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A B S T R A C T

The lack of wireless spectrum in the radio frequency bands has led to a rapid growth in research in
wireless networking using light, known as LiFi (light fidelity). In this paper an overview of the
subsystems, challenges and techniques required to achieve this is presented.
1. Introduction

Wireless data communication has become an essential utility in our private and business lives. There are more than 7 billion
smartphones primarily used for personal communication. There is a sharp increase in the number of wearables such as smart watches,
health trackers and digital glasses. The latter will drive new applications around virtual reality (VR), augmented reality (AR), high
definition video streaming and Industry 4.0. In the future, there will also be 100 billion internet-of-things (IoT) devices that will
underpin our smart homes and smart cities. Currently, all these digital wireless services use radio frequencies which are part of the
wider electromagnetic spectrum. However, the lower frequency bands that are easy to use and have desirable propagation properties
already have multiple uses. Consequently, there is very little spare resource to support the exponential growth in demand. The
wireless community is working on multiple solutions to enhance wireless data transmission capabilities. For example, the new WiGig
(wireless gigabit) systems, defined in IEEE 802.11ad and revised in 802.11ay, operate in the 60 GHz region and have access to around
14 GHz of bandwidth in the U.S.A. However, WiGig and other mmWave (millimeter-wave) radio frequency (RF) solutions (including
the newest version of WiFi (wireless fidelity), 802.11ax) all exhibit similar challenges. For an RF link, the path loss is proportional to
the square of the carrier frequency, and propagation becomes line-of-sight (LoS) or almost LoS. This means that moving wireless
systems from the now 3 GHz region to the 60 GHz mmWave region will incur an additional path loss of 400, or 26 dB. Therefore, the
high path loss along with the limited signal transmission power constraints require cells to be smaller, and beamsteering to direct
energy from transmitter to receiver. In addition, the reliable coverage achieved with conventional cellular systems is much more
difficult due to the LoS nature of the communications channel. There has been good technical progress to create the systems required
to achieve this, with demonstrations at 30 GHz, and 60 GHz [1]. However, it is clear that these systems are complex. Furthermore,
such high data capacity system does not easily provide the reliable, ubiquitous coverage that third generation (3G) and fourth
generation (4G) cellular systems can deliver.

The optical spectrum offers a bandwidth which is many orders of magnitude greater than that the RF spectrum can offer. The visible
and near infrared (IR) regions together are 2600 times larger than the 0–300 GHz RF spectrum. This spectrum is unlicensed and subject
only to eye-safety regulations. Light emitting diode (LED) and laser sources are readily available across much of the spectrum, as are
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photodiodes to act as receiving elements. This makes optical wireless communication (OWC) systems, which includes the IR region, a
potentially attractive medium for wireless communications [2].

Free-space point-to-point long distance optical wireless transmissions was the first OWC system to be considered, and this is known
as free-space optical (FSO) communication [3]. A large body of work exists in this area, including commercial deployments, commu-
nications with mobile platforms [4], and increasingly communications in space [5]. Reference [6] provides a recent review of the field.

OWC technologies for short-range indoor applications were pioneered by the early work of Gfeller and Bapst, who demonstrated that
a diffused IR radiation communication system could achieve data rates of around 100 kbps [7]. With the advancements of IR-based
technology, the infrared data association (IrDA) formulated a set of protocols for wireless IR communications between electronic
devices [8]. Such links were limited to several Mbps over ranges <1 m at wavelengths between 850 and 900 nm. More recently, work on
very short distance IR links for cable replacement [9] has led to a 10 Gbit/s IR standard.

In addition to these cm-range links, a number of IR demonstration networks and systems concepts have been reported. Kahn and
co-workers demonstrated a limited system operating at 50 Mbit/s [10], as well as introducing angle diversity concepts [11]. Imaging
[10] and holographic [12] receiver designs have also been developed. Demonstration networks, operating at rates of up to Gbps have
also been reported [13]. Reference [14] provides a recent review of the field. Eye safety regulations have led to a constraint on the
amount of maximum emission power of the IR transmitter. Consequently, this has resulted in a limited link budget for IR networks.
Therefore, it is not possible to cover typical indoor spaces with a single access point (AP) and achieve high data rates. Such rates,
combined with good coverage requires multiple transmitters and receivers, which leads to complex systems that do not scale well as
data rate increases. Using a limited number of narrow beam optical links within a room, and beamsteering to direct these to terminals
allows data rates to scale. Furthermore, using light from optical-fibre systems combined with beamsteering has led to the highest rate
indoor wireless links (RF or optical) demonstrated thus far. Recent demonstrations, operating at up to several hundred Gbit/s are
reported in Refs. [15–17].

With the emergence of energy-efficient white-LEDs, solid state lighting (SSL) is gaining great popularity in the lighting industry [18].
It is expected that LED-based lighting infrastructures will replace all conventional lighting infrastructure in the coming decades. This
trend provides a unique opportunity to create novel combined lighting and wireless communication networks. The use of LEDs for
wireless data transmission is known as visible light communication (VLC) [19] which was first introduced by Nakagawa [20]. The
wireless networking using VLC is referred to as LiFi, first introduced in 2011 [21]. During the last 10 years, there have been significant
advancements in this field. The link data rates have increased three orders of magnitude from 10 Mbps in 2006 to 10 Gbps in 2016
[22,23], and in 2011, the Institute of Electrical and Electronics Engineers (IEEE) published the first standard for short-range VLC
applications [24]. In the last 5 years, there has been a significant shift from point-to-point, static VLC systems to complete LiFi cellular
systems. As a result, now there is a LiFi ‘topic interest group’ in IEEE 802.11, and this has now progressed to an IEEE 802.11 Study
Group.

While IR networking requires dedicated infrastructure, VLC requires modification of an existing lighting system, thus offering
potential cost-savings. Crucially, as detailed later in the paper, the level of illumination required for human users leads to a link margin
many orders of magnitude superior to that in IR systems, enabling high data-rates with good coverage using simple components. These
advantages, and others detailed elsewhere in the paper, have led to the rapid growth in this area.

This paper introduces the elements required and the challenges faced in creating LiFi networks. This paper does not attempt to
provide a comprehensive overview of the field of VLC and LiFi (for these, the reader is referred to recent review papers [25–28] and
references therein).

2. LiFi attocell networks

Fig. 1 illustrates the concept of a LiFi attocell (LAC) network. The room is lit by a number of light fixtures, which provide illumination
and an optical AP to users within the illumination pattern of the light. The illumination can be modulated at high rates, not visible to the
occupants of the room, providing an optical downlink. Power and data can be provided to each light fixture using a number of different
techniques, including power over ethernet (PoE) and power line communication (PLC) [29,30]. An optical uplink is implemented by
using a transmitter on the user equipment (UE), often using an IR source (so it is invisible to the user), and a receiver close to the light
fixture. Each of these light fixtures, which at the same time act as wireless LiFi APs, create an extremely small cell (an attocell), which can
provide high bandwidth density due to the highly confined illumination from an individual light source. The balance of light fixtures
that contain APs and those that provide only illumination is determined by the requirement of the network, but potentially all light
fixtures can contain APs. Compared to a single AP wireless hot-spot system, such cellular systems can cover a much larger area and allow
multiple UEs to be connected simultaneously [31]. In cellular networks, dense spatial reuse of the wireless transmission resources is used
to achieve very high data density - bits per second per squaremeter (bps/m2). Consequently, the links using the same channel in adjacent
cells interfere with each other, which is known as co-channel interference CCI [32]. Fig. 2 illustrates CCI in an optical attocell network.

Advanced CCI mitigation techniques often require that these multiple LiFi APs are operated by means of a centralised control
mechanism [32] such as the ‘hypervisor’ within the server of a software defined network (SDN) [33]. The main tasks of the central
controller are to adaptively allocate signal power, frequency, time and wavelength resources. Other functions of central controller
include achieving multi-user, and the handover process from cell to cell when terminals move.

LAC networks have a number of advantages over incumbent technologies. Firstly, unlike omnidirectional RF antennas radiating
signals in all directions, a LED light source typically radiates optical power directionally because of the way it is constructed. Therefore,
the radiation of the visible light signals is naturally confined within a limited region. In contrast, RF mm-wave systems require com-
plicated and expensive antenna beamforming techniques to achieve the same objective. Secondly, LAC networks can be implemented by
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Fig. 1. Concept of LiFi attocell network. Lights in the ceiling act as optical access points forming a mobile network. A single optical access point can communicate to
multiple terminals simultaneously in a bi-directional fashion. The system supports mobility. When a terminal leaves the coverage area of an optical access points and
enters the coverage area of the neighboring access point a handover is initiated. This means service provision is seamless.
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modifying existing lighting systems. Building a RF small-cell network with the same AP density imposes a huge infrastructure cost. In
addition, any LAC network can provide extra capacity without interference to RF networks that may already exist. LAC networks,
therefore, have the potential to augment 5th generation (5G) cellular systems in a cost-effective manner [34].

The move from point to point links to full wireless networks based on light poses several challenges. Within each cell, there can be a
number of users and therefore multiple access schemes are required. Interference from signals used to communicate in adjacent cells
must be considered and is likely to be the most significant impairment. The provision of an uplink (the communication link from a UE to
one or more APs) can also require a different approach from the downlink. This is because low-energy consumption is required in the
portable device, and an uplink visible light source on the device is likely to be distracting to the user. Each of these elements is discussed
in the following sections.
2.1. Downlink and uplink transmission

In cellular systems, downlink communication is defined as the data transmission from an AP to a UE [32]. A basic setup for a LAC
downlink system is shown in Fig. 3.

The illumination from the fixture is intensity modulated by the data and this propagates to a receiver on the UE. Typically, an optical
Fig. 2. CCI occurs in the region where the same light spectrum of neighbouring APs overlaps, and when these APs use the same modulation bandwidth for data
encoding.
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Fig. 3. Key components in a LAC downlink transmission system.
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element is used to concentrate radiation onto a photodiode (PD) which then creates an electrical signal that is further amplified to
recover the data. For the uplink IR links are usually preferred, as the wavelength separation between uplink and downlink allows
simultaneous (full duplex) bi-directional communication with appropriate optical filtering. In addition, visible sources on the UE
(usually a mobile device) are distracting. Another viable uplink solution is to use conventional RF transmission. Studies show that
systems that only use VLC for the downlink and RF for the uplink show substantial efficiency gains over RF only networks [35].

2.2. Interference mitigation

The light radiation pattern of a visible light source with strong directionality confines most of the radiated optical power within the
coverage area of an AP. Thus, CCI can primarily be expected at the cell boundaries, but due to overlapping light cones, CCI can be severe.
Therefore, CCI poses major challenges to the downlink in LAC networks with dense spatial reuse.

Although this area of research is only in its infancy, there have been a number of studies. In Ref. [36], an interference coordination
scheme based on busy-burst signalling has been proposed. Furthermore, angular diversity techniques have been considered for inter-
ference management [37]. In addition, fractional frequency reuse (FFR) and joint transmission (JT) in conjunction with angular
diversity transmitter for LAC networks are investigated in Ref. [38].

2.3. Multiple access

In a cellular network, typically multiple UEs are located within the same cell. In this case, the APmust be able to servemultiple UEs at
the same time, which is known as multiuser access (MA). A number of multiple access techniques have been developed in cellular
systems such as time-division multiple access (TDMA), code-division multiple access (CDMA) [32,39,40], the more advanced orthog-
onal frequency division multiple access (OFDMA) [41], and non-orthogonal multiuser access (NOMA), which has gained significant
attention recently [42,43].

A number of studies have been carried out to investigate MA in networked OWC systems [44,45]. In TDMA, each UE is given a
particular time slot for transmission. This scheme can be directly used in an intensity modulation (IM)/direct detection (DD) based LAC
system. In CDMA, the signal of each UE is ‘encrypted’ with a unique orthogonal code, which serves as a key, and all signals are
transmitted at the same time and frequency channel. At the receiver, the desired signal is filtered out from the sum signal by using the
respected key for that particular link. A number of designs of orthogonal codes are available to accommodate CDMA in a LAC network,
such as optical orthogonal codes, unipolar m-sequences and Walsh-Hadamard codes. In an optical orthogonal frequency division
multiplexing O-OFDM-based LAC system it, however, is more natural to use OFDMA by distributing different groups of orthogonal
subcarriers to multiple UEs. In Ref. [45], it has been found that OFDMA out-performs CDMA in a multi-user VLC system. The unique
features of VLC also enable wavelength-division multiple access (WDMA), if the corresponding transmitter is composed of multi-colour
light sources [46]. In WDMA, different UEs are served by a unique, non-interfering wavelength.

2.4. Handover

Handover is defined as the process of transferring the management of an ongoing wireless transmission session from the current AP
to another AP [47]. Handover is normally required in a case where a mobile terminal is moving out of the coverage area of an AP and is
moving into the coverage area of an adjacent AP. In some cases, handover is also required if the transmission channel is severely
degraded due to interference or if the current cell is fully loaded. A handover that stems from these two scenarios is usually classified as
horizontal handover as it happens between APs in the same network [48]. However, typically there are multiple access technologies
such asWiFi, LTE (long term evolution), and LiFi. This means that there are different types of access nodes in a heterogeneous network at
different locations. If a UE is moving from indoor to outdoor where there might not be LiFi coverage, a seamless handover from LiFi to
LTE will be triggered. This handover between APs of different systems is categorised as vertical handover [48]. A study of dynamic load-
balancing schemes with handover in such hybrid system is presented in Ref. [49]. Generally, there are two types of handover schemes –
hard handover and soft handover. In a hard handover process, the UE is disconnected from the current AP before it connects to the next
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AP, which is simpler to implement and has lower hardware complexity [47]. However, the service could be interrupted with the hard
handover scheme. In a soft handover process, the UE remains connected to the current AP until successful connection to the next AP is
established. Soft handover offers better user experience, but requires more wireless transmission resources. With decreasing cell sizes,
the handover frequency is expected to increase. Increased number of handover sessions causes losses in system throughput and a
degraded quality of service. In a LAC network, handover overhead is particularly critical as LAC networks are constructed with the
smallest cells in a cellular network. Since the handover frequency is expected to be high, soft handover may be preferred for better
quality of service. Novel handover decision algorithms for LAC networks are required which also avoid ping-pong effects [48]. This is an
area of very little research, and significant contributions can be expected in the future.

2.5. Backhaul connections

Backhaul is defined as the communication link between APs and the network controller [50]. Generally, backhaul connections
should be able to provide reliable, high capacity and low latency transmission to carry the entire wireless access traffic from all APs. If
high speed access networks are densely deployed in the future, the requirement of backhaul capacity will increase significantly [51]. A
straightforward solution to the backhaul issue is to increase the deployment of optical fibre, which offers the best performance, but at
very high cost. Cost-effective backhaul based on power over ethernet (PoE) and power-line communication (PLC) have also been
considered [29,30]. In addition, a number of wireless backhaul solutions have been proposed such as mm-wave, microwave and free-
space optical communication (FSO) [50,52,53].

The LiFi network is constructed from individual optical links. In the following sections, progress on the transmitter and receiver
components, and details of the communications channel are described.

3. Point-to-point link level systems

3.1. Transmitter

Visible light is typically generated by a white LED, or a combination of red green and blue (RGB) LED emitters. Low cost white LEDs
use a blue Gallium Nitride (GaN) emitter that excites a yellow inorganic phosphor. Direct blue emission from the GaN device combines
with the broad yellow emission to create white light. Although the modulation bandwidth of white LEDs far exceeds that of traditional
lighting sources, the large capacitance of the large area emitters and the slow response of the yellow phosphor limit the 3-dB bandwidth
of white LEDs to a few MHz [54]. By removing the signal emitted from this yellow phosphor at the receiver side, the 3-dB modulation
bandwidth can be increased to the range of 10–20 MHz.

LEDs designed for lighting are relatively robust and can be driven by a voltage source with the addition of some resistance to limit
the driving current. A bias-T is often used to combine the alternating current (AC) data modulation with a direct current (DC) bias
that creates the desired illumination level and ensures that the LED is always driven with a net positive signal. There have also been
investigations into improving the emitter bandwidth by modification of the driving circuitry. Analogue pre-equalisation and fast LED
driver circuits as well as resonant equalisation [55] have also been investigated. The LED device bandwidth can be altered by the use
of different structures, notably by decreasing the size of the LED. Micro-LEDs, with active areas much smaller than those used in LED
lamps, can show bandwidths of several hundred MHz, whilst emitting mW of optical power. A series of investigations has been
undertaken [56–59], with the fastest reported data rates for such single LEDs exceeding 8 Gbps [60] which was only limited by the
receiver. If this limitation can be overcome, it was shown in Ref. [60] that a single GaN micro LED is capable of transmitting at speeds
of 11 Gbps.

The colour conversion phosphors used in commercial devices are not optimised for bandwidth. There has been work on a number of
fast colour converting materials, including using organic [61], semiconductor [62], and perovskite materials [63]. The tradeoff between
efficiency of conversion and speed, and the effect on overall device efficiency has yet to be investigated fully.

Whilst LEDs will provide a great majority of general lighting, there is increasing interest in laser based lighting and sources [64,65].
Extremely high brightness sources can be created for headlights and projection displays using a laser and a small phosphor target that is
illuminated by performs colour conversion [66]. Sources of white light have also been demonstrated using phosphor plates and lasers
[67,68] and Perovskite colour converters [63]. The use of RGB LED or laser sources offers the possibility of independent modulation of
each of the LEDs, offering the possibility of increasing data rates substantially, albeit at increased cost and complexity, and a number of
high rate demonstrations have been reported [65,69–71].

Most commercial lighting LEDs consist of multiple chips that are arranged in series or in parallel to create a single emitter with a
higher output power. Optical elements are then used to capture as much of the wide-angle emission from the LED and direct it into the
desired illumination pattern. LEDs must satisfy the indoor illumination standard and photobiological safety standard [72,73]. With
increased emission powers, diffusing elements are often incorporated in order to achieve this. The light emission from a LED can be
modelled by a radiation pattern defined by a generalized Lambertian law [7]. Relative to a given source location and orientation, the
received optical power with a radiant angle of ϕ and a radiant solid angle Ω can be calculated as follows [7]:

Popt;Ω ¼ ΩPopt
ðmþ 1Þ

2π
cosmϕ; (1)

where Popt is the total optical output of the LED source, and m denotes the Lambertian emission order, which is determined by the half-
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power semi-angle by m ¼ � 1=log2
�
cos

h
ϕ1=2

i �
.

The level of illumination required in the coverage area is determined by the needs of the user. According to [72], the required
average illuminance in the task area1 for working purposes, typically 0.75 m above the floor, should not be less than 500 lux. Illumi-
nance is defined as the incident luminous flux per unit area [74], and is denoted as Ev. The power required from a single lamp to achieve
this can be estimated, assuming Lambertian emission, and that the peak illuminance is directly below the lamp and matches that
specified in Ref. [72]. Firstly, the luminous output flux of the source can be calculated byΦv ¼ PoptKe=v, where Ke=v denotes the luminous
efficacy which can be calculated as follows [74]:

Ke=v ¼ 683∫ VðλÞ~PoptðλÞdλ
∫ ~PoptðλÞdλ

; (2)

where VðλÞ is the luminosity function against wavelength λ; and ~PoptðλÞ is the spectral radiant power density function of the lamp. With a
given luminous output flux Φ , the emitted luminous flux to a solid angle of Ω can be calculated based on (1) as follows:
v

Φv;Ω ¼ ΩΦv
ðmþ 1Þ

2π
cosmð ϕÞ: (3)

The illuminance right below the luminaire with a distance of z can be calculated as:

~Ev ¼ Ar

z2
Φv

ðmþ 1Þ
2πAr

½cosð0Þ �mþ1 ¼ ðmþ 1ÞΦv

2πz2
; (4)

where z is the vertical separation between light source and the height of the task area, and Ar is the physical area of the receiving
element. Therefore, the average optical radiant output power should be:
Popt ¼ Φv

Ke=v
¼ 2π~Evz2

ðmþ 1ÞKe=v
: (5)

Considering a room height of 3 m, with a ϕ1=2 of 20� to 45�, the required luminous flux for a minimum illuminance of 500 lux is in the
range of 1300 lumen–5300 lumen. This amount of power agrees with the specification of commercially available LED downlighters and
LED panels for lighting in offices and public areas [75,76]. This high optical power output of the LED sources ensures sufficient signal
strength for reliable communication. Note that the rated power of a LED lamp for residential home is typically lower than this level
(<1000 lumen), where lower levels of light are generally preferred.
3.2. Receiver

The right hand side of Fig. 3 shows a typical receiver. Light is received and concentrated onto a PD using an optical element. The PD
then converts this to an electrical signal which is pre-amplified and then fed to data recovery and signal processing. In some cases, an
optical filter is used to restrict the spectrum of light that is fed to the receiver. The bandwidth, sensitivity and area of the detector/
preamplifier pair determine the overall performance of the receiver, and ultimately the quality of the communication channel. A small
detector is desirable as it can have low capacitance and high bandwidth, but a doubling of the detector area increases the power received
by the same factor, and is equivalent to an increase in sensitivity. Therefore, it is not straightforward to determine the optimum receiver
design. Each element in the receiver is described below.

3.2.1. Optical filter and concentrator
An optical filter can be used to cut-out IR and other ambient light sources as well as blocking the slow light from the yellow phosphor

colour conversion from commercial LEDs. Analysis of the effect of this blue filtering was undertaken as an example in Ref. [77], showing
that modest gains in performance can be achieved. Optical concentrators ideally receive light from a wide field of view (FoV) and
concentrate it onto a small PD. However, such devices are etendue limited [78], so that the product of collection area and FoV is a
constant. The performance of the system is therefore limited by the PD area, as its FoV is generally 2π steradians. The geometric gain of
an optical concentrator is defined as [78]:

Gc ¼ n2

sin2 ψFoV

1ψ�ψFoV
ðψÞ (6)

where n denotes the internal refractive index, ψ is the incident angle to the receiver, and ψFoV is the FoV of the receiver. The indicator
function 1 ðuÞ is defined as:
D

1DðuÞ ¼
�
1 : u 2 D
0 : u ∉ D

: (7)

Compound parabolic concentrators [78], or more modern designs [79] show concentration ratios around 50% of the etendue limit.
1 The area where illumination is required [72].
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However, recent work shows that designs based on fluorescent slab solar concentrators [80] show measured gains that exceed the
etendue limit [81], with predictions of gains far exceeding these early results [80].

3.2.2. Photodetector and preamplifier
The combination of PD and preamplifier set the sensitivity of the receiver and its bandwidth, and the design of low noise receivers

is beyond the scope of this paper (see Ref. [82] for a comprehensive description). In free-space applications, the capacitance of the PD
becomes significant as large areas are required to collect as much light as possible. The ideal preamplifier would therefore offer high
bandwidth and be tolerant to high input capacitance. These issues have been addressed in some designs for IR applications (for
example [83–85]), and in VLC the high dynamic range requirements must also be considered. Both PIN and avalanche photodiode
(APD) structures have been used for VLC experiments with APDs providing greater sensitivity (typically 10 dB) than their PIN
counterparts. The choice of detector involves the area, capacitance, any transit-time limited bandwidth effects, and the spectral
response. As most of the useful signal is carried in the blue emission, the increased sensitivity in this region is favoured. However, the
high levels of signal present offer good performance with a wider range of relatively low-performance receiver designs, so this has not
been an area where there has been significant effort. Integration of detectors and amplifiers within complementary metal oxide
semiconductor (CMOS) circuits is an area of growing interest, with designs using linear-mode APDs [86] and PIN sructures have been
reported [87].

As well as APDs used as conventional detectors, single photon avalanche detectors (SPADs) have also been used for VLC, using both
pulse based [88] and OFDM [89] modulation schemes. SPADs are photon counting detectors and have the potential to yield
improvements in sensitivities of an order of magnitude over linear APDs (for similar detection areas). However, at present, difficulties
with the dead time, fill-factor and dark-noise of these devices means that they have yielded only limited gains [90].
3.3. The optical wireless channel

The communications channel consists of the path taken from the electrical signal that modulates the data onto the transmitter to the
electrical signal at the receiver. The quality of the received signal is measured by the signal to noise ratio (SNR) for a single channel. In
the case of a network, the signal to interference-plus-noise ratio (SINR) is used to characterise the communication link. The bandwidth
and path loss of the channel are key metrics in determining overall system performance, and techniques to estimate them are described
in the following sections.

3.3.1. Bandwidth
The front-end elements of a VLC system introduce low-pass responses. In addition, due to the reflective indoor environment, the

receivers collect signals stemming from multiple paths, and this results in a frequency-selective transfer characteristic. The combined
channel is equivalent to a number of filters connected in series. The optical transmitter front-end, the optical receiver front-end, free-
space signal propagation, can all be modelled as independent filters. Here the properties of combined channel can be characterised by its
impulse response as follows:

hðtÞ ¼ hfeðtÞ � hfsðtÞ; (8)
where hfsðtÞ denotes the channel impulse response (CIR) due to the free-space light propagation in the considered indoor environment,
� denotes mathematical convolution, and hfeðtÞ denotes the CIR due to the effects of front-end elements. With the knowledge of the CIR

hðtÞ, the corresponding frequency response can be calculated by using the Fourier transform:

Hðf Þ ¼ ∫ ∞
0 hðtÞexpð � j2πftÞdt ¼ Hfeðf ÞHfsðf Þ: (9)

3.3.2. Transmitter and receiver response
The net-effects of the transmitter and receiver lead to a system with low-pass characteristic which is considered in this subsection.

The front-end low-pass characteristic can be estimated from a number of experimental studies [22,91–93]. Fig. 4 shows the normalised
channel gains against frequency, f, in the aforementioned experimental results. The 3-dB bandwidth of these systems are in the range
from 10 MHz to 60 MHz. As many VLC systems operate at data rates many times greater than the 3-dB bandwidth, due to the high
available SNR, a model of the rate at which the channel rolls off is useful in determining overall performance. The exact response and
rate of roll-off with frequency is difficult to measure and model. For the LEDs, bandwidth is current density dependent, so as current
levels vary the bandwidth changes dynamically. At the receiver, simple first order response is usually a reasonable approximation, but
for large area detectors with high bias transit time limitations can alter this [94].

A suitable simple model is to approximate the normalised channel gain, due to the effects of the front-end elements, with respect to
frequency [91]:

��Hfeðf Þ
��2 ¼ exp

�
� f
Ffe

�
; (10)

where Ffe controls the frequency characteristics of the front-end elements. The higher the value of Ffe, the wider the modulation
bandwidth. As shown in Fig. 4, this approximation closely follows the low-pass characteristics measured in the experiments.
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Fig. 4. Normalised channel gain due to the front-end device filtering. The channel gains of the FE1, FE2 and FE3 are presented in Refs. [91–93], respectively.
Commercially available white LEDs are used in these systems. The channel gain of FE4 is an experimental measurement of the same system presented in Ref. [22] which
uses a 50-μm GaN micro LED.

H. Haas et al. Progress in Quantum Electronics 55 (2017) 88–111
3.3.3. Indoor free-space propagation of light
In this subsection, the major components of the free-space propagation channel are introduced. Primarily, if there is no obstruction

between the transmitter and the receiver, a LoS channel exists. Secondly, the channel is also composed of a non-line-of-sight (NLoS) part
due to the reflections by room internal surfaces and other objects. For the convenience of characterising the LoS and NLoS parts, the
basic principle of the channel DC gain from a source element to a receiving element is introduced first [95].

3.3.4. Channel DC gain
As shown in Fig. 5, an optical source, S , with a location vector of a!s, a direction vector of o!s is defined. In addition, a receiving

element, R , with a location vector of a!r, a direction vector of o!r, a FoV of ψFoV and a physical area of Ar is defined. Considering the
source as origin, the emitted power within a certain solid angle will incident on to the receiving element. Since this solid angle is
extremely small, it can be approximated as follows:

Ω ¼ Arcos ψð Þ
D2

½sr� (11)

where D denotes the Euclidean distance between the S and R . Since it is known that the emitted power with a solid angle of Ω and a
radiant angle of ϕ at a source can be calculated by (1). Then the collected power by the receiving element, R , can be determined as:
Fig. 5. Channel DC gain geometry.

95



H. Haas et al. Progress in Quantum Electronics 55 (2017) 88–111
HDC ¼ ðmþ 1ÞAr

2πD2
cosm ϕð Þ cos ψð Þ 1ψ�ψFoV

ψð Þ: (12)

where the quantities D, ϕ and ψ can be calculated as follows [96]:

D ¼ jj a!s � a!rjj; (13)

cos ϕð Þ ¼ o!s⋅ð a!r � a!sÞ=D; (14)

cos ψð Þ ¼ o!r⋅ð a!s � a!rÞ=D: (15)

where the operator ⋅ represents the dot product operation.

3.3.5. Line-of-sight channel impulse response
The setup for the LoS channel is illustrated in Fig. 6. The LoS CIR can be directly calculated based on (12) with a specified transmitter

S Tx and receiver R Rx as follows:

h½0�ðt;S Tx;R RxÞ ¼ ðmþ 1Þ
2πD2

ApdGfGccosm ðϕÞ cos ðψÞ1ψ�ψFoV
ðψÞδ

�
t � D

c

�
; (16)

where δðuÞ represents the Dirac delta function. Note that Ar in (12) equals the actual physical area of the PD, Apd, in the LoS channel, and
the resulting CIR is to be scaled by the optical filter loss Gf and optical concentrator gain Gc at the receiver side.

3.3.6. Diffused channel impulse response
A number of studies have been carried out to evaluate the NLoS channel due to the reflections by the indoor internal surfaces

[96–100]. Generally, a cuboid room is defined with a certain size and internal surfaces with fixed reflectance, as shown in Fig. 6. Typical
room internal surfaces such as plaster walls cause a diffused reflection. The specular reflections caused by mirrors or windows are
considered as special cases. Here, we focus on the channel caused by diffused reflections. The NLoS channel introduced by human bodies
and other objects are difficult to predict and model. Developing more comprehensive channel models, including these extra NLoS
components, is subject to ongoing research. There are two popular methods based on ray-tracing techniques to calculate the NLoS CIR
due to the internal surface reflections. The first approach uses a deterministic method to calculate the NLoS channel [96], while the
other approach is based on a Monte Carlo method [97]. For the convenience of this description, these two methods are termed as
deterministic method and Monte Carlo method, respectively.

3.3.7. Deterministic NLoS CIR calculation method
By using the deterministic method, the CIR is decomposed of multiple components due to different orders of reflections [96]:
Fig. 6. Illustration of LoS propagation channel and NLoS multipath propagation channel.
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hfsðt;S Tx;R RxÞ ¼
X
i¼0

∞

h½i�ðt;S Tx;R RxÞ; (17)

where h½i�ðt; S ;R Þ is the CIR from S to receiving elementR undergoing exactly i reflections. In the case of i ¼ 0, this refers to the LoS
CIR. To accommodate the numerical evaluation of CIR, the entire internal surface is divide into Ne blocks. The location vector and
orientation vector of each block are denoted as a!n and o!n, respectively. These blocks operate in both transmitting mode and receiving
mode in the considered NLoS channel. In the transmitting mode, the nth block is treated as a source element, S n, with a radiation mode
number of 1. In the receiving mode, the nth block is treated as a receiving element, R n. The maximum incident angle can be as large as
π=2 ðψFoV ¼ π=2Þ, and the receiving block has a physical area of ΔA. In addition, the received power should be scaled by the reflectivity
of the block ρn. The CIR component experiencing i reflections can be calculated based on the CIR component experiencing i� 1
reflections as follows [96]:

h½i�ðt;S Tx;R RxÞ ¼
X
n¼1

Ne

h½0�ðt;S Tx;R nÞ � h½i�1�ðt;S n;R RxÞ

¼ mþ 1
2π

X
n¼1

Ne ρncos
mðϕnÞcosðψnÞ

D2
n

1ψn�π=2ðψÞh½i�1�
�
t � Dn

c
; f a!n; o!n; 1g;R Rx

�
ΔA; (18)

where Dn, ϕn and ψn refer to the quantities between S Tx andR n. The accuracy of this method increases as Ne increases or equivalently
ΔA decreases. However, the calculation of an accurate CIR result requires high computational complexity, thereby taking a very long
time to generate a single CIR.

3.3.8. Monte Carlo NLoS CIR calculation method
In the Monte Carlo method, a random propagation path is traced in each Monte Carlo iteration [97]. By repeating the tracing process

a significant number of times, a stable CIR result can be generated. The Monte Carlo method is summarised in Algorithm 1.

In step 1 of Algorithm 1, an empty vector Popt;hðtÞ recording the received optical power at time instant t is initialised with a maximum
delay of tmax. In step 3, bPopt is defined to record the optical power loss in the propagation, and it is initialised with a value of bPopt ¼ 1. bτ is
defined to record the time that the ray has experienced, and it is initialised with a value of zero. As long as the transmission time has not
reached tmax, the propagation continues. For each transmission from one point to another, the propagation distance D is calculated.
Based on D, the experienced transmission time bτ can be updated. In addition, the output power for the next propagation will be atte-
nuated by the reflectivity of the contacted surface ρ. Furthermore, the power contribution to the CIR optical power vector from the
current point is updated using (19). For the next propagation, a new random direction should be generated. In step 3 and step 8 of
97



H. Haas et al. Progress in Quantum Electronics 55 (2017) 88–111
Algorithm 1, the probability of each possible direction is proportional to the radiation intensity along that direction. With a large
number of iterations of the same tracing process for Niter times, the final CIR can be calculated by normalising Popt;hðtÞ with the number
of iterations Niter. The details of the Monte Carlo method are provided in Ref. [97]. As long as Niter is large enough, an accurate CIR with
low noise can be obtained. This method requires less computational complexity. However, due to the randomness in the calculation,
minor simulation errors are inevitable.

Popt;h

�bτ� ¼ Popt;h

�bτ�þ
bPoptApd

πD2
1ψ�π=2 ψð Þcos ϕð Þ cosð ψÞ: (19)

3.3.9. Overall channel response
Modelling of the effects of the transmitter, receiver and propagation lead to a normalised frequency response where the transmitter

limits the overall bandwidth, and the rate of roll-off of the response has contributions from the transmitter, receiver and propagation.
The absolute level of received signal is set by the transmitter power, which is set by the level of illumination required within the space,
and the degree to which this power is modulated for communications. As described earlier, the required average illuminance in the task
area for working purposes, typically 0.75 m above the floor, should not be less than 500 lux. This leads to extremely high signal to noise
ratios at the receiver (see Fig. 18) for reference). Fig. 7 shows a measured channel gain for a LoS channel. In this case, the range of usable
SNR is ≈ 50 dB, with a frequency range of several hundred MHz, despite a 3 dB bandwidth of several MHz. Such responses are typical,
and show that the channel can be characterised as high SNR, low bandwidth. Optimising the use of this channel resource has led to work
on multichannel communications, so-called optical multiple-input multiple-output (MIMO) [101,102] and spatial modulation [103],
where individual transmitters send different data streams to multichannel receivers. Efficient multilevel modulation schemes which
allow full use of the available SNR over a wide frequency range. An overview of each is given below.

3.4. Modulation

The simplest means of transmitting data is by using a pulse based scheme such as on-off keying (OOK), where a binary ’one’ is
represented as a pulse, and a binary ’zero’ by the absence of a pulse. However, this does not make efficient use of the SNR that is
available across a wide frequency range. Multi-level modulation schemes enable this. An additional improvement can be achieved by
using multi-channel transmission such as OFDM, which is the most widely used example. This is because in OFDM each orthogonal sub-
channel can be treated independently and with optimum bit loading and power loading it is possible to closely reach the maximum
available channel capacity [104,105]. OFDM uses the fast Fourier transform (FFT) to multiplex several parallel channels. There are very
computational efficient implementations of FFT which renders OFDM a very attractive technique from a practical perspective. However,
alternative multi-carrier techniques have been proposed [106] based on other orthogonal transformations such as the Walsh-Hadamard
transform [107]. A second class of methods comprise of single-carrier modulation with equalisation [108], carrier-less amplitude and
phase (CAP) schemes [16] and pulse amplitude modulation (PAM) schemes [109]. These have found favour in optical fibre transmission
using visible light where the simple implementation is particularly attractive.

3.5. O-OFDM transmission

As eluded to in Section 2.1, to ensure the high spectral efficiency in the downlink of a LAC network, O-OFDMmodulation is the most
attractive method. In this subsection, the downlink transmission using O-OFDM is analysed on a link level. Fig. 8 illustrates the key
Fig. 7. Typical measured channel gain.
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Fig. 8. O-OFDM transmission block diagram: S/P refers to series-to-parallel conversion, P/S refers to parallel-to-serial conversion, D/A refers to digital-to-analogue
conversion, A/D refers to analogue-to-digital conversion, E/O refers to electrical-to-optical conversion, and O/E refers to optical-to-electrical conversion.
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elements of an O-OFDM communication system.
At the beginning of the transmission, the bit stream is coded and mapped to quadrature amplitude modulation (QAM) symbols bX

with unity average symbol energy. Then, the ~K QAM symbols are grouped and converted to a block of symbols which forms an OFDM
frame X

!
as [110]:

X
!¼ ½Xð0Þ;Xð1Þ;⋯;XðK � 1Þ�; (20)

where XðkÞ is the kth QAM symbol in the OFDM frame X
!
. The electrical to optical conversion is carried out in time domain. The time

domain signal strength associated with a specified light source configuration is important. Therefore, the time-domain OFDM symbol

should be normalised. In order to ensure that the time-domain OFDM symbol have unity power after inverse fast Fourier transform
(IFFT) operation, each QAM symbol is amplified by a factor of ξ as X ¼ ξbX [111]. The value of the amplification coefficient ξ can be
determined by the following relationship:

ξ2

K

XK�1

k¼0

bX 2ðkÞ ¼ 1: (21)

In an IM/DD-based O-OFDM system, the time-domain signal has to be real and positive. Consequently, in the formation of the OFDM

frame, Hermitian symmetry must be applied: Xð0Þ ¼ X
�

K
2

�
¼ 0 and XðK� kÞ ¼ X�ðkÞ for k ¼ 1;2; ⋯; K

2� 1, where ½⋅�� denotes the

complex conjugate operation. An example of OFDM signal conversion with Hermitian symmetry is illustrated in Fig. 9.
There are two types of basic O-OFDM schemes, direct-current-biased optical (DCO)-OFDM [112] and asymmetrically clipped optical

(ACO)-OFDM [113]. DCO-OFDM and ACO-OFDMuse different frame structures andmethods to avoid negative samples in time-domain.

In DCO-OFDM, ~K ¼ K
2� 1 symbols are mapped to X

!
with k ¼ 1;2;⋯; ~K. Thus, there is a scaling factor ξ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K=ðK � 2Þp
required. In ACO-

OFDM, ~K ¼ K
4 symbols are mapped to X

!
with odd subcarriers ðk ¼ 1; 3; 5; ⋯; ~KÞ. This leads to ξ ¼ ffiffiffi

2
p

. All QAM symbols in the OFDM
frame are mapped to unique orthogonal subcarriers. This operation can simply be realised by a K-point IFFT operation:

xðtÞ ¼ 1ffiffiffiffi
K

p
XK�1

k¼0

XðkÞexp
�
j2πkt
K

�
: (22)

By means of this operation, the bi-polar discrete time-domain OFDM signal can be obtained. Next, a cyclic-prefix (CP) is added to the
start of every K-samples of the discrete time-domain OFDM signal, which allows the impairment of inter-symbol interference (ISI) to be
removed by a single-tap equalisation at the receiver. Before the conversion of the electrical signal to an optical signal, the bi-polar time-
domain signal should be converted to a unipolar signal with limited amplitude range via clipping and biasing. This process can be
described by:
Fig. 9. An example of OFDM signal conversion from frequency domain to time domain with Hermitian symmetry. (a) Frequency-domain OFDM frame with QAM
symbols before IFFT. (b) Time-domain OFDM signal after IFFT.
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Fig. 10. Illustration of unipolar signal conversion in DCO-OFDM and ACO-OFDM. (a) Time-domain OFDM signal after IFFT operation in DCO-OFDM. (b) Time-domain
OFDM signal with DC-bias in DCO-OFDM. (c) Time-domain OFDM signal after IFFT operation in ACO-OFDM. (d) Time-domain OFDM signal with negative samples
clipped in ACO-OFDM.
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IðtÞ ¼ σxðV ðxðtÞÞ þ εDCÞ; (23)

where εDC denotes a normalised DC-bias level, σx denotes a signal amplification factor that makes the forward current fit the dynamic
range of the LED front-end element, and V ðuÞ represents the signal clipping function which is defined as:

V ðuÞ ¼
8<
:

εmax : u � εmax

u : εmax > u> εmin

εmin : u � εmin

; (24)

where εmax and εmin are the normalised top and bottom clipping levels, respectively [111]. The realisation of a unipolar signal is
achieved differently in the two considered O-OFDM schemes. An example of the bi-polar discrete time-domain signal after the IFFT in
DCO-OFDM is shown in Fig. 10 (a). The basic concept of DCO-OFDM is to add a positive DC-bias to turn the majority of the negative
samples positive as shown in Fig. 10 (b), and the remaining negative samples are clipped to zero. Therefore, in DCO-OFDM, εDC is
configured with a positive value. An example of the bi-polar discrete time-domain signal after the IFFT in ACO-OFDM is shown in Fig. 10
(c). The figure shows that the first half of the samples are the same as the second half multiplied by the signum function: ðxðtþ K=2Þ ¼ �
xðtÞÞ. Therefore, after the clipping of all negative samples (Fig. 10 (d)), the information of all samples can be recovered based on this
relationship. With a linear dynamic range of ½0; Imax�, the DC-bias is zero in ACO-OFDM ðεDC ¼ 0Þ. Then the electrical signal with unity
power is amplified by a factor of σx and converted to an optical signal by the LED front-end element. The output optical signal can be
calculated as: PoptðtÞ ¼ ηledIðtÞ.

According to the Bussgang theorem, the non-linear clipped signal can be modelled as follows [111]:

V ðxðtÞÞ ¼ ηclipxðtÞ þ nclipðtÞ; (25)

where ηclip is a signal attenuation factor due to the clipping operation and nclipðtÞ is the time-domain clipping noise sample.

3.5.1. Nonlinear impairments
The random time-domain OFDM waveform amplitude closely follows a Gaussian probability density function (PDF) if the system is

designed to have more than about 64 sub-carriers. The system requires a linear channel response with a large dynamic range to be
transmitted without causing non-linear distortions [111]. However, a typical LED has a quasi-linear response over a limited range, so
Fig. 11. A typical relationship between driving current and output optical power of a LED. The red curve shows a typical non-linear relationship between the driving
current and the optical output power. The blue curve shows an ideal linearised conversion after pre-distortion. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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both the dynamic range and the linearity within the range need to be considered. A typical response of a LED is shown in Fig. 11. In order
to maximise the electrical signal power output per unit optical output, pre-distortion techniques can be used [114,115]. It has been
shown that by using pre-distortion, an almost idealised linear relationship between input current and optical output can be established
[116]. Consequently, the optical power can be modelled as follows:

Popt ¼
�

ηledI : 0 � I � Imax

Popt;max : I > Imax
; (26)

where I denotes the input current to the LED, and ηled denotes the conversion coefficient from the input current to the optical output
power, which includes the electrical signal amplification and the LED quantum efficiency. An idealised linear relationship between input

current and output optical power is assumed on the condition that I � Imax. The optical output power is saturated at a fixed level of
Popt;max on the condition that I > Imax. Therefore, in order to avoid saturation, the input current has to fulfil 0 � IðtÞ � Imax, where IðtÞ
represents the instantaneous input current at time instant t. Thus, the relationship between the input current and the average optical
output power can be modelled as follows:

Popt ¼ ηledEt½IðtÞ�: (27)

The electrical signal power conveyed in the light wave can be estimated based on (27) with a specified dynamic range of the LED and
a specified signal clipping used in O-OFDM.

The required dynamic range of the O-OFDM signal is characterised by the peak-to-average power ratio (PAPR). In order to ensure
that the peak power stays within the dynamic range, a significant power back-off and a signal clipping would need to be applied, which
causes a considerable reduction in the SNR level. There is a trade-off between power back-off and clipping level. On the one hand, with
too much power back-off, the signal strength would not be enough to overcome the receiver noise distortion. On the other hand, too
much signal clipping would lead to a serious non-linear distortion. This means that there is an optimum power back-off and clipping
configuration which has been described in Ref. [111]. As shown in Fig. 12, a top clipping level εmax, a bottom clipping level εmin and a
DC-bias level εDC are defined. The configuration of these parameters should fulfil the following relationship [111]:

σxðεDC þ εmaxÞ ¼ Imax; (28)

σxðεDC þ εminÞ ¼ Imin; (29)

where Imax and Imin denote the maximum and minimum forward current for the LED. The assumptions are that Imin ¼ 0 leads to εmin ¼�
εDC and εmax ¼ Imax

σx
� εDC. Clipping at several standard deviations from the mean of the Gaussian distributed information signal is widely

used. A number of studies have been carried out to investigate the effects of this clipping process [111,117].

3.5.2. Clipping distortion
As introduced in Section 3.5, the time-domain clipped signal can be modelled by (25). The attenuation factor can be derived as

[117]:

ηclip ¼ E½xðtÞV ðxðtÞÞ� ¼ ∫ ∞
�∞xðtÞV ðxðtÞÞfN ðxðtÞÞdxðtÞ ¼ Q ðεminÞ � Q ðεmaxÞ: (30)

where Q ðuÞ ¼ 1ffiffiffiffi
2π

p ∫ ∞
u exp

�
� v2

2

�
dv represents the Q-function; and fN ðuÞ ¼ 1ffiffiffiffi

2π
p exp

�
� u2

2

�
is the probability density function (PDF) of the

standard normal distribution
The clipping noise variance in the frequency domain can be determined as follows [117]:

σ2clip ¼ E
h
n2clipðtÞ

i
� E2

	
nclipðtÞ



(31)

where E½n2clipðtÞ� ¼ E½V 2ðxðtÞÞ�� η2clipE½x2ðtÞ� and E½nclipðtÞ� ¼ E½V ðxðtÞÞ�. With further equation expansion, the clipping noise variance

can be written as:
Fig. 12. (a) A clipped bi-polar signal with unity power. (b) A clipped signal after the addition of DC-bias and signal amplification to match the LED dynamic range.
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Fig. 13. Signal-to-clipping noise ratio varies with Δε.
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σ2clip ¼ ε2minð1� Q ðεminÞÞ þ ε2maxQ ðεmaxÞ þ εminfN ðεminÞ � εmaxfN ðεmaxÞ � η2clip
þQ ðεminÞ � Q ðεmaxÞ � ðεminð1� Q ðεminÞÞ þ εmaxQ ðεmaxÞ þ fN ðεminÞ � fN ðεmaxÞÞ2:

(32)

A parameter denoted as Δε is defined to evaluate the effective signal amplitude range. In the case of DCO-OFDM, Δε ¼ εmax� εmin. In
the case of ACO-OFDM, despite the clipping of negative samples, the missing samples can be recovered at the receiver side. Therefore,
the effective signal range should be Δε ¼ 2εmax. Consider Δε as given parameters, the required normalised optical output power Popt

ηledσx
is

calculated and the results are shown in Fig. 14. The figure shows that with the increase of Δε, the required output optical power
increases. For the same signal amplitude range, DCO-OFDM requires a much higher optical output power relative to the case of ACO-
OFDM. Furthermore, with the increase of the DC-bias level εDC, the required output optical power increases in the DCO-OFDM system.

In the calculation of ηclip and σ2clip in ACO-OFDM, the recovered signal at the receiver side is considered. Therefore, εmin ¼ � εmax is
used in the calculation. In order to evaluate the clipping distortion with different clipping configurations, the signal-to-clipping noise

ratio (SCNR) is defined as: γclip ¼ ξ2η2clip
σ2clip

. Fig. 13 shows how the SCNR varies with Δε. This shows that in order to avoid significant clipping

distortion, Δε has to be sufficiently large. It also shows that to achieve the same SCNR, ACO-OFDM requires less Δε than DCO-OFDM. In
the cases of DCO-OFDM, with the same Δε, a DC-bias of εDC ¼ 0:5Δε offers the lowest clipping distortion.

On the one hand, the results shown in Fig. 14 imply that with a limited average optical output Popt, the effective output signal
strength gets weaker with the increase of Δε. On the other hand, the results shown in Fig. 13 imply that less clipping distortion can be
achieved with a higher value of Δε. Therefore, there is a trade-off between signal strength and clipping distortion.
3.6. Optical power requirement

One of the important design criterium is how much optical output power is required. According to (27) and (23), the output optical
power can be calculated as:
Fig. 14. Normalised optical output power varies with Δε.
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Popt ¼ ηledEt½σxðV ðxðtÞÞ þ εDCÞ� ¼ ηledσxðEt½V ðxðtÞÞ� þ εDCÞ; (33)

where Et ½V ðxðtÞÞ� can be calculated based on the characteristics of truncated Gaussian distribution as [111]:

E½V ðxðtÞÞ� ¼ εmaxℙ½x> εmax� þ εminℙ½x< εmin� þ ∫ εmax

εmin
xfN ðxÞdx ¼ εminð1� Q ðεminÞÞ þ εmaxQ ðεmaxÞ þ fN ðεminÞ � fN ðεmaxÞ (34)

Note that in the calculation of E½V ðxðtÞÞ� with ACO-OFDM, εmin ¼ εDC ¼ 0.

3.6.1. Colour modulation and wavelength division multiplexing
The use of RGB sources to provide white and variable colour illumination offers the possibility of either sending independent data

streams on each colour, effectively coarse wavelength division multiplexing (WDM), or using the colour degree of freedom to encode
information, known as colour shift keying. A number of WDM experiments have been reported, with some of the highest aggregate VLC
data rates [69–71,108]. In these cases, bulk optics was used to combine the separate signals to provide white light, and similar optical
systems to separate the channels at the receiver. Similar experiments have also been reported using laser sources. In Ref. [118] an
integrated receiver that uses pn junctions at different depths in a silicon substrate is reported. The filtering effect of the semiconductor
offers sufficient discrimination to separate several channels. Such innovation is required to create compact approaches to allow the
widespread adoption of WDM. Colour shift keying sends information as pulses of a particular colour, as defined by the weighted
combination of the LEDs that create it. Several different methods have been reported [119], including an implementation in the IEEE
802.15.7 standard [120].

3.6.2. Optical multiple-input multiple output (MIMO)
In a typical lighting installation, there are multiple LEDs chips within each luminaire and multiple luminaires in each installation.

This potentially allows multiple information streams to be sent from each LED chip within one luminaire, and also different luminaires
to send different information. Multiple detectors are required to decode the information at the receiver, as well as relatively complex
signal processing. Fig. 15 shows the principles of optical MIMO. Light from a number of sources falls on a number of detectors, and the
channel gains of each of the possible paths are measured using a training sequence. In operation independent data is sent on each
Fig. 15. (a) Figure showing principle of optical MIMO. (b) Integrated MIMO components.
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channel, and the receivers detect a combination of each of these signals. The resulting channel matrix, together with the received data
can be used to recover the original signal [101,102]. The alternative approach is to encode information in the spatial position of the
source, known as spatial modulation [121]. At its simplest this is sending data on only one source at one time, and using a receiver
structure that decodes both the data, and the position fromwhich it was sent. The position adds extra degrees of freedom and hence data
rate. More generalized schemes have been developed and analysed [122,123]. Both MIMO and spatial modulation rely on the ability of
the receiver to determine where the light came from, as measured by how different signals from different sources are at the receiver.
Angle diversity and imaging receiver structures [124,125] are often used in such systems for this reason.

What has been described and discussed in this section are fundamental LiFi technology building blocks which enable high speed data
transmission between a static transmitter and a static receiver, i.e., fixed point-to-point wireless transmission systems with single or
multiple transmitter and receiver elements. The vision of fully networked LAC networks as introduced in section 2 means the transition
of a single static point-to-point VLC communication link to mobile point-to-multipoint and multipoint-to-point multiuser, networked
wireless communications based on VLC. This has created a new area of research as these additional problems have to be solved.

A consequence of the existence of multiple LiFi APs (i.e., LiFi enabled luminaires) and a plurality of roaming users that will remain
connected is the detrimental effect of CCI. CCI diminishes the SINR as shown in Fig. 18 and, hence, the available data rate. As discussed,
CCI occurs when two neighbouring LiFi APs transmit independent signals using the same light spectrum to different users. Techniques to
limit CCI in LAC networks are, therefore, of paramount importance to enable LiFi connected mobile users. To avoid that a LiFi network
deployment offsets the massive advancements in gigabit point-to-point wireless data transmission by light. This important aspect is
discussed in the following section.

4. Cell deployments and spatial reuse

In Section 3.3.3, it is noted that the actual channel depends on the position and the orientation of transmitters and receivers.
Therefore, the channel frequency response HiðkÞ and the performance of the LAC network strongly dependents on the spatial deploy-
ment of the APs [126,127]. CCI is one of the most important factors with respect to downlink performance, and the significance of CCI is
determined directly by the distance from the interfering source to the desired receiver. A reuse distance is defined to quantify this
physical separation, and this depends on the actual AP deployment scenario. Various models have been reported in literature, and these
are reviewed below.

4.1. Different cell deployments

In RF cellular system analyses, a number of models have been considered. TheWyner model is a one-dimensional (1-D) model, which
defines the AP on a linear array [128]. It offers good tractability for mathematical analyses. However, the over-simplification causes a
considerable accuracy issue. The Wyner model is suitable for studying the network that extends in one dimension, such as cellular
systems along a highway or a railway. The most commonly usedmodel is a grid-based model [32]. In a grid-based model, APs are placed
on a 2-dimensional (D) hexagonal or square grid. Grid-based models offer full coverage 2-D layouts, and they are widely used in system
level Monte-Carlo simulations. However, these models do not fully reflect real-world deployment scenarios. In practice, the placement of
APs is subject to a number of extra constraints, such as geometric limitation, population density and output power. Therefore, non-
homogeneous topologies of APs has been proposed [129,130], and tools available in stochastic geometry can be used in the analysis
to get tractable result. The homogeneous Poisson Point Process (PPP) has been proposed in Ref. [131] to model the cell deployment as a
pessimistic practical approximation. However, the case that two APs are placed next to each other may only happen in rare occasions. To
compensate the drawback of homogeneous PPP cell deployment, point processes, such as the hard-core point process (HCPP), offer
better real-world approximation, and, therefore, these tools have recently been considered in cellular system analyses [132].

Here we consider two grid-based models and two point process-based models. The grid-based model includes the hexagonal (HEX)
and square cell deployments as shown in Fig. 16 (a) and (c). Square cell deployment is the simplest layout, which is perfectly compatible
to a cuboid room. It has been used in many LiFi networking studies and practical lighting networks. HEX cell deployment is less common
in lighting networks, but it is a desired layout for LAC networks as a hexagonal shape offers a good approximation to a circle which
corresponds to the profile of a light cone when lights are placed in the ceiling and pointing downwards. An optimised performance is
expected with a HEX cell deployment, but it may require extra engineering work to redesign the lighting infrastructure in a room. The
considered point process based models include the homogeneous PPP cell deployment and the Mat�ern type I HCPP cell deployment as
shown in Fig. 16 (b) and (d). The irregular placement of luminaries is mainly motivated by the following considerations: firstly, the
placement of a luminaire may be limited by the wiring structure in the room. Secondly, in some cases, non-uniform illumination is
required, which means that the lighting is enhanced in certain parts of the room. Also, even for a uniform cell deployment, a user may be
absent in some cells. In that case, the downlink transmission can be switched off, which effectively results in a non-uniform cell
deployment. The case with PPP cell deployment is expected to offer the worst case performance, and in the case with HCPP cell
deployment, the consideration that two lamps are not co-located is included. In LAC network cell deployment modelling, it should be
noted that a practical LAC network is bounded by the room edges.

4.2. Spatial reuse plan

Another important factor is the spatial reuse plan of the transmission resources. In order to mitigate CCI in a cellular network, a
common method is to divide the entire network into multiple cell clusters [32]. Fig. 17 shows a HEX cellular network as an example. A
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Fig. 16. Different cell deployments considered in LAC networks. (a) HEX cell deployment. (b) Homogeneous PPP cell deployment. (c) Square cell deployment. (d) HCPP
cell deployment.
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cluster consists of κrf cells [31]. The different colours of the cells in the cluster show that the UEs in each cell use orthogonal transmission
resources (in time, frequency, wavelength, and/or space). The network is formed by tessellation with the cell cluster. This method leads
to a decrease in the number of neighbouring cells using the same transmission resources as shown in Fig. 17. It results in a lower CCI
level, but also causes a decrease in the spectral efficiency (available transmission resource per cell). This method is also known as static
resource partitioning. The number of cells in a cell cluster κrf is defined as the spatial reuse factor, which is a key parameter to the
performance of a cellular network. Note that the case of κrf ¼ 1 is also known as universal frequency reuse (UFR). Typically, κrf � 3
results in good compromise in dense networks.
4.3. Downlink SINR in LiFi attocell networks

In order to evaluate the downlink performance of a LAC network, it is essential to determine the downlink SINR. A number of other
important downlink system metrics, such as cell data rate, SINR statistics, require the SINR calculation for a specified link setup as a
baseline. In a LAC downlink system, the SINR on subcarrier k can be defined as:

γðkÞ ¼ Pelec;0ðkÞP
i2IPelec;iðkÞ þ Pclip

elec;0ðkÞ þ σ2Rx
; (35)

where Pelec;0ðkÞ denotes the received desired signal power; Pelec;iðkÞ denotes the received interfering signal power from the ith AP;
Fig. 17. An example of spatial reuse plan.
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Fig. 18. A room of size 2.5 m 	 5 m is equipped with two LiFi luminaires installed at 3 m height pointing vertically downwards. The LiFi luminaires are illustrated by
two blue squares in subplot a). Both luminaires use the same visible light spectrum to transmit independent information. Vertically upwards pointing receivers at 0.75 m
desk height are assumed. The illuminance at desk height is illustrated in subplot b). The resulting SINR assuming a receiver FoV of 45� is depicted in subplot c). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Pclipelec;0ðkÞ denotes the power of the received clipping noise. The received signal, Pelec;0ðkÞ can be calculated as follows:

Pelec;0ðkÞ ¼ E
	��ηpdηledσxηclipX0ðkÞH0ðkÞ

��2
 ¼ η2pdη
2
ledσ

2
xη

2
clipξ

2jH0ðkÞj2: (36)

Note that E½��X0ðkÞ
��2� ¼ ξ2. Similarly, the received interfering signal power on subcarrier k from AP i can be determined as follows:

Pelec;iðkÞ ¼ E
	��ηpdηledσx�ηclipXiðkÞ þ Nclip;iðkÞ

�
HiðkÞ

��2
 ¼ η2pdη
2
ledσ

2
x

�
η2clip þ σ2clip

�
jHiðkÞj2: (37)

In the calculation of (37), it is worth noting that E½��XiðkÞ
��2� ¼ 1. This is because XiðkÞ is assumed to be converted to a complex

Gaussian signal. The power of the received clipping noise components Pclip
elec;0ðkÞ can be calculated as follows:

Pclip
elec;0ðkÞ ¼ E

	��ηpdηledσxNclip;iðkÞH0ðkÞ
��2
 ¼ η2pdη

2
ledσ

2
xσ

2
clipjH0ðkÞj2: (38)

By inserting (36), (37) and (38) into (35), the SINR expression can be expanded to yield:

γðkÞ ¼ η2pdη
2
ledσ

2
xη

2
clipjH0ðkÞj2ξ2

σ2Rx þ η2pdη
2
ledσ

2
xjH0ðkÞj2σ2clip þ η2pdη

2
ledσ

2
x

�
η2clip þ σ2clip

�P
i2IjHiðkÞj2

¼

0
B@ η2clipξ

2
��H0ðkÞ

��2�
η2clip þ σ2clip

�P
i2I
��HiðkÞ

��2 þ σ2Rx
η2pdη

2
ledσ

2
x

1
CA

�1

þ σ2clip
η2clipξ

2

1
CCCCA

0
BBBB@ (39)

where the term
σ2clip
η2clipξ

2 is the reciprocal of SCNR. According to (9), the channel gain on subcarrier k can be written as:
��HðkÞ��2 ¼ ��HfeðkÞ
��2��HfsðkÞ

��2: (40)

According to the approximation function (10),
��HfeðkÞ

��2 can be found:

��HfeðkÞ
��2 ¼ exp

�
� kFs

KFfe

�
; (41)

for k ¼ 1;2; ⋯; ~K. In addition, the noise variance can be written as σ2Rx ¼ N0FS
ξ2

. Therefore, the SINR can be rewritten as follows:
γðkÞ ¼

0
BBBB@

0
BBBB@

η2clipξ
2
��Hfs;0ðkÞ

��2
�
η2clip þ σ2clip

�P
i2I
��Hfs;iðkÞ

��2 þ N0Fsexp

�
kFs
KFfe

�
ξ2η2pdη

2
ledσ

2
x

1
CCCCA

�1

þ σ2
clip

η2clipξ
2

1
CCCCA

�1

; (42)

The configuration of η2ledσ
2
x is related to the characteristics of the LED. If the limiting factor is the available average optical output

power, the value of η2ledσ
2
x can be calculated based on (33):
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η2ledσ
2
x ¼

P
2
opt

ðEt½V ðxðtÞÞ� þ εDCÞ2
: (43)

If the limiting factor is the linear dynamic range with a maximum optical output power of Popt;max, the value of η2ledσ
2
x can be calculated

based on (26) and (28):

η2ledσ
2
x ¼

P2
opt;max

ðεDC þ εmaxÞ2
: (44)

Fig. 18 visualises CCI in a simple two-cell scenario. Two LiFi luminaires transmit simultaneously using the same visible light
spectrum – see Fig. 18 a). This means there is only a single interferer, and this is different from multi-cell topologies shown in Fig. 16.
The purpose of this simple example is to illustrate the basic impact of CCI in a LiFi network.

A unique feature of LiFi is that it combines illumination and data communication by using the same device. Fig. 18 b) shows the
resulting illuminance at desk level of 0.75 m. In the particular example, the lights are placed such that within the plane at desk height,
90% of the area achieves an illuminance of 400 lux based on a given illumination requirement. Fig. 18 c) depicts the resulting SINR. The
region where the light cones overlap is subject to strong CCI, and the SINR drops significantly. It is interesting to note that the SINR can
vary by about 30 dB within a few centimeters. This example also highlights that the peak SINR can be in region of 50 dB which is two to
three orders of magnitude higher than the peak SINR in RF based wireless systems. The achievable data rate strongly depends on the
location of the receiver and also on the FoV of the receiver [133]. Interference mitigation techniques are required to ensure within the
region of strong CCI, a mobile station can also achieve high SINR, and this is a non-trivial problemwhich involves signal processing such
as successive interference cancellation [134]. Moving on, Fig. 19 shows the cumulative density function (CDF) of achieved SINR by
different system setups considering HEX and PPP cell deployments with DCO-OFDM. The cell radius in these multi-cell deployment
scenarios is denoted by R. The SINR at DC is shown as an example, and the SINR at other frequencies decreases with an increase of
frequency due to the low-pass effect of the front-end elements. The values shown in Table 1 are used if the system parameter is not
specified for each setup, where the configuration of Fs and Ffe are in accordance with the setup in Ref. [93].

The first important observation is that the actual cell deployment scenario has a significant impact on the achievable SINR, and
thus on the maximum achievable data rate. This means, that if the LAC system is not designed carefully, all the significant
improvements in data rates in link level systems over the last 10 years can easily be offset when moving from point-to-point VLC to
networked LiFi. In setup 1, R ¼ 2:5 m, ϕ1=2 ¼ 40� and κrf ¼ 1. The results for both the HEX and the PPP networks are shown. It can be
observed as expected that with the same system configuration, a random PPP network performs worse than a regular HEX network. In
addition, the considered background light level is 100 lux in illuminance. Therefore, the APs operate with their full power to provide
enough illumination. The highest SINR of above 30 dB shows that the noise at the receiver side causes little effect to the system
performance. In setup 2, the signal amplitude range is modified to 5. This results in a more serious signal clipping distortion.
Consequently, the highest SINR in this system is limited by the clipping noise. In setup 3, R ¼ 3 m, ϕ1=2 ¼ 50�, κrf ¼ 3. All other
parameters are the same as in setup 1. The high reuse factor leads to a lower level of CCI and the overall SINR level improved
significantly compared with that of setup 1. Therefore, the corresponding SINR is improved compared to the case of setup 1 for both
HEX and PPP networks. Setup 4 considers a special case with sufficient illumination from ambient light with an illuminance of 1000
lux. Thus, the AP works in a dimmed mode with only 15% of its normal output. Due to the reduced signal power and increased noise
level, the overall SNR level is decreased to a range of � 3 dB to 22 dB. This demonstrates that the system will work under strong
background light conditions, and also when the lights are dimmed.
Fig. 19. The CDF of the SINR at DC. Setup 1: R ¼ 2:5 m, ϕ1=2 ¼ 40� , κrf ¼ 1, 100% output. Setup 2: same as setup 1 except Δε ¼ 5. Setup 3: R ¼ 3 m, ϕ1=2 ¼ 50�, κrf ¼ 3,
100% output. Setup 4: same as setup 1 except 15% output and 1000 lux ambient light illuminance. Other parameters are listed in Table 1 if they are not specified.
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Table 1
Default LAC downlink system parameters.

Parameters Symbol Values

Transmitter height zs 3 [m]
Receiver height zr 0.75 [m]
Receiver FoV ψmax 90∘

Modulation bandwidth Fs 360 [MHz]
Front-end device bandwidth factor Ffe 31.7 [MHz]
DC-bias level εDC 0.5
Signal amplitude range Δε 6.4
PD responsivity ηpd 0.4 [A/W]
PD physical area Apd 1 [cm2]
Number of subcarriers K 512
Cell centre illuminance from AP ~Ev 500 [lux]
Background illuminance Ev;bg 100 [lux]
Absolute temperature T 300 [K]
Receiver load resistance RL 500 [Ω]
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5. Conclusion

With the popularity of smart devices, there is a growing demand for wireless communications resulting from new applications such
as virtual reality and high definition TV. In addition, it is predicted that the IoT and Industry 4.0 will create an explosion in the number
and diversity of devices. All these new trends will require new means of providing wireless communications in a wide range of envi-
ronments. A crucial aspect of this is the allocation of a new spectrum for additional capacity. LiFi networks, using visible light com-
munications, have the potential to provide this with high capacity in the environments with very high user and device density. This
paper highlights the challenges of providing wireless communications networks using light, including interference and deployment
strategies, and introduces a framework for determining the key parameters in their performance. Specifically, it has shown that an
integrated and holistic approach is needed to address these challenges. Optical devices, and their arrangement in an optical transceiver,
affect the performance of networking techniques such as interference mitigation algorithms and multiuser access techniques. Similarly,
optimum networking performance imposes specific requirements on optical devices and optical sub-systems. Therefore, the techniques
that have led to record data rates in fixed point-to-point link-level VLC systems may only be sub-optimum in LiFi network deployments.
Therefore, further work in this area from researchers in devices and networks is required.
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