where @pc is the DC bias, P is the electrical power and & is

the conversion factor. By setting < = 3, it is guaranteed that less than 0.3% of the signals are

clipped and therefore the clipping noise is neglectable [22]. Therefore, the eletrical SNR of the
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UE at each effective subcarrier m can be denoted as:

Rapp Py 2
“/m:%, me{1,2,...,M/2 -1}, 5)

where P, yg is given in (4); Rapp is the APD responsivity; aﬁ is the total noise power for each
subcarrier and the detailed discussion of o2 will be given in the next subsection. Based on the

Shannon capacity, the data rate for the UE can be expressed as [23]:

M/2-1 , 9
By, (M/2 —1) (Rapp Pex,uk)
= Y logy(1+qm) = L ——Bulog, (1 + B
¢ = M 0g2(1+ 7m) M r ng( + (M—Q)H?ag) ©®

where By, is the baseband modulation bandwidth.

B. Receiver Noise

At the receiver, we utilize a high-bandwidth Indium gallium arsenide (InGaAs) APD (G8931-
10), where it can work in the spectral range of 950 nm to 1700 nm. The peak sensitivity
wavelength is 1550 nm. Parameters of this APD are given in Table I [24]. It is noted that
the receiver bandwidth inversely depends on the capacitance of APD, i.e., By, = 1/(2nRpCr),
where Cr is the capacitance of the APD and Ry is the feedback resistor of the transimpedance
amplifier. Therefore, small-area APDs are required to achieve wide bandwidth at the receiver.
However, for small-area APDs, a lens is required at the receiver to collect enough power and
consequently enhance the SNR. Optical receivers that use an APD are able to provide high SNR.
This enhancement in SNR is due to the internal gain of the APD, Gapp. If the noise of the

receiver was independent of the internal gain, the SNR would increase by a factor of G3pp.

TABLE I: APD parameters.

Parameter ‘ Symbol‘ Value
Bandwidth By, 1.5 GHz
Spectral response range - 950 to 1700 nm
Peak sensitivity wavelength - 1550 nm
Physical area of APD A 7 % 0.07 x 0.07 x 10~¢ m?
Area of APD with lens Acst 7 x 0.25 x 0.25 x 10~4 m?
Receiver FOV v, 60°
Gain of APD Gapp 30
Responsivity RapDp 0.9 A/IW
Refractive index S 1
Laser noise RIN —155 dB/Hz
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Unfortunately, the noise depends on G app so that the SNR improvement is less that G%pp, [25].
The noise at the receiver is due to three factors, namely thermal noise, shot noise and relative
intensity noise (RIN). In the following, we will characterize the different types of noise at the
receiver.

1) Thermal Noise: Thermal noise is characterized for an APD the same as other PDs. The

power spectral density (PSD) of thermal noise is given as [26]:

. 4kgT
St,hermal(f) = RE; 3

(O]

where kg is the Boltzmann’s constant, 7" is absolute temperature.
2) Shot Noise: In optical communication, shot noise is due to the random nature of photon
arrivals with an average rate determined by the incidence optical power. The PSD of the shot

noise for an APD is given as:
Senot () = 2qGipp FaRarp(Pecve + Pa), (8)

where ¢ denotes the electron charge and the average ambient power is represented by P,. We
note that under the condition of P, > P, yg the shot noise is signal independent and is only
affected by the ambient light. In (8), F} is called the excess noise factor and can be obtained

as:

1
FA = kAGAPD + (1 — kA) <2 - G > y (9)
APD

where 0 < ky < 1 is a dimensionless parameter.
3) Relative Intensity Noise: RIN is another type of noise induced mainly due to the instability
in the transmit power of the VCSEL. Cavity variation and fluctuations in the laser gain are two

major contributors to the RIN. The variance of power fluctuations is given as [27]:
012 = (RAPDPrx,UETI)Z-, (10)
where 7y, is a measure of the noise level of the optical signal and is given as:

= [ N RIN(f)df, (11

where RIN(f) is the intensity noise spectrum. For a limited bandwidth receiver, the above

integral should be calculated over the receiver bandwidth. It is noted that 7y is simply the inverse
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of the transmit optical power. For simplicity, we assume that RIN(f) is a constant value over
the whole bandwidth, i.e., RIN(f) = RIN. Hence, the PSD of the relative noise intensity can
be denoted as:

Srin(f) = RIN(Rapp Pr,ur). (12)

4) Total Noise: Finally, the total noise power for each subcarrier at the receiver can be

expressed as:

. 4kgT .
i= RB By/M + 2qG3pp FaRapp(Prur + Pa)Br/M + RIN(Rapp P us)*Br /M. (13)
F

g,

C. Retroreflector

A retroreflector can reflect part of the incident beam back to the direction it came from. The
retroreflector can be realized by a CCR, retroreflective sheeting or even retroreflective spray
paint [28]. In this paper, the property of a CCR is studied. As the distance between the Tx and

the CCR, d, is much larger than the size of a CCR, all the incident rays can be considered to be

input aperture, | A A
)
,,,,,,,,,, :—_\
/D
)
A ‘
~
% 7 L ¢r‘
\\ /l !
(a) X-Y view (b) X-Z view

Fig. 3: Corner-Cube retroreflector

—1 siny

Nre ”

parallel with an incident angle of 1. According to Snell’s law, the refracted angle ¢’ = sin
where n, is the refractive index of the retroreflector. Fig. 3a shows the result for a triangular
corner-cube reflector at normal incidence. The solid line is the input aperture, which is the
shape of the CCR face, and the dotted line is the output aperture which is the outline of the
retroreflected beam. The overlap area of the input and output aperture is the active reflecting
area, and the incident rays outside this area will not be retroreflected. Fig. 3b shows the result
for a triangular corner-cube reflector at oblique incidence. The displacement of input and output
apertures, D, can be obtained as:

D =2Ltan ¢/, (14)

IEEE Transactions on Communications

165

Page 10 of 63



Publications

Page 11 of 63

ONOUVh WN =

Under review for possible publication in

where L is the length of the CCR. The size of the active reflecting area mainly depends on

Lccr, which is shown in Fig. 3a.

III. BEAM ACTIVATION

For a VCSEL array system, it is important to determine which beam should be activated to
optimize the system performance. The beam selection strategy considered in this study is the
signal strength strategy (SSS), which only selects the beam providing the highest received power.
Other beam selection strategies can be applied to activate two or more beams simultaneously to
achieve better performance. However, two or more beams consume more power, which may not
be energy efficient. The trade of between spectrum and energy efficiency will be considered in
our future work. Therefore, the index of the serving beam for the user is expressed as:

I = argmax P} g, (15)
neN

where A is the set of beams and P

X

ur 1s the received optical power of the user from the n-th
beam. To solve (15), the knowledge of user location is required. The cell size is very small
in the VCSEL array system, therefore, an accurate localization technique is needed. For the
mobile UE, the user tracking system is required to update the location of the UE quickly and
frequently. The VLP can easily achieve sub-meter accuracy. However, most VLP localization
technologies utilize the downlink transmission of the VLC system [1], which requires extra light
setting for the proposed system. In addition, the location information needs to be processed and
sent back to the server, which causes extra delays to the real-time beam activation system. Two
beam activation schemes are proposed in this study to address the power consumption and delay
issue. The first method is a passive beam activation scheme, which uses a CCR to obtain a
power matrix and then find the serving beam. The second method uses the ODTx in the uplink

communication. The details of these two schemes are presented in the following subsections.

A. Systems with a CCR

A CCR can reflect part of the incident light to the opposite direction. Based on this property,
a passive beam activation is proposed to reduce the power consumption of the battery-operated
UE and the latency. A CCR will be mounted next to the Rx of a UE and will reflect part of
the transmitting light back to the source beam. As shown in Fig. 4, a PD, which is referred to

as RxAP, is mounted next to each source beam to detect the light reflected by the CCR. The
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Fig. 4: The setup of the AP in the VCSEL array system using a CCR (Npeam = 9).

area bounded by the red line in Fig. 4 is the active reflecting area, which is the area hit by
the retroreflected light. As discussed in Section II-C, the size of the active reflecting area is
determined by Lccgr, which mainly depends on the size of the retroreflector. To make sure the
light transmitted by the source beam, after being reflected by the CCR, will only be received
by the RXAP next to this source beam, the source beams need to be separated from each other
with a distance of dpeam > Lccr + drxap- In this study, the orientation of the Rx and CCR
are assumed to be fixed and vertically upward. However, it should be noted that due to the
limitation of the maximum incident angle of the CCR and the rotation of the UE, a single Rx
may not always receive the signal and a single CCR may not always reflect the light back to the
reversed direction. As a result, when a UE’s orientation is considered, multiple Rxs and CCRs
should be mounted in different directions to solve the issue. The structure of multiple Rxs and
CCRs, which ensures that the system is robust against random orientation, will be a subject
for future studies. In terms of beam activation mechanism, before transmitting the data packet,
all the beams will send test signals simultaneously. By monitoring the power matrix, which is
the power received by the array of RxAPs, the beam corresponds to the RXAP receiving the
maximum reflected power will be activated to transmit the data packet. Therefore, the index of
the source beam for the UE in (15) can be reformulated as:
I = argmax Pgyap, (16)
neN
where P, ,p is the received power, reflected by the UE’s CCR, of the n-th RxAP.
By covering the front face of the CCR with a liquid crystal display (LCD), the retroreflected
light can be modulated [16]. In addition, the power consumption of the LCD with its driver

circuit is only in the order of tens of xW. The use of the LCD serves multiple purposes. First,
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DATA,

Beam | and RXAP |

Beam 2 and RXAP 2

DATA,

Beam 3 and RXAP 3

Fig. 5: Beam activation mechanism.

it can be used to determine whether a UE is active and requires data communication. Second,
it helps to distinguish the active UE from mirrors or CCRs in the environment. Finally, for a
multi-user scenario, the active UEs can be distinguished among each other through modulating
the retroreflected light differently.

The beam activation mechanism is shown in Fig. 5. At the beginning, all the beams send
test signals (TS) simultaneously. It is noted that the TS can be unmodulated light. The UE will
retroreflect and modulate the TS into the reflected signal (RS), and the RS will be received by
the corresponding RxAP after a mean propagation delay of ¢5. The beam will be activated based
on (16). Then, the data frame will be transmitted by the serving beam after a short inter-frame
space (SIFS). In Fig. 5, firstly, beams 1, 2, and 3 send TS simultaneously. Then, the RXAP 1
and 2 receive RS retroreflected by the UE 1 and UE 2, respectively, while the RxAP 3 does
not receive any reflected signal. Therefore, beams 1 and 2 are activated to transmit data frames
to UE 1 and UE 2, respectively. After the SIFS, all the beams send TS again. Here, the RxAP
3 receives RS retroreflected by the UE 2, which means that UE 2 moved to the cell served by
the beam 3. Hence, the beam 3 is activated to transmit data to the UE 2 while the beam 2 is
deactivated. As a consequence, real-time tracking of UEs and real-time beam activation can be
executed with almost zero-delay for a UE with ultra-low power and no computational capability.
In addition, the proposed system with CCR does not first require the estimation of the position
of UEs.

Signaling Cost Analysis: The effective throughput can be obtained based on the ratio of the
time allocated for data transmission and the total time including that used for the signaling.

Accordingly, we have:
LDaLa

s tot = tpata + 2‘/dclaya
<down ( 1 7)

Ldelay = t1s + ts + trs + tsirs + lsirs,

tpata =
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TABLE II: Parameters of beam activation mechanism.

Parameter ‘ Symbol ‘ Value
Test signal time trs 0.3 micro-seconds
Reflected signal time trs 0.3 micro-seconds
Average length of data packet [29] Lpata 64 Kbytes
Mean propagation delay [30] ts 3 ns
SIFS [29] SIFS 2 micro-seconds

where tpa, is the average data transmission time; Lp,t. is the average data packet length; Ciown

is the average downlink data rate which can be obtained based on (6); the f4clay is the delay

time; and ¢ is the total time required to complete the transmission of a packet; ¢t1s and tgs

are the signaling periods; tgrs is the time required for the SIFS. Assuming there is no collision,

the effective throughput can be obtained as:

tp
ﬁff = tiamcduwn'
tot
B. Systems with ODTx on the UE
Rx.
PD \ PD

N

(18)

Ny
Omnidirectional Tx 0

Fig. 6: Localization using the ODTx.

In this study, an alternative scheme is proposed for beam activation by using ODTx for the

wireless infrared uplink transmission. An ODTx, which achieves omnidirectional transmission

characteristics by using multiple transmitting elements, is first proposed for LiFi systems in

[31]. The structure of this ODTx is shown in Fig. 6. There is one infrared LED located on each

side of the UE. It is assumed that the infrared LED follows Lambertian radiation and m is the

Lambertian order which is given as m = 2. The received optical power of a PD from the ODTx

can be written as [31]:

+1) Pix,opAopn? 4
(m+1)Pix 0D OD"refCOS(LOD)7 Yop < Yop

27d2 sin?(Wop)
Fixop =

0,

) (19)
otherwise
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where Rpp is the PD responsivity and P, op is the transmitted optical power of a single infrared
LED in the ODTx; Aop represents the physical area of the PD; n,. denotes the internal refractive
index; the incidence angle of the PD is ¢op and the FOV of the PD is Wop. Based on (19),
it can be observed that the received optical power is independent of the irradiance angle of
the ODTx, which means that the rotation of the UE will not change P« op. Consequently, the
received optical power only depends on the position of the UE, pug.

By mounting multiple PDs in different orientations on the ceiling, multiple RSS values, P, op.,
can be collected. In indoor positioning systems, RSS-based methods have been widely adopted
since RSS values are easy to obtain [15]. In this study, the ANN algorithm is used to estimate
the user position. The main motivation of using ANN is that it can estimate the beam activation
directly without estimating the UE location, which reduces the latency. Other methods require the
prediction of the user position using techniques, such as fingerprinting, proximity and trilateration
first and then complete the beam activation. Conventionally, the ANN is adopted to estimate the
user position and after finding the position of the UE, pyg, the beam that needs to be activated
can be obtained based on (15). Fig. 7a shows the layout of the ANN for the UE localization.
The input of the ANN is the RSS from 5 receiving PDs facing in different directions. There
are Npigden Neurons in the hidden layer and the activation function is a rectified linear unit
(ReLU). In the output layer, the sigmoid activation function is adopted and the output is the
position of the UE pyg, which should be normalized. Then, the index of the serving beam can
be calculated based on (15). In this study, the proposed ANN predicts the index of serving beam
directly without the need of positioning first. The layout of the ANN for beam activation is

shown in Fig. 7b. The input and hidden layer is the same as the counterpart in the ANN for

T T Tmput © T T Hidden ~ ~ Output | Input Hidden Output
Layer Layer Layer | Layer Layer Layer

(ReLU)  (Sigmoid)! (ReLU)  (softmax)
|

() Beam 2: yesimo?

RSS,

Serving
| RSS; .' Beam
| /( Index
:Rﬁ% . ° .
) / I
1rss; () !
| : Nocan Yes/no?
I
I_ _ _ _ Artificial Neural Network _ _ _1 Artificial Neural Network

(a) ANN for UE localization (b) ANN for beam activation

Fig. 7: The ANN structures
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UE localization, while the output layer uses the softmax activation function and the number of
output neurons equals the number of beams Nye.n. The value of each output neuron represents
the probability of activating the corresponding beam. As the SSS is adopted here, the beam
with highest probability should be selected as the serving beam for the UE. The beam activation
can be executed in two steps: the offline training of ANN and then the online activating of
beams. The RSS data in this study can be generated based on the ideal channel model in (19).
However, the Lambertian irradiation model is not exactly accurate in real applications. To ensure
the accuracy of the beam activation, the ANN can be pre-trained using the data from the ideal
model and then trained with the on-site data [32].

Users can access the uplink and receive the data on downlink simultaneously since the uplink
and downlink are operating on different wavelengths and there would be no interference between
them. It is assumed that the uplink is always active for data or TS transmission. By using the
collected uplink RSS values, the index of the serving beam can be predicted. However, the delay
time, fqciay, Of the system is caused by the signal propagation from the ODTx to the AP and
the ANN processing time to estimate the active beam index. The signal propagation time, which
is in the order of tens of ns, can be ignored when compared with the ANN processing time.
Hence, the t4clay is mainly determined by the ANN processing. For a static user, the effect of
Laelay can be ignored. If the user is moving, Z4e1ay should be taken into account when evaluating
the system performance. It is noted that this method can be still applied to mobile users with low
speed however for those users with high speed the delay due to ANN mechanism can cause the
location information be outdated and a wrong beam might be activated. When there are multiple
UEs, multiple access schemes such as time division multiple access (TDMA), frequency division
multiple access (FDMA), or carrier sense multiple access with collision avoidance (CSMA/CA)
should be adopted.

IV. SYSTEM LEVEL ANALYSIS
A. System with single user

In a VCSEL array system, the total number of beams is denoted as Npea, and the beams
are pointing in different directions. Therefore, the channel gain distribution is different for each
beam. The central beam, which points vertically downward, provides the best channel as it has
the shortest distance to the UE. Hence, initially, we will start with the central beam and then
we extend the analysis to the whole system. In a single user system, the SNR and average data

rate of the n-th beam are represented as g, and fgngle, respectively. The central beam is
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assumed to be the 1°* beam and its SNR and average data rate are denoted as v}, . and (e,

respectively. For the central beam, the horizontal distance between an active user and the cell

center is denoted as r. The PDF of 7 can therefore be given as:

2r
fr(r) = A (20)
where R is the radius of the service region of the central beam and R = /d2, /7. As the central

beam is pointing vertically downward, cos ¢ = cost) = h/vVh?+1r?, sing = r/v/h?>+r? and
d = v/h? + r2. Hence, for UEs served by the central beam, (4) can be reformulated as:

:29(w)Rx,optAeffGAPL) h ex (_ 27’2 >
W) VR e D\ W)

For a single user case, the system is noise-limited and the there is no interference. Therefore,

Py us(r) (1)

the SNR given in (5) for the user served by the central beam can be obtained as:

2
1 (RappPr,ur(r)) Yo 4r?
AL = ‘ - - ). 22
ingieT) (M — 2)Kk202 m 2P ( Wz(h)) @2)
where vy = (QRAP:VQ;S()S‘:/’%:?””'L)Q. The SNR in decibel (dB) can be expressed as:
Yan(r) = 1010815 (Yinge (1) (23)

Recalling from the fundamental theorem of a function of a random variable [33], the PDF of

4, can be written as:

- log(10)(h? + r2)W2(1
Fi) = i) o ) @4
|4yt (P rmr,  10R2(40% + 4r3 + W2(h))
where
. . ) 4o exp (4/#/»1/'2(n)7y1ug(10)/10> ) . .
ro=ft(v) = 2 W2(h)Wy W2 (h) —4h?, g (R) <9 < 94,(0),  (25)

where W;(-) is the Lambert W function, also called as the omega function or product logarithm.
As 0 <rg < R < h, the PDF of 7}, in (24) can be approximated as:

. log(10)(h?)W?2(h) f f
V)R Y (R) <7 < vq(0), 26
f+() 10R2(4h2 +V[/'2(h)) Yan(R) <7 < 7au(0), (26)
Therefore, the approximated PDF of ~}, is a uniform distribution function between 7}, (R) and
74,(0), where v}, (R) and ~v4,(0) can be obtained from (23).
Based on (6) and (22), the data rate of the central beam at radius r can be represented as:

M/2 -1 Yo 4r?
L r)= ——-—— log, (1 + ——— — ).
hgelr) = = Bulogy (1+ g2 o WQ(h,))> @D
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Therefore, the average data rate of the central beam can be written as:
=1 1
<single =E [C:ingle(r)}

M/2 -1 42
_/U 7/]” By log, (1+hﬂ+ 7o (~ g )))fr()

]\I -2 " Yo 492 2r
oM BL/ oz, (1-+ 77 o0 (= ) ) 7 28)
M—2 R Yo 472
N 2r log - dr
21og(2)MR? /0 o8 (h2 2o W2(h))) !
M -2 Yo 2R
= oo B[ (07 + R log )+ R = wtlog (1) - 5]
g [ E e (55 ) + B\~ wrh)
For a single-user case, the average data rate of the VCSEL array system, (ngle, is the mean

of the average data rate of all beams, which can be expressed as:

B 1 Noeam 1 Noeam B N
e =7 D Chgte S D Chingte = Chngte = Com (29)

single Nb single — Nb single single single?
eam eam
n

where ¢UB

single

denotes the upper bound of the system average data rate in a single-user scenario.

According to (29), the upper bound is the average data rate of the central beam, ¢’

single*

B. System with Multiple users

The performance of a multi-user system is limited by two factors: noise and inter-cell inter-
ference (ICI). When multiple UEs are served by the same beam, due to the high-directionality
of each Tx in the VCSEL array system, SDMA proposed in [6] will be adopted. Based on (15),
the UEs served by the same beam are grouped together. Multiple beams can serve corresponding
UEs simultaneously within the same time slot as the interference between these narrow beams
can be significantly mitigated. Active UEs served by the same beam share the bandwidth resource

equally. Hence, the data rate of the optical SDMA system can be expressed as:

Npeam V0B Npeam N
s‘y%
multl z § <multi,/1 - § § Vn smgle " (30)
n=1 p=1 n=1 p=1
where (ff ;. is the data rate of user ;1 served by n-th beam in the multi-user scenario; N{y is

n

the number of active UEs served by the n-th beam; and (..,

is data rate of user ;1 served
by n-th beam in a single-user scenario. For the best-case scenario, it is assumed that all the

beams are utilizing different wavelengths, which should be perfectly distinguished by the optical
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receiver. Therefore, the system is noise limited as ICI is completely avoided and the signal to
interference-plus-noise ratio (SINR) is represented as shown in (22). Hence, the average data
rate of the central beam can be written as:

71 1
AUE NUE

_ 1 _
i = E[Y Chutie] = 2 B [Ghnge (1) | = Ghogies 3D
Nyg

p=1 p=1

1
multi,p

where is the data rate of user p served by the central beam, and r, is the horizontal
distance between the user ;. and the center of central cell. We can see that the average data
rate of the central beam for the multi-user scenario is the same as the one for the single-user
scenario. It should be noted that the average data rate of other beams is less than the average
data rate of the central beam. Hence, the average data rate of the entire system for multi-user

scenario will be upper bounded as follows:

Npeam

sys § n N _ /UB
<multi - multi < N, multi Cmulti‘r (32)

n=1

where N, denotes the average number of active beams and (VB

i denotes the upper bound of

the average data rate in the VCSEL array system. The value of N, depends on the total number
of active UEs, Nyg, in the system as well as the total number of beams, Nyeam, on the Tx, and

it can be calculated as follows [34]:
Na = Nbeam - Nbeam(l - 1/Nbeam)NUE~ (33)

If the number of active UEs are infinite, Nyg = oo, the average number of active beams, NN,, is
equal to the total number of beams on the Tx. On the other hand, when there is only one active

UE, N, = 1.

V. SIMULATION RESULTS

First of all, it should be noted that for all simulations in this study, the corresponding transmit
power of beams for different values of dpwiy are based on the eye safety regulations given

in Appendix. Hence, the transmit power for Opwy of 2°, 4° and 6° are 19, 60 and 129 mW,

TABLE III: Parameters in Zemax simulation

dbeam LCCR deAP AP helght UE helght eFWHM
12mm | 5mm | 5 mm 35m 1.5m 4°
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Fig. 8: The UE locations and received power matrix, Nyeam = 9.

respectively. To test the accuracy of the beam activation using CCR, the simulation with a
beam number of Npe., = 9 is carried out in Zemax and the result is presented in Fig. 8. The
parameters are listed in Table III. Each beam is pointed to the center of each square cell and
the cell size is 10 cm X 10 cm. Seven UE positions are assumed as shown in Fig. 8a and the
received power of each PD in the array of RxAPs is shown in Fig. 8b. When the UE is in L1,
L2 or L4, which are inside cell 5, it can be seen that the RXAP 5 receives much higher power
than other RXAPs and thus beam 5 should be activated. When the UE is at L3, which is in the
boundary of cell 4 and 5, the RXAP 4 and RxAP 5 receives similar power. Therefore, based on
the beam activation algorithm, either beam 4 or beam 5 or both of them should be activated.
When the UE is inside cell 9 such as L6, RXAP 9 has the highest power and beam 9 will be
activated. L7 is located in the corner of cell 7, for this case, only the RxAP 7 collects power
from the retroreflected light. These simulation results show that by using the CCR, the system
can activate the corresponding beam for the UE accurately. The IS-based VLP system proposed
in [10] is selected as the benchmark scheme. According to (17) and Table II, the average latency,
caused by the system can be calculated. Therefore, the average latency of the system using CCR
is in the order of a few micro-seconds, which is significantly lower than the average positioning
time, 44.3 ms, of the IS-based VLP system proposed in [10]. Hence, real-time fast tracking can
be enabled by using the retroreflector. In the traditional VLP systems, if the position estimation
is completed in the UE, the computation will add a high power burden to the UE. Also, in order
to activate the best beam, it requires the autonomous transmission of users’ location information
from UE to APs. If the position estimation is done at the AP side, the UE needs to transmit data

collected by the ISs or PDs to the AP for server-assisted computation. In conclusion, when the
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traditional VLP system is applied for the beam activation, it always requires a real-time backward
channel from UE to APs. However, with the utilization of a retroreflector, the backward channels
can be replaced by the RS reflected by the retroreflector. In addition, no additional illumination
devices are required as the TS is transmitted by the VCSEL array system, which severs the dual
functionality of communication and positioning. Hence, the proposed beam activation method

based on a retroreflector has the advantage of low latency, low power consumption and low cost.
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Fig. 9: Beam activation accuracy

The accuracy of the beam activation is analyzed in this part. The effect of device orientation is
studied and two orientation models are considered here. The first orientation model (M1) is the
Gaussian model proposed in [35] for elevation angle of the UE and the second orientation model
(M2) is the uniform model, which assumes uniform distribution in all movement directions. To
train the ANN, 10° samples, are generated based on the analytical model in (4) and (19). 80%
of the data is used for the training set and 20% of the data is used for the test set. In a real
scenario, the accuracy can be further increased by training the on-site data. As shown in Fig.
9a, the system with ODTx achieves 98% accuracy when Npiqden = 5. The selected benchmarks
for comparison include: a) a single infrared-LED for uplink transmission and beam activation
(which is called a single Tx in the rest of the paper), b) the IS-based VLP [10]. Systems with
a single Tx can only achieve an accuracy of 82% and 78% for orientation models M1 and M2,
respectively. The position error of the IS-based VLP system is around 4 cm [10], which leads
to a poor activation accuracy of 64.6%, as shown in Fig. 9a. To achieve an accuracy of more
than 90%, the positioning error is required to be less than 1 cm according to Fig. 9b. In terms

of the beam activation latency for the system using ODTX, the delay time, f4clay, iS mainly
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Fig. 10: SNR distribution in a single user system.

caused by the ANN processing time. In a laptop with Intel(R) Core(TM) i7-7700HQ CPU @
2.8 GHz, the processing time of ANN with Npiqqen = 5 for user positioning is 29.7 ms, which
is lower than the 44.3 ms of the IS-based VLP systems. In addition, no additional illumination
device is required for the ODTx as it serves the purpose of uplink communication and beam
activation simultaneously. In conclusion, the ODTx is much more robust against random device
orientation compared with the single Tx system, while it has the advantage of higher accuracy,
lower latency, lower power consumption and lower cost compared with the IS-based VLP.

The simulation results for systems with a single user scenario are shown in Fig. 10-12. In the
central cell with a size of 10 cm x 10 cm, the SNR distribution is illustrated in Fig. 10a-10c
for different values of Opwpn. When Opwiy = 2°, the UE achieves the highest SNR, 27.7 dB,
in the cell center. However the SNR at the cell corner is almost O dB. This is because the beam

divergence angle is small and thus most of the power is focused around the beam center. By
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Fig. 11: Probability density function of the SNR for the central beam (fpwunm = 4°).

increasing Opwpy from 2° to 4°, although the transmit power increases from 19 mW to 60
mW, the peak SNR decreases to 23.7 dB since the beam is more diverged. However, the wider
divergence angle leads to a great increase, 16 dB, in the SNR for the UE at the cell corner.
With the further increase of dpwmn to 6°, the transmit power doubles to 120 mW but the SNR
slightly decreases to 22.7 dB. The advantage is that the UE at the cell corner can achieve a SNR
of 19.4 dB. The SNR distribution of the VCSEL array system with 10 x 10 beams is plotted
in Fig. 10d. It can be seen that the distributions of all other cells have similar distributions to
the central cell with a slight decrease in the SNR values.

To verify the PDF of the SNR derived for the central beam in (24), Monte-Carlo simulations
are carried out and the histogram of SNR are plotted by the blue bars in Fig. 11. The analytical
PDF in (24) is plotted by the black dash-dot line while the approximated PDF in (26) is plotted
by the red line. As the red line, black dash-dot line and the histogram are well matched, the
PDF of the SNR for the central beam can be well approximated by the uniform distribution
expressed in (26).

Fig. 12 shows the average data rate for the central cell with different cell size. It can be seen
that for different values of Opwun, the analytical derivation in (28) matched the Monte-Carlo
simulation results. When the cell size is small, the central beam with Opwiy = 2° provides
higher average data rate. However, with the increase in cell size, its average data rate decreases
faster than the others. This is because with a smaller Opwpy, the beam power is more focused

on the center, which leads to high power in the cell center and low power in the edge, as shown
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Fig. 12: Average data rate in a single user system.

in Fig. 10a. By increasing fpwpy, the beam power is less focused. Therefore, the average date
rate decreases slower when the cell size increases. When the cell size d. is 5 cm, the beam
with Opwiy = 2° provides the highest data rate, 3.8 Gbit/s. However, when the cell size d is
10 cm, the average data rate for Opwpy = 4° and Opway = 6° are 3.4 Gbit/s and 3.5 Gbit/s,
respectively, which are higher than the average data rate for fpwiyv = 2°, 2.7 Gbit/s. Fig. 12b
demonstrates the average data rate for the VCSEL array system with Nye,y, beams and deoy = 10
cm. The number of beams along one axis is denoted as \/Npeam. It can be seen from Fig. 12b
that by varying the number of beams along one axis, the value of average data rate for the

simulation results will be upper bounded by _grfigle in (29). The result indicates that, in a VCSEL
array system, }{,ﬁ,’le is actually a good approximation of the average data rate when the number
of cells is small. This occurs because the distance between the central cell and the edge cell is
small, the SNR distribution of other cells will be similar to the SNR distribution of the central
cell as shown in Fig. 10d. However, with the further increase of \/m, the distance between
the central cell and the edge cell increases, which will lead to higher path loss and a decrease

~UB
single

in the average data rate. In such cases, can only be considered as the upper bound instead
of a well-approximation. It should be noted that for a single UE scenario with d..; = 10 cm, a
VCSEL array system with pwiy = 4° and 6° can provide similar performance, which is better
than the system with Opwiy = 2°.

The simulation for systems with multiple users are carried out. The relationship between the

number of UEs, Nyg, and the average data rate of the VCSEL array system (Npeam = 100
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Fig. 13: Average data rate for the VCSEL array system with multiple users. (Npeam = 10 x 10,
dceu =10 cm).

and d.; = 10 cm) is shown in Fig. 13. For the ideal case without ICI, where each beam uses
a different wavelength, the analytical derivation in (32) matches with the simulations without
ICI for both fpwiv = 4° and 6°. This also gives the upper bound of the average data rate,

~UB
multi’

for the VCSEL array system with multiple UEs. When all the beams are using the same
wavelength, the ICI needs to be taken into consideration as the ICI will degrade the system
performance. When the number of UEs, Nyg, is less than 6, we can see the average data rate
of the system with ICI is very close to the average data rate of the system without ICI, and
thus the average data rate of the system with ICI can be well approximated by (32) for small
value of Nyg. With the increase of Nyg from 6 to 20, the chance of having ICI rises, which
widens the gap between the average data rate of simulations with ICI and the average data rate
of a system without ICI. Further increases in Nyg from 20 will lead to a larger gap between
systems with and without ICI. It should be noted that in a VCSEL array system with multiple
UEs, the system with fgwpy = 4° achieves a higher data rate than the system with Opwin = 6°.
When the cell size is fixed, a larger divergence angle means more power will reach the adjacent
cells and will be treated as interference noise by UEs in the adjacent cells. Therefore, a small
divergence angle can alleviate the ICI and increase the average data rate. When Nyg = 20, a
throughput of around 50 Gbit/s can be achieved by systems with fpwpyv = 4°, while only 33
Gbit/s can be achieved for a systems with Opwuy = 6°.

To calculate the system throughput, the user mobility should be considered and hence the
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Fig. 14: Evaluation of system throughput and outage probability corresponding to user speed.
(Npeam = 10 x 10, deen = 10 cm, Opwpy = 4°), Nyg = 5.

effect of the delay caused by the beam activation should be evaluated. It is assumed that all
of the users are moving randomly following the random waypoint model [36]. In terms of the
mechanism using CCR, the effective throughput, 7., can be obtained based on (18). According
to the parameters in Table II, it can be obtained that 7o = 0.98 X (4own. For the mechanism
using ODTX, the latency, Zgelay, is majorly caused by the ANN processing time. Hence, the beam
activated at current time will be based on the user location in #4qciay ms ago. In a laptop with
Intel(R) Core(TM) i7-7700HQ CPU @ 2.8 GHz, the processing time of ANN with Npiqqen = 5
is 30 ms. The selected benchmarks for comparison include: a) the IS-based VLP proposed [10],
b) the IS-based VLP system in which the position error is assumed to be 5 mm. The evaluation
of system throughput and outage probability corresponding to the user speed is presented in
Fig. 14. The outage probability, Py, is defined as the probability that the user throughput is
less than the required threshold data rate, Ry, where Ry is assumed to be 2.5 Gbit/s. When the
IS-based VLP [10] is adopted for positioning and beam activation, due to the high positioning
error and high latency, the effective system throughput is much lower than the other schemes
while the outage probability is more than 60%. When the user speed is 0.1 m/s, by decreasing the
positioning error of the IS-based scheme from 3.97 cm to 5 mm, the system throughput increases
substantially from 8.7 Gbit/s to 14.5 Gbit/s, which achieves similar performance as the system
with CCR and the system with ODTx. However, for high-speed users, the latency, caused by

beam activation and positioning, can lead to outdated location information, and the wrong beam
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may be activated. Therefore, when the user speed increases to 2 m/s, the system throughput of
the IS-based scheme (5 mm positioning error) decreases rapidly to 11 Gbit/s. In comparison,
due to the lower latency, the system throughput of the ODTx-based scheme only decreases to
12.8 Gbit/s. In terms of the CCR-based scheme, the system throughput and outage probability is
independent of the user speed, which indicates the CCR mechanism has a extremely low latency

and thus the effect of delay can be ignored.

VI. CONCLUSION

In this study, a novel VCSEL array system, which supports high data rate, low latency and
multiple user access without the requirement of expensive/complex hardware, is proposed. In
addition, the choices of cell size and beam divergence angle are recommended. In order to support
mobile users, two beam activation methods are proposed. The beam activation based on the CCR
can achieve low power consumption and almost-zero delay, allowing real-time beam activation
for high-speed users. The mechanism based on the ODTX is suitable for low-speed users and very
robust to random orientation. The proposed methods exhibits significantly superior data rate and
outage probability performance than the benchmark schemes. For a single UE scenario, regarding
the central beam, the PDF of the SNR in dB can be considered as a uniform distribution. In
addition, the analytical derivations for the average data rate of the central beam and its upper
bound are presented and proved by simulations. This study may have great potential in guiding
the designs in future experiment studies and performance analysis on the VCSEL array system.
The research area is still broadly open for research and could be extended in many interesting
directions, such as utilizing the spatial and multiplexing gain, designing the omnidirectional CCR

and optimizing the resource management in a multi-VCSEL-array network.

APPENDIX

When laser diodes or VCSEIs are deployed, it is necessary to consider eye safety, which will
limit the value of the transmit power, Py op¢. In this section, the maximum allowable transmit
optical power Py max Will be calculated based on regulations in the eye safety standard [37].

The Gaussian beam intensity at the distance z is:

2P« o 272
I(r,2) = 71"/[;2,(?) P ( B I/VQT(z))' (34)
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The aperture diameter of cornea is denoted as d,. The exposure level of the cornea at distance

z can be calculated as:

1 cda/2
Bo(2) = ———— I(r, 2)2mr d
xp(2) Tr(da/Q)Z/U (r,z)2mr dr
1 /2 2 P opt 272
= %0 — 2 omr dr. 35
TF(da/Q)Z/O TW2(2) eXp( W?(z)> mrar 33

2
Pt‘x‘opt a

T (1 - oxp(*rvg(z)w

The level of radiation to which persons may be exposed without suffering adverse effects is
called the maximum permissible exposure (MPE). Exposures above the MPE will lead to eye
injuries. Instead of actually performing an MPE analysis for all locations along the beam, the
exposure level at the most hazardous position (MHP), zppn, can be calculated and compared
with the MPE. If the exposure level at the MHP, Ex,(2mpn), is less then the MPE, then the
MPE is not exceeded anywhere else in the beam [38]. Hence, when considering eye safety,
Eep(Zmph) < Empe(texp), Where tey, represents the exposure duration and Eype(texp) represents
the MPE value corresponding to ¢.,,. Therefore, the maximum allowable transmit optical power

Pix max can be written as:
T2 Bnnpe (texp)
a2 ’
4(1 - exp(—m)>

When the angular subtense of the apparent source is less than 1.5 mrad, the MPH, zyph, is

Ptx,max (texp) = (36)

10 cm. The MPE value Eype(texp) can be calculated based on parameters in Table IV [37]. The
maximum allowable transmit optical power, Py max is plotted against the exposure duration #c,
in Fig. 15 for different wavelengths and different fpwmni. The Py max for A = 1550 nm is much
larger than the Py max for A = 850 nm so that A = 1550 nm is chosen in this study for higher
data rate communication. The maximum allowable transmitted power, Pix max, for Opwav = 2°,

4°, 6° are 20 mW, 60 mW, and 130 mW, respectively.

TABLE IV: Parameters for eye safety

A = 1550 nm A =850 nm
Exposure duration, fey, (s) | 0.35t0 10 [ 10 to 10% [ 1077 to 10 10 to 103
MPE, Bppe (W %) | 10/t | 1000 | 18%75C, /teg | 10C,C;

exp

Aperture stop (mm) d, 1.5t§xg 3.5 7 7
C, . . 100-002(A=700) | 1()0-002(A—700)
Cy - - 1 1
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