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Abstract

This thesis is focused on an indoor Light Fidelity (LiFi) network with a high amount of

closely deployed Red-Green-Blue-Amber (RGBA) Access Point (AP)s and mobile users.

The contributions made are threefold. Firstly, the impact of the Passband Shift (PS)

effect is discussed in such a context, along with the challenges it entails. A generic

system model is presented, including geometrical details, and the Probability Density

Function (PDF) of the central wavelength of a shifted optical filter spectrum is pre-

sented, which is dependent on user mobility behaviour. Based on this, a new parameter

(the Spectral Overlap (SO)) that can facilitate system design choices is formally intro-

duced, and an investigation on the benefits of optimising the Optical Front-End (OFE)

for networked Visible Light Communication (VLC) with RGBA densely deployed APs

is carried out. Secondly, a novel resource allocation scheme based on WD! (WD!)

that can be used in the context of LiFi, called adaptive Wavelength Division Multiple

Access (WDMA), is proposed. It allocates resources in a way that adapts to users’ mo-

bility behaviours by leveraging the PS effect and spatial separation while maintaining

underlying compatibility with smart lighting solutions. By means of custom-written

simulations, this scheme is tested against a fixed benchmark, showing improved fair-

ness in the allocation as well as lower Connection Loss (CL) probability. Thirdly,

this scheme is evolved into its “adaptive Wavelength Division Multiple Access-Multiple

Input Multiple Output (WDMA-MIMO)” version to achieve better utilisation of avail-

able network resources even in lowly crowded scenarios. It is then tested against a

fixed benchmark in the context of increasing network crowdedness and considered in

terms of handover rate. In terms of achievable data rate (both network and per-user),

average Signal-to-Interference-plus-Noise Ratio (SINR) in active channels, and CL, the
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fixed benchmark is always outperformed by the proposed scheme.
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Chapter 1

Introduction

This chapter serves as an introduction to the thesis and the research presented through-

out. Firstly, the motivations and the challenges of the Optical Wireless Communica-

tion (OWC) technology are briefly introduced. Secondly, this is further elaborated into

an overview of the contributions made by the thesis. Lastly, the broader organisation

of the dissertation is discussed. The chapter ends with a summary.

1.1 Motivations & Challenges

While browsing well known articles and papers in the field of OWC and Light Fi-

delity (LiFi), the interested reader can notice a very common trend of starting to ac-

knowledge the problem of spectrum crunch in the Radio-Frequency (RF) realm. This

is indeed the underlying motivation behind much of the research in this field: that of

providing an alternative source to convey network traffic that is free and non-interfering

with existing technologies. This is strengthened by the recent release of the 802.11bb

standard amendment, which encompasses the addition of Media Access Control ad-

dress (MAC) and Physical Layer (PHY) layer specifications for wireless light-based

communications.

The Ericsson mobile data forecast projects a nearly 5-fold growth in monthly data

traffic globally, reaching up to a whopping 237 EB per month in 2026, compared to

49 EB monthly at the end of 2020 [1]. As shown in Figure 1.1, the sheer number

2
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Global Internet Users Growth
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Figure 1.1: Global Internet users growth [5]. The estimated compound annual growth
rate (CAGR) is 6 %.

of mobile users is increasing as well, expectedly exceeding 5.7 billion and generating

up to 79% of the global data traffic [2]. Without a significant capacity increase, it

will be difficult to provide all fixed and mobile devices, such as smartphones, tablets,

wearables, and various wireless sensors, with a network connectivity that performs

adequately [3]. Finally, in the evolutionary progression beyond fourth-generation (4G)

and Long Term Evolution (LTE) wireless networks, the anticipated advancement in the

fifth generation (5G) and subsequent cellular networks is characterized by an expected

1000-fold increase in capacity [4].

Within this, an increasingly important role is being played by Internet of Things

(IoT) applications. In fact, it was forecast that 14.7 billion global machine-to-machine

(M2M) connections will be established by 2023, and even if 5G is becoming the current

standard for such applications, its future developments will also become incorporated

within the IoT framework. Notably, it is also estimated that “more than 50% of the

3
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revenue of Internet service providers in the next decade will be driven by the enterprise

IoT market segment” [6].

This results in an underlying congestion and limitation of the RF spectrum, leading

to the challenging task of accommodating the ever-increasing bandwidth and high data

throughput demand.

Technology has come a long way from when, in 1880, Alexander Graham Bell

was able to transmit speech over a distance of 200 m with one of his inventions, the

photophone [7]. The concept of using fast switching Light Emitting Diode (LED)s was

first presented in 1999 [8] and further refined in Japan in the early 2000s by using white

LEDs for communication and illumination at the same time [9]. Since then, OWC has

been drawing significant attention from both academic and industrial spheres, primarily

attributed to its capacity to operate within a free, extensive, and unregulated spectrum.

This spectrum encompasses both Infra-Red (IR) and visible light frequencies, providing

ample potential for wireless data transmission.

Nowadays, Visible Light Communication (VLC) is a technology falling under the

OWC umbrella term that makes use of an emitter in the visible spectrum of light to

transmit a signal by means of Intensity Modulation / Direct Detection (IM/DD) to an

opportune Photo-Detector (PD), able to capture the radiation. Due to its advantages,

VLC has raised the interest of many research groups around the world and is seen as

a very promising technology for the future of OWC. Its spectrum is easily accessible,

not subject to regulations, and is virtually free from interference with the existing and

well-established RF technology.

On the emitter side, the current status of technology sees the use of fast-switching

LEDs, Laser Diode (LD)s, and Vertical-Cavity Surface-Emitting Laser (VCSEL)s. The

latter two are both types of lasers, where VCSELs emit a circular beam vertically from a

substrate rather than from its edge (as it happens with LDs). All these can also be used

as arrays to increase the output optical power, subject to limitations with respect to

power consumption and eye safety considerations. This latter is particularly important:

shorter wavelengths can induce more damage (i.e. visible light are potentially more

damaging than Infra-Red (IR) sources), and commercially available devices employ

4



Chapter 1. Introduction

various kinds of lenses and diffusers to avoid concentrating a high amount of optical

power in a small spot.

Regarding the PD, a very common choice is to use P-type Intrinsic N-type (PIN)

photodiodes which are semiconductor diodes that can convert light radiation into an

electrical current. Its wide intrinsic region (which makes it different from a regular

p-n semiconductor diode) can collect most of the photons that arrive on it, which then

contribute to the generated photocurrent. Significantly higher gains can be achieved by

Avalanche Photodiode (APD)s, in which an avalanche mechanism allows to increase the

PD’s sensitivity, at the cost of having excess noise which limits the Signal-to-Noise-Ratio

(SNR) [10,11]. Arrays of Single Photon Avalanche Photo-Diode (SPAD)s are also being

currently investigated, but their applicability seems to be limited by their sensitivity

to ambient light [12]. For the purposes of LiFi, the PDs involved are usually put in an

arrayed configuration. One particularly useful of such configurations has been termed

“Matrix of Photodiodes” [13, 14], and it entails putting the photoreceiving devices

(regardless of using PIN photodiodes or APDs) in series of N elements. These series

are then connected in parallel between them, and this allows to increase the otherwise

low generated photocurrent while countering the bandwidth reduction associated with

a series of photodiodes.

For home and office data transmission applications, the wide availability and low

required maintenance of LEDs, relatively low implementation complexity, and the pos-

sibility of using pre-existing lighting infrastructures makes this choice a more attractive

one with respect to the use of LDs and VCSELs. In fact, with these two being more

focused sources, they need higher complexity (such as the use of diffuser lenses or care-

ful temperature management) which increase the cost even further, on top of LDs and

VCSELs being generally more costly than LEDs.

As noted, the signal transmitted from a LED or LD is then picked up by a PD or

APD making the VLC technology a point-to-point system without network capabilities.

It has been demonstrated that it can achieve high data rate performance of up to 38

Gbps with LDs as transmitters [15], and up to 15.73 Gbps while using only off-the-shelf

LEDs [16].
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Within this framework, LiFi can be seen as a further step: with VLC providing

a point-to-point physical layer foundation, LiFi encompasses a full duplex, multiuser,

and multipoint wireless communication network in which each transmitter can be used

as an Access Point (AP) in a dense deployment, providing connectivity to many users

simultaneously [17]. Because of all these reasons, LiFi is deemed to be a potential

solution to the spectrum crunch problem in RF as a complementary technology, capable

to offload a part of the traffic and overcome some of the existing limitations [18].

As LiFi allows for very small cells and a very dense deployment, this is also referred

to as an atto-cellular wireless network. In [19–21], a framework is established for the

efficient design of atto-cell networks by outlining the most important parameters to

take into account (such as cell radius, beam-shaping, and optimal cell deployment).

Additionally, [19] offers a thorough analysis of the data rate and spectral efficiency

performances of a LiFi network and a comparison with other small-cell RF systems,

showing that the latter could be outperformed with a proper atto-cell network design.

In [20], it is shown how LiFi and Wireless Fidelity (WiFi) networks can benefit from

each other when used in a cooperative fashion to form a hybrid LiFi and WiFi system.

As seen, this allows to offload some traffic from the RF network to LiFi, improving

the achievable capacity while also removing some interference. For these reasons, the

concept of a hybrid LiFi network is subject to a significant amount of interest in the

research community [22–29].

More generally, and though on the verge of commercial implementation, many so-

lutions are still being investigated in the literature under a plethora of different per-

spectives to further increase the performances and applicability of LiFi [30–53].

Furthermore, the IoT and its diverse applications demonstrate a congenial align-

ment with OWC and LiFi. [54–64]. The synergy is attributed to OWC and LiFi’s

speed, inherent security features, and the absence of hindering cables, which are partic-

ularly advantageous in large-scale deployments. Notably, OWC’s utilization of visible

light introduces a myriad of possibilities, wherein a network of lighting fixtures, serv-

ing as APs, can seamlessly integrate communication and illumination functionalities,

exemplifying its multifaceted capabilities.
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IoT is a communication framework that allows many everyday objects and devices,

featuring various kinds of sensors, software, and other technologies, to become nodes

of a network, with the purpose of gathering and sharing different kinds of data and

communicating over the Internet. Every device is provided with a user ID and has

the ability to transfer data over a network without the necessity of human-to-human

or human-to-machine interaction [65,66]. For these reasons, IoT is capable of bringing

a wide range of smart functionalities to all objects that are part of the ecosystem. It

drives both people and businesses to gain new insights into their lives and processes,

as well as to improve control over these aspects.

One of the important features of an IoT smart environment is that it is related to

smart lighting. It is defined as the ability, in a room or a building, to adaptively control

the illumination activation, intensity, and colour temperature based on a wide variety

of parameters. These include, but are not limited to: the time of day, external lighting,

the user’s presence and position, and the nature of tasks that are to be carried out in

a specific area. For example, a high-precision manufacturing premise will need bright

and directed light for operating machinery, while a study used for evening reading will

have a warmer, slightly dimmed light. As seen in [67], smart lighting features are able

to save power when the user is not present and forgets to switch the lighting off.

Another aspect of IoT that indirectly impacts the nature of this work is that “pretty

much any physical object can be transformed into an IoT device if it can be connected

to the internet to be controlled or communicate information.” [68]. As a result, it is

expected that the number of connection requests in a given time will be higher than

those of a normal wireless network. Thus, a LiFi implementation for IoT needs to

efficiently account for multiple access.

In this context, LiFi is seen as an enabler for the IoT [55–59]. However, this comes

with a number of challenges, two of which consist of the random position and orientation

that the users can take, along with their dense deployment. In fact, the random position

and orientation of users can significantly lower the power of the received signal, while

increased density of UEs and APs can strongly favour interference.
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1.2 Objectives & Contributions

This thesis focuses on indoor LiFi systems using wavelength division to provide multiple

access to a high number of clients while taking user mobility into account. Given

the entity and complexity of the envisioned scenario, which would make experimental

work costly and time-consuming, the contributions are primarily focused on custom

simulations. The objectives to be pursued are as follows:

• Deepen the understanding of how the Passband Shift (PS) effect would impact

wavelength division-based LiFi systems in the presence of mobile users, as in an

everyday use case.

• Develop and propose a new network operation algorithm capable of improving

network capacity and fairness while minimising connection disruption. The pro-

posed approach should also not interfere with light dimming support and be

compatible with smart lighting solutions.

• Simulate the achievable network performances in highly crowded indoor environ-

ments while taking mobile user behaviour into account. These results should also

be compared with a suitable benchmark.

In the efforts to address these objectives, several contributions to existing knowledge

have been generated.

• Firstly, a mathematical framework has been developed to investigate the impact

of the PS in wavelength division-based systems. User mobility statistics have been

considered together with the PS effect and the channel model, as well as prior

studies, to derive the closed forms of the Probability Density Function (PDF) and

Cumulative Distribution Function (CDF) of the shifted central wavelength of an

optical filter mounted on the receiver of a mobile user. This knowledge is useful

to further investigate system design choices, Optical Front-End (OFE) choices,

attocell size, and network operation algorithms. In particular, it is here used to

demonstrate that an adequate level of interference mitigation can still be achieved
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even in densely deployed environments and without the use of wavelength reuse

patterns.

• Secondly, a novel allocation approach called “adaptive Wavelength Division Mul-

tiple Access (WDMA) is proposed and tested with custom simulations against

a fixed allocation benchmark. This allocation scheme is based on adaptively

maximising Signal-to-Interference-plus-Noise Ratio (SINR) for every user, and

specifically designed to be compatible with smart lighting solutions and dimming

support and to be independent of the modulation scheme. The comparison entails

measuring the room coverage, aggregate average data rate, average data rate per

user, and average connection loss probability while 4 users are in the network at

the same time. Along with this, validation work on the simulation code used to

generate the results is presented.

• Lastly, this allocation scheme is expanded in its Multiple-Input Multiple-Output

(MIMO) version in order to tap into previously unutilised network resources and

compared again with a fixed benchmark. This is done while progressively increas-

ing the room crowdedness to investigate the network scalability potential and how

the proposed scheme reacts to such high user- and AP- densities. As a further

means of investigating the applicability of this scheme, the handover rate is also

measured in four scenarios, designed after real-life situations.

Differently from what can be found in the literature concerning wavelength division-

based systems, all simulation work is carried out with real optical filter spectra measured

at increasing Angle of Incidence (AoI) in order to improve the accuracy of the results.

In fact, such spectra can undergo significant transformations as the AoI gets further

and further away from 0◦.

1.3 Dissertation Layout

The remaining chapters of this dissertation are structured as follows:

• Chapter 2: A review of literature that discusses the current status of technological
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advancement in the fields of OWC and LiFi, modulation schemes and multiple

access strategies, wavelength division, channel modelling, and network operation

level.

• Chapter 3: Investigation of the effects of the PS effect on a wavelength division-

based network while accounting for user mobility behaviour. A mathematical

framework is presented to improve the understanding of how this effect can be

mitigated and leveraged to improve network performances.

• Chapter 4: Introduces a novel resource allocation scheme for wavelength division-

based multiuser LiFi systems with densely deployed APs. The proposed scheme

is compared with a fixed scheme, employing a round-robin, first-come-first-served

allocation, considering wavelength and spatial separation principles.

• Chapter 5: Introduces an adaptive Wavelength Division Multiple Access-Multiple

Input Multiple Output (WDMA-MIMO) algorithm, building upon the adap-

tive WDMA discussed earlier. This aims to enhance network resource utilisa-

tion through a biphasic allocation process, prioritising fairness and minimising

Connection Loss (CL). A fixed allocation scheme is established as a benchmark,

utilising a round-robin approach based on SINR for channel determination.

• Chapter 6: Summarises the results obtained and explores further work that can

be carried out in the future to improve understanding of technology and its ap-

plications in the field of LiFi.

1.4 Chapter Summary

The exponential increase in the sheer numbers of users accessing the Internet combined

with the adoption of smart home and M2M innovations like the IoT is an emerging trend

that is being highlighted by many credible sources. Because of it, it is envisioned that

in the near future, RF technologies will struggle to provide every user with a strong,

reliable, and ever-active connection. OWC and its networked version, LiFi, offer a

possible solution to this problem, being able to exploit vast, free, and unregulated ad-
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ditional spectrum and being non-interfering with RF and mmWave technologies. This

thesis is mainly focused on how the performances of indoor LiFi networks employing

wavelength division paradigms in dense deployments can be improved. The problem is

tackled from a network operation perspective after some useful considerations on the

OFE (which still constitutes an influential part of the system). Firstly, a mathemat-

ical framework is developed and applied to deepen the understanding of how the PS

effect impacts such systems populated with mobile users. Secondly, a novel allocation

algorithm compatible with smart lighting solutions and independent of the employed

modulation scheme is proposed and tested with a fixed benchmark. Lastly, this algo-

rithm is extended to a MIMO version and tested within very crowded environments,

and its handover rate is evaluated in simulation work mimicking real-life scenarios. All

this is done by employing measured optical filter spectra, as their dependence on the

AoI of the light can influence the end results significantly.
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Background

In this chapter, relevant literature in the fields of Light Fidelity (LiFi) and wavelength

division will be reviewed and the outcomes presented in view of what is useful for

this dissertation. The attention will especially be focused on the following topics:

modulation schemes, channel characteristics, use of spatial domain, handover strategies,

multiple access strategies, and atto-cell design.

2.1 Introduction

As mentioned earlier, a networked Optical Wireless Communication (OWC) (which

includes Visible Light Communication (VLC)) system is known as LiFi. In LiFi,

each luminaire can become a so-called “optical atto-cell” (in analogy with Radio-

Frequency (RF) femto-cells), constituting an optical atto-cell network, that can achieve

high communication performances due to its extremely dense spatial reuse [19]. An in-

tuitive representation of a generic LiFi implementation is portrayed in Figure 2.1. As

it is shown, multiple users are accessing the network through data that is wirelessly

exchanged between the lighting fixtures and their User Equipment (UE)s. This is

achieved via a technique called Intensity Modulation / Direct Detection (IM/DD), and

its basic working principle has first been established in [69]; though much of this work

refers specifically to wireless communication happening in the Infra-Red (IR) region of

the light spectrum, and mostly referring to a point-to-point link, its principles can also

12



Chapter 2. Background

Figure 2.1: LiFi implementation diagram. A multitude of lighting fixtures provide
networked access to multiple users at the same time, through direct modulation of
light.

be applicable with visible light and in a networked fashion.

By zooming in to one of the links, as in Figure 2.2, one can appreciate the different

components of a OWC link. As per the IM/DD, the transmitter is able to encode data

in the intensity of the light via many different modulation schemes, the most important

of which are presented in Section 2.2. The light then reaches the receiver of the UE

by passing through the transmission medium; in the case of LiFi, this is the free space

identified by the optical path between the transmitter and the receiver [69–71]. This

attenuates the light by a certain amount, which will be further discussed in Section 2.4.

The light is then collected by the Photo-Detector (PD), which as discussed, can

convert the optical power into a photocurrent following a wavelength-dependent curve

called “responsivity”. The shape of the responsivity is strongly correlated with the

material of the PD. While a Silicon (Si) photodiode is more responsive in the visible

region (400 - 700 nm), other materials like Indium Gallium Arsenide (InGaAS) or

Germanium (Ge) are more responsive in the IR region. The −3 dB cutoff frequency of

the PD, assuming a single PIN photodiode or Avalanche Photodiode (APD) is used,

depends on the size of its active area [69]. A wider area will result in a lower bandwidth,
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Figure 2.2: Single LiFi link diagram. A lighting fixture is the transmitter, which emits
light in the free space (the channel). The light is picked up by a receiver (a PD) that
is embedded onto a UE (such as a smartphone or wearable).

thus constituting one of the most important trade-offs with respect to receivers for

OWC [69–71].

2.2 Modulation Schemes

A LiFi network can make use of many different modulation schemes, with their advan-

tages and shortcomings, and in each system design phase, the choice has to be made

carefully with respect to the application. In this context, it has to be noted that the

Institute of Electrical and Electronics Engineers (IEEE) 802.15.7 standard [72] specifi-

cally focuses on OWC links with added support for dimming functionalities and reduced

flickering effect. This is desirable for an indoor connectivity use case, and is oftentimes

achieved through specific modulation techniques which will be discussed along with

other options in the following sections.
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2.2.1 Single Carrier Modulation

For Single Carrier Modulation (SCM), it is common to resort to schemes that have

been widely studied in wireless communication [73] and tested or adapted to the optical

domain: On-Off Keying (OOK), Pulse Amplitude Modulation (PAM), or Pulse Position

Modulation (PPM). These all have in common that they encode the information in the

switching of the light source between on and off states. On the power dissipation side,

PPM is more energy-efficient than simple OOK but requires a higher bandwidth, so it

has less applicability in contexts that require high-flexibility.

All these schemes have the great benefit of generally low power consumption and

very low implementation and receiver complexity: this renders them interesting candi-

dates in the scope of Internet of Things (IoT).

Differential PPM (DPPM) [74] is a modulation scheme that achieves a performance

gain with respect to conventional PPM. However, its variable duration of symbols is

not ideal for those applications that seek to jointly deliver lighting and communication

functionalities. In fact, this could introduce unwanted illumination flickering. In [75],

a solution is proposed to counter this effect. Moreover, another scheme called Vari-

able PPM (VPPM) has been introduced in the IEEE 802.15.7 standard [72]. This is

particularly relevant for indoor LiFi applications, as it includes dimming support with

the pulse width and prevents the perceived effect of flickering lighting fixtures. Other

interesting variations of PPM are proposed in [76,77].

A carrier-less amplitude and phase modulation scheme [78] is also commonly used

in LiFi, which is a variant of SCM Quadrature Amplitude Modulation (QAM). In the

original scheme, the in-phase and quadrature components are carried by the real and

imaginary parts of a complex signal. In its proposed LiFi version, these two components

are instead sent with two distinct orthogonal signals as the transmitter is an intensity-

modulated light source that can only transmit real, non-negative waveforms.

2.2.2 Spatial Modulation and Space-Shift Keying

Another scheme that is raising interest in the community is Spatial Modulation (SM)

and Space Shift Keying (SSK) [67, 79–82]: each transmitter is treated as a spatial
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constellation point that is uniquely linked to a data symbol. Thus, only one transmitter

is active at any given time. Consequently, the space dimension can be used to increase

the spectral efficiency.

Additionally, another notable scheme that is called Flexible Light Emitting Diode

(LED) Index Modulation (FLIM) [83] is proposed, which is capable of using the physical

space even more efficiently.

2.2.3 Multicarrier Modulation

When the required data rates increase, the drawbacks of SCM schemes become too

heavy, and there is a need to make use of multi-carrier modulation schemes. The most

important of these is Orthogonal Frequency Division Multiplexing (OFDM), in which

a stream of data is multiplexed on several narrowband and orthogonal subcarriers by

means of an Inverse Discrete Fourier Transform (IDFT) (even though other transforms

and approaches have also been investigated in [84–86]). This generates a bipolar and

complex signal that can be rendered real-valued by imposing Hermitian symmetry.

The two most widely used ways to make the signal unipolar and make it compati-

ble with IM/DD are Direct Current Optical-Orthogonal Frequency Division Multiplex-

ing (DCO-OFDM) and Asimmetrically Clipped Optical-Orthogonal Frequency Division

Multiplexing (ACO-OFDM).

In DCO-OFDM [87], a positive direct-current bias is added to the time domain

signal. This has the advantage of rendering it unipolar without losing spectral efficiency,

but it also increases the Peak-to-Average Power Ratio (PAPR) and therefore raises the

energy consumption. However, while this PAPR increase could be leveraged when

illumination requirements are in place, it remains far from ideal for many applications

(such as OWC uplink or IoT) in which power efficiency is crucial. A few groups have

studied the optimisation of the biassing point [88–90], as a certain level of clipping noise

is acceptable to tackle this problem. It has to be noted, though, that while DCO-OFDM

is not the best solution in terms of power efficiency, it boasts the advantage of offering

one of the best spectral efficiencies available in OWC.

In ACO-OFDM [91] the signal is clipped below zero, and only the positive (odd)
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subcarriers are considered to carry information. This has the advantage of yielding

a lower PAPR and not increasing energy consumption, at the expense of the spectral

efficiency which is halved with respect to DCO-OFDM. Another technique called Pulse-

Amplitude-Modulated Discrete Multi-Tone (PAM-DMT) [92] uses only the imaginary

component of the subcarriers. This only makes M-PAM applicable as a modulation

scheme in this case, but in this way, anti-symmetry is achieved for the signal in the

time domain, and since the clipping distortion would only affect the real part of the

signal, it is possible to render it unipolar with tolerable noise.

The work in [93] has presented a simulation-based comparison of ACO-OFDM and

DCO-OFDM with many different constellation sizes ranging from 4- to 1024-QAM.

It concludes that ACO-OFDM performs better in terms of power efficiency only for

lower constellation sizes, while the performance of DCO-OFDM is dependent on the

bias. It also concludes that, because of optimization outcomes being the same for all

constellation sizes, ACO-OFDM is better suited for adaptive systems.

Another interesting scheme called enhanced Unipolar OFDM (eU-OFDM) has been

proposed in [33], which combines the advantages of both DCO-OFDM and ACO-OFDM,

achieving a good balance of spectral efficiency and energy consumption.

Flipped OFDM (Flip-OFDM) [94] applies a similar concept. The OFDM frame

is doubled, with the second half flipped. In this way, it can be rendered unipolar by

zero-clipping without any loss of information. However, as it happens with the other

aforementioned non-biassed schemes, the spectral efficiency is half that of DCO-OFDM.

The interest in this research area is testified by many studies proposing efficient receiver

designs for inherent unipolar OFDM techniques [95], [96–103].

In [104], Discrete Fourier Transform-Spread Orthogonal Frequency Division Mul-

tiplexing (DFT-s OFDM) is proposed. It entails performing a M-ary discrete Fourier

Transform on the data symbols before putting them through the usual OFDM modula-

tion, which helps in lowering the PAPR of the resulting waveform. It is even reported

that, in most cases, it can unite the benefits of an OFDM-based multicarrier system

with the lower PAPR of SCM modulation techniques.

Many other efforts have been made to explore the potential of OFDM in this field
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[105–120], as the enhanced achievable data rates of this kind of modulation schemes

have drawn the attention of the research community.

2.2.4 Colour-based Modulation Techniques

As every communication system has its own peculiarities, one must take them into

account when designing a new system. For instance, LED arrays made up of elements

of different colours can change the centre wavelength of the resulting beam by adjusting

the intensity of the single-coloured elements. This is why, especially for VLC and

LiFi applications, the property that a properly designed luminaire can introduce of

changing the colour of the light beam has fostered research exploring this new degree

of freedom. The Colour Shift Keying (CSK) is a modulation technique proposed in the

IEEE standard 802.15.7 [72], in which the stream is encoded in a constellation made up

of different colours from the chromatic CIE 1931 colour space [121]. The advantages in

this regard are that colour-shifting is easy to implement and can occur while maintaining

constant output optical power (a desirable feature in certain applications, as uniform

illumination is equally important). Several studies [122–131] have proposed variations

to this scheme, used both alone and in combination with other modulation techniques,

demonstrating the active interest in this research area.

2.2.5 Multiple Access

As is intuitive, any wireless communication technology providing networking capabil-

ities needs to adopt one or more multiple access protocols. This allows to counter

interference between ongoing transmissions to multiple users, and most common tech-

niques in RF can also be applied in LiFi. In this section, the most common multiple

access techniques have been intuitively represented in Figure 2.3, and are explained

and discussed as follows.

One of the most used multiple access techniques in LiFi is Orthogonal Frequency

Division Multiple Access (OFDMA), which entails allocating one or more different

subcarriers to each user [17, 132]. This is equivalent to regular OFDM, but different

subcarriers are assigned to different users rather than parallel streams to the same
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Figure 2.3: Common multiple access techniques in LiFi. In a) OFDMA, a regular
OFDM waveform is used and each user is allocated a subset of subcarriers. In b)
TDMA, each user can only receive incoming transmissions during an allocated time
slot. In c) CSMA/CD, users can coordinate transmission to avoid collisions by means
of continuous channel sensing. In d) SDMA, an angle-diversity transmitter can serve
users separated in the spatial domain. In e) CDMA, each transmitter has a unique code
that allows users to select which packets are destined to them. In f) NOMA, different
power levels are allocated to each user.

single user to increase its throughput.

The commonly known Time Division Multiple Access (TDMA) can be applied to

LiFi as well [133]. In fact, the Access Point (AP)s allocate time slots to different users

to achieve multiple access, albeit losing spectral efficiency due to potentially very long

waiting times as more and more users request access to the shared medium.

Continuous channel sensing allows the users in a network employing Carrier-Sense

Multiple Access/Collision Detection (CSMA/CD) [134] to avoid collisions and achieve a

relatively interference-free environment for many users at the same time. More specifi-

cally, idle users can sense when the channel is busy and consequently delay transmission

until it becomes free again. On the other hand, the transmitting user can use CD to

detect collisions and re-attempt transmission. While this technique could reduce the

spectral efficiency loss of TDMA, it does not guarantee good performances especially

with higher number of users.
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In Space Division Multiple Access (SDMA) [135], an angle-diversity transmitter,

composed by multiple transmitting elements, uses the space dimension to simultane-

ously serve users active in different positions. Though its RF version was already

part of the IEEE 802.11ac standard [136], its OWC implementation requires designing

a specific transmitter, which increases the complexity of the luminaires in an indoor

application.

By exploiting optical orthogonal codes, a multiple access scheme called Code Divi-

sion Multiple Access (CDMA) [137,138] grants simultaneous multiuser network access.

However, the presence of such codes requires to reserve communication overhead, lead-

ing to reduced performances.

A scheme called Non-Orthogonal Multiple Access (NOMA) [64,139–141] assigns dif-

ferent power levels to multiple users, so that they can utilise the full time and spectrum

resources at the same time; however, the differences in received power between users

causes a reduction of Signal-to-Interference-plus-Noise Ratio (SINR) and consequent

degradation in performances.

Another way of serving multiple users at the same time (that is specific to OWC

and not applicable to RF) is that of employing Wavelength Division Multiple Access

(WDMA), which has been thoroughly investigated in [56] and will be discussed in a

separate section as it is relevant to the topic of this thesis.

In conclusion, it can be seen that many modulation schemes suitable for many dif-

ferent OWC applications are available in the literature. For example, in an application

such as the IoT, one of the most appealing choices is OOK. This is because in IoT

the nature of devices that are typically employed does not pertain to a single category.

Simpler devices will introduce a complexity constraint on the receiving side of the com-

munication system if the designed solution is to be usable on every IoT device. Other

crucial benefits of this choice are that OOK is inherently ready to support digital dim-

ming schemes and overall offers a good trade-off between implementation complexity,

achievable transmission speed, and energy efficiency [17].

For what it is specifically concerned with this work, the choice of the modulation

scheme does not constitute a strict requirement, and the proposed solutions can easily
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be implemented and verified with any of the presented schemes, both single- and multi-

carrier.

The choice of the multiple access scheme, on the other hand, holds significant im-

portance, and it will be discussed more in detail in the following section. As seen:

• OFDMA requires an increased transmitter and receiver complexity, which is seem-

ingly not suitable for simpler devices normally found in the context of IoT.

• While very simple, TDMA does not have the capacity to account for very high

number of users in a network: more users will significantly increase the time

between successive time slots.

• CSMA/CD constitutes an improvement over TDMA, where users are able to

detect collisions and only transmit whenever the channel is free. Nonetheless, the

same concerns regarding the behaviour of the network in presence of very high

number of users remain.

• Because of cost and size of the required angle-diversity transmitter, SDMA as

proposed could struggle to guarantee a sufficient amount of separation in the

spatial domain so that a higher number of users could be served.

• As discussed, the introduction of transmitter-specific codes in the transmission

increases the required overhead and reduces network performance in Code Divi-

sion Multiple Access (CDMA). Additionally, this degradation increases with the

number of transmitters.

• Finally, the concept of allocating different power levels to different users naturally

leads to substantial SINR degradation for those users that have a lower received

power. This both limits the number of users that can be served at the same time,

and the fairness of the resulting network.

For these reasons, an indoor LiFi network focused on user mobility, IoT and smart

lighting capabilities would need a different, better suited approach.
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2.3 Wavelength Division Paradigms

2.3.1 Wavelength Division Multiplexing

The concept of using colour as an additional degree of freedom is an interesting one

because it would allow a good degree of separation over multiple channels (usually

3 or 4). This is achieved with the use of Red-Green-Blue (RGB), Red-Green-Blue-

Amber (RGBA) or Red-Green-Blue-Yellow (RGBY) LEDs at the transmitter side and

an equal number of PDs with matching coloured filters at the receiver side, potentially

improving the network capacity. This approach is termed Wavelength Division Multi-

plexing (WDM), and it has been successfully implemented and demonstrated in several

instances, such as [16, 142–147], with consistently good results in terms of achievable

data rate. Another benefit of this paradigm is its independence from the modulation

scheme employed. In fact, each colour can be seen as an individual, separate channel

capable of delivering a virtually independent signal to a matched, colour-filtered re-

ceiver. It has to be noted, though, that spectral leakage can lead to severe cross-talk if

the receiver design is not carefully considered, especially in terms of choosing the right

filters [148–150].

2.3.2 Wavelength Division Multiple Access

WDMA employs a similar system to that of WDM, and its peculiarities have been

explored and discussed in [151]. The key difference is that in WDMA each colour

is meant to serve a different user, thus providing a trade-off between the number of

serviceable users (which increases with the number of available channels) and the max-

imum achievable data rate for each user. As it is intuitive, though, the total network

capacity remains the same. WDMA was first investigated in application to optical fibre

communications [152] and has drawn the researcher’s attention since then. [153] for in-

stance, compare optical CDMA and WDMA in these settings and report that while the

utilization of CDMA exceeds that of WDMA at high offered loads, the peak utilization

of the WDMA system is still superior. Furthermore, in WDMA the communication

medium (the free space optical path in this case) can be used at the same time by every
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wavelength at the transmitter side. This creates the potential of transmitting on as

many parallel and independent channels as the number of wavelengths.

At receiver side, the signal is picked up by a receiver with an optical filter to

exclude unwanted wavelengths. However, if a receiver is to be able to pick up any

of the wavelenghts transmitted, it will need to have as many receivers, each with an

optical filter. This severely limits the number of users that can be served with WDMA

by each transmitter. Additionally, if more than one transmitter are close in space (as

what happens with different luminaires in a room for example), there is a severe risk

of cross-talk, as the transmitters would employ the same wavelengths.

To the best of the authors’ knowledge, these limitations have not been tackled

before in a LiFi environment with many users free to roam, and will be the focus of

this dissertation.

2.4 Channel Model

A well-recognised work from J. Kahn and J. Barry [69] has summarised the various

properties of a typical wireless line-of-sight “channel DC gain” for an OWC link where

the transmitter is a Lambertian radiator. This case applies to all transmitters consid-

ered in this work, and such typical link is represented in Figure 2.4.

In their work, these authors described the channel DC gain H(0) as following an

inverse squared law with respect to the distance between the a-th transmitter and the

u-th user’s receiver. This introduces a severe attenuation of the received signal, which

negatively affects the link budget and limits the achievable performance in OWC, both

in single-point and networked configurations. In this regard, a bigger collection area

at the receiver side, minimising the angle of emission of the transmitter and AoI of the

receiver, all positively impact the received signal and can be used to contrast the effect

of distance.

In later works, there is an effort to obtain the Channel Impulse Response (CIR)

specific to a VLC system. This has been done in [154] by means of Monte Carlo

ray-tracing simulations, with a method that can yield CIR for any given indoor envi-

ronment by taking into account the effects of geometry, the objects in the environment,
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Figure 2.4: LOS optical path in a OWC link. Here, n′a is the direction of emission of
the transmitter, φu,a is the emission angle between the a-th transmitter and the u-th
user’s receiver, du,a is their Euclidean distance, n′u is the perpendicular direction to the
u-th user’s receiver, and ψu,a is the Angle of Incidence (AoI) of the light beam coming
from the a-th transmitter to the u-th user’s receiver

and their reflectance. Another interesting approach has been used to derive an an-

alytical expression for the CIR in [155], with the advantage of lacking the need for

time-consuming simulations. Finally, in [156] a comprehensive model is developed for

obtaining the channel response of an indoor multi-wavelength system, which includes

blockages and reflections. However, this interesting approach is very computationally

demanding especially when a higher number of users imposes cumbersome calculations.
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2.4.1 The Passband Shift Phenomenon

The Passband Shift (PS) phenomenon for thin-film optical filters has been described in

detail in [157]. It consists of a shift towards shorter wavelengths of the relative trans-

mission spectra of such optical filters, with a dependence on the AoI of the impinging

light. The shifted wavelength of an optical filter characteristic, λOF(ψ), dependent on

the AoI, is then given as:

λOF(ψ) = λOF,ψ=0

√
1− sin2(ψ)

n2
e

(2.1)

Where λOF,ψ=0 is the non-shifted wavelength of the considered transmission char-

acteristic (namely, passband edges and central wavelength). Moreover, ψ is the AoI of

the impinging light, and ne is the effective refractive index of the specific optical filter

employed. It can be verified that for the values that ψ will likely take in an everyday

use case, as thoroughly investigated in [158–162], this phenomenon can become another

important limitation to the channel separation capabilities of WDMA.

Additionally, to the best of the author’s knowledge, the literature lacks a compre-

hensive study that investigates the performances of WDM and WDMA in the context

of everyday use, where the users’ random position and mobility are taken into account.

2.5 User Mobility

In networked indoor and outdoor environments involving the use of mobile devices

(such as smartphones), accounting for the natural mobility of the users, which involves

a degree of randomness in their movements, is of the utmost importance. Yet, because

of the lack of an adequate model for device orientation, this aspect has often been

overlooked in favour of fixed orientation with devices pointing upwards. A more com-

prehensive approach is only being considered relatively recently. A number of studies

have considered the effect of device orientation [159–161, 163–165], but the first one

that targets this issue from an experimental perspective provides a very interesting

contribution. In fact, the authors in [158] have conducted a series of experimental
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measurements on 40 users, which show that the Probability Density Function (PDF) of

the polar angle of the device (that is, the inclination at which the device is being held)

can be modelled with a Laplace or a Gaussian distribution for static or walking users,

respectively. In addition, they have derived a closed-form expression for the PDF of

the cosine of the AoI.

Stemming from that work, in [159] the importance of device orientation is assessed

in terms of the performance of a LiFi-based system.

Another important result is achieved in [160]. A correlation function-based model

is proposed to measure channel variations coming from changes in the orientation and

inclination of the receiver. The results show that a substantial change of 10◦-20◦ in

the receiver’s inclination angle is required to produce a distinguishable change in the

channel gain. Moreover, it is shown that repetitive measurements of the angles become

uncorrelated after a few hundred milliseconds.

In [161], the authors propose an extended orientation-based random waypoint mo-

bility model that combines findings of mobile device inclination and orientation angles

with conventional user mobility models. This is considered both while users are walking

and pausing in their trajectories.

In [165], the authors have analysed a hybrid LiFi-RF scenario, modelling the han-

dover probability while using a RSSI-based handover algorithm.

2.6 User Localization

The problem of accessing information on a given user’s position in time is relevant for

many fields, and ethic concerns aside, optimising wireless communication (both in RF

and OWC) certainly is one of such fields. For this reason, many technologies have been

researched for this purpose.

A very common way of accessing the position of a device is through its Received Sig-

nal Strength (RSS) [166–171]. It is usually measured in dBm and its relative indicator,

the Received Signal Strength Indicator (RSSI), can be calculated as:
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RSSI = −10n log10(d) +A. (2.2)

Here, n is the path loss exponent (which can assume many different values, e.g. 2

for free space), d is the distance between the transmitter and the receiver, and A is the

calibrated RSSI at a reference distance. By reversing this formula as a function of the

distance d, this latter can be estimated. However, this cannot be used for precise and

reliable positioning especially in OWC, because it is not possible to derive the user’s

position from only knowing its distance from the transmitter. Furthermore, RSSI is

insensitive to the contribution of cross-talk, which can be far from negligible in many

cases, including when WDMA is employed.

Other common approaches include Time of Flight (ToF) or Time of Arrival (ToA)

[172], Bluetooth Low Energy (BLE) [173] and Angle of Arrival (AoA) [174]. This latter

specifically, is considered to be the most accurate for VLC [175,176]. However, all these

methods impose an increase in receiver device complexity, which may not be feasible

in IoT.

As the matter of precise user localization is still an open problem in OWC, this

work will mainly rely on SINR measurements that are assumed to be carried out at a

network level. SINR is a metric that not only includes the signal strength, but also the

interference, rendering it more appealing for WDMA.

2.7 Smart Lighting

It is estimated that lighting expenditures account for 10-38% of total energy costs [177].

In a world striving for ever greener approaches to solving daily problems, smart lighting

can introduce significant energy savings on account of being able to simply turn off

artificial illumination sources when they are not needed. This is one of the reasons why

it is envisioned that the market for smart lighting will account for 47 billion of dollars

in the next 10 years [178].

Other than saving energy, smart lighting technologies can be used to achieve many

purposes, such as enhancing carrying out specific tasks, achieving desirable aesthetic
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results, and improving user comfort. This is done with the help of IoT integrating

together information coming from numerous sensors, such as motion, temperature, and

luminous sensors installed throughout the environment. These can be used to automate

artificial lighting power on, dimming level, and lighting temperature according to user-

specified behaviours.

Lighting systems have to be designed with reliability in mind, other than the ability

to separate functional “zones” in a home environment [179]. With smart lighting, this

concept is extended to even more significant alterations to the mood of a room and the

objects contained therein [180].

It comes as no surprise that research in this field is more active than ever to devise

complex solutions that make lighting technologies even smarter. In the early stages of

this development, authors in [181] have presented a comprehensive switch panel that

allowed users to monitor and control all the lighting in a house with one single remote,

saving the time and energy required to check every light source individually. The au-

thors in [182] instead have shifted the focus on the lighting central control, proposing

two decentralised algorithms that can experimentally achieve uniform lighting at the

ground plane of an indoor environment. The approaches have been tested under a

variety of adverse conditions, including cross-illumination and interference from exter-

nal daylight, achieving encouraging results in terms of uniform illumination and saving

energy. The work in [183] proposes a novel energy-efficient strategy for a smart lighting

system by solving an optimisation problem that takes into account LED dimmability

and the possibility of dimming external daylight with window shading systems. This

can achieve energy savings on account of using indoor lighting to complement exactly

the level of illumination coming into a building from natural sources. On the topic

of providing dimming capabilities to indoor lighting fixtures, it has to be noted that

the IEEE 802.15.7 standard [72] provides such capabilities in VLC systems. In fact,

it presents several ways (compatible with different modulation schemes) to change the

perceived brightness of the light sources while using them for wireless communication

at the same time, by reducing the spectral efficiency in exchange.

In [184], smart lighting is achieved by using thermal sensors as a way of detecting
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human presence and turning on the illumination accordingly. In [185], a joint smart

light and intrusion detection system based on the IoT and using Raspberry Pi is pre-

sented and prototyped.

In addition to this, there is also a growing interest in using IoT technologies in

conjunction with OWC, and specifically VLC, often using the light to achieve both

smart illumination and delivery of high-speed wireless communication at the same

time. In [186], a power allocation algorithm is proposed to save energy while achieving

uniform illumination and providing indoor VLC features at the same time. In [187],

the authors leverage the IoT, LiFi, and the need for artificial lighting in agricultural

contexts to envision a proof of concept for a precision greenhouse. Finally, the work

in [188] further advances the technological synergy between LiFi and IoT (including

smart lighting) by proposing a slicing scheme for AP resources. This is compatible with

both technologies at the same time.

2.8 Network Operation Schemes

In an optical atto-cell network, co-channel interference (CCI) between adjacent opti-

cal atto-cells limits the performance. Multiple approaches have been investigated to

tackle this problem. In [42], the sojourn time of users has been drafted analytically

and considered with two handover criteria (Received Signal Strength, and RSS with

threshold), suggesting that sojourn time could be a useful parameter to be used with

prediction algorithms. In [43], Cheng et al. have proposed two Fractional Frequency

Reuse (FFR) schemes in a DCO-OFDM-based optical atto-cell network and compared

them with a full frequency reuse scheme. Results have shown that FFR schemes can

effectively improve interference mitigation by using different frequency sub-bands for

users according to their position in the centre or the edge of the cell. The improvement

on the average SINR is between 2.07 and 10.3 dB with regard to the full frequency

reuse. A novel Joint Transmission scheme is proposed in [47] that assigns the trans-

mission type as a single point for users in the cell centre and a multi-point for users

in the cell edges. By exploiting the fact that light signals superimpose constructively,
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this scheme is capable of improving median SINR by 16.4 dB in comparison to a full

frequency reuse scheme and median system throughput by 67.6% when compared with

a static resource partitioning scheme. Another cooperative reflection-based technique

is investigated in [50]. By using the Reference Signal Received Power and its rate

of change in [52], Wu shows that it is possible to skip certain unnecessary handovers

and gain 26% higher throughput with respect to a conventional handover scheme. An

interesting adaptive Multiple-Input Multiple-Output (MIMO) technique is presented

in [53]. Based on a desired spectral efficiency and target error rate, the best technique

is selected out of three possibilities: Repetition Coding (RC), Spatial Multiplexing

(SMP), and Spatial Modulation. By operating the selection based on the lowest energy

requirement, it is possible to minimise power consumption. In [189], the problem of

lowering the PAPR is considered, with regard to different techniques that help tackle

it.

Finally, in [190], a new cell-free architecture is proposed, and in [191], amorphous

cells are introduced.These are particularly interesting approaches, as the concept of

atto-cell is replaced by a user-centric perspective that opens a range of new possibil-

ities, especially in terms of handover reduction, Quality of Service (QoS), and energy

efficiency targets.

Concerning network algorithms targeting wavelength division-based systems, to the

best of the author’s knowledge, there is a considerable gap waiting to be filled as wave-

length division paradigms present an underlying potential combining higher throughput

with parallel channels and interference mitigation capabilities that would be useful in

a densely deployed setting.

Conversely, much of the literature in this regard seems to be focused on wavelength

reuse.In [192], the authors investigate the effects of the wavelength reuse pattern and

cell size on the performance of a WDMA network employing OOK. They also propose

design curves to facilitate the system design process. However, there is an inherent

limitation introduced by the concept of wavelength reuse in a networked environment.

Since it entails dividing the available wavelengths so that neighbouring cells do not

interfere with each other, the wavelength reuse pattern can introduce variations in
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illumination temperature. Another limitation is that the achievable throughput is

greatly limited because of wavelength reuse.

2.9 Chapter Summary

It is clear that, given the number of possibilities in terms of system design choices, one

has to carefully choose all its aspects to work towards a common goal. For example,

LiFi implementations in a highly industrialised complex, an office, a hospital, or a

smart home environment will be all differently designed to accommodate the specific

requirements of the application. This is why, given the context and the focus of this

work, the following system design choices are made:

• Requirement: User Mobility and Density

One of the device categories that the IoT encompasses is that of portable equip-

ment. Smartphones, smartwatches, and other wearables, and even some more

advanced tools, are not designed to be used in a fixed place and thus could pose

a challenge in LiFi for IoT since the changing position and orientation could po-

tentially decrease the received signal. Moreover, each user can have more than

one of these User Equipments (UEs), dramatically increasing their number.

• Modulation Scheme: Independent

Since the focus of this work is network-level operations, the system is independent

of the modulation scheme and even retains the flexibility to implement higher-

level algorithms to dynamically select the scheme employed.

As mentioned at the end of Section 2.2.5, given the accent on IoT application,

the OOK scheme could be chosen during the system design phase. This is mo-

tivated by two considerations: power efficiency and complexity. In fact, as seen

in the literature, single-carrier modulation has the highest potential in terms of

both power efficiency and complexity. The OOK scheme is one of the simplest

modulations available both in RF and the OWC realms, and it would be easy

to decode data sent this way even on the lower-complexity devices that can be
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found in an indoor IoT environment (such as home appliances or small portable

devices that lack adequate processing power).

• Multiple Access Protocol: Wavelength Division Multiple Access

Smart lighting is one of the applications of IoT, where a smart home has the

capability of adaptively changing the illumination activation, intensity, and colour

temperature based on parameters like the time of day, external lighting, the user’s

presence and position, and even the nature of tasks that are to be carried out

in a specific area. With these premises, it is clear what advantage the ability to

control colours individually will bring.

Moreover, the wavelength selectivity introduces new degrees of freedom in the

system that all concur to increase the network’s achievable data rate.
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The Impact of Passband Shift

3.1 Introduction

The first technical chapter, which is based on the work published in [193], has the aim

of determining the impact of the Passband Shift (PS) effect on a wavelength division-

based Light Fidelity (LiFi) network. This is not only limited as to how and why the

performances of such systems could be limited due to the presence of the PS effect,

but also as to which opportunities would, from a system design perspective, allow to

leverage this phenomenon.

As demonstrated in [15,16] among others, wavelength division is a useful framework

for improving the performances of a Visible Light Communication (VLC) point-to-

point link due to its ability to add a further degree of freedom by means of wavelength

separation. As it is intuitive, this can also be extended to an entire LiFi network made

up of multiple lighting fixtures each acting as an independent Access Point (AP).

Additionally, as the various Light Emitting Diode (LED)s composing a single AP

are individually addressable (such as in the case of RGB, YRGB, or RGBA LEDs),

their emitted power can be adjusted so that the entire system becomes compatible

with the implementation of smart lighting strategies in a room or a building.

The contributions of this chapter can be listed as follows:

• A closed-form approximation of the Probability Density Function (PDF) of the

central wavelength of an optical filter at its receiver, including the PS effect, is
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derived in the case of random Angle of Incidence (AoI). This is done by building

on previous works that tackle user mobility behaviour and that contain a closed-

form approximation of the cosine of the AoI of a portable device during walking

activities with respect to a light source.

• Computer simulations using the Monte-Carlo method are designed and carried

out with the aim of validating the aforementioned new approximation.

• A definition of the Spectral Overlap (SO) parameter, which takes both the AoI

and PS into account, is formally introduced and derived. Then, its curve shape

is discussed for a RGBA system.

• An extensive discussion is made on how this knowledge can be used in the sys-

tem design phase for a wavelength division-based LiFi network with the aid of

simulation work. Intra-AP and inter-AP interference are considered with respect

to Optical Front-End (OFE) optimisation.

As shown in [157], one of the underlying characteristics of the PS effect is its de-

pendence on the AoI of the light reaching the Photo-Detector (PD). In fact, when the

light beam impinges perpendicularly, the central wavelength and shape of the optical

filter’s transmissivity curve does not show any variation with respect to its original

design. This is the reason why, in the context of a wavelength division-based network,

it is very important to consider the characteristics of user mobility. In this regard, this

dissertation builds on the valuable premises regarding users’ behaviour established by

recent works, such as [158–161,164].

In [158], two contributions are notable with respect to this chapter, both of which

tackle one of the main shortcomings of the literature research up to that point. Firstly,

the authors conducted an experiment involving 40 users with the aim of recording live

data on the orientation of their portable devices under various usage conditions. An

application for continuously recording acceleration and gyroscopic data on the devices

was installed, and the users were asked to use such devices both in landscape mode

and portrait mode to carry out various activities, both while sitting and while walking
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in a corridor (which was 1.5m wide and 40m long). These results are shown in Figure

3.1, which belongs to that work.

Figure 3.1: Movement and rotation statistics. This figure, which belongs to the work
in [158], shows experimental results for devices’ position and orientation, both in sitting
and walking activities, along with appropriate curve fitting. It can be seen that in the
case of walking users, the position follows a uniform distribution and the orientation is
best approximated by a Gaussian distribution.

Secondly, they derived the PDF of the inclination angle θ and of the optical path

loss HLOS(0). They subsequently also derived a closed form expression for the PDF of

the cosine of the AoI (denoted with ψ) conditioned on the user’s orientation ω. These

will be used as a basis to develop the work in this chapter.
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3.2 System Model

3.2.1 Rotation Geometry

An important set of assumptions has to be made with respect to the rotation geometry,

which is relevant not only to the present chapter but to the entire dissertation. It

should be noted that in this context, the term “rotation geometry” is only referred

to as the orientation in space that the receiving devices in a generic Optical Wireless

Communication (OWC) link assume, as the transmitter side is usually thought to be

well fixed in the ceiling.

The geometrical definition of the classic Euler angles is used throughout this work,

and every rotation in the R3 space can be uniquely achieved by concatenating an

ordinated set of three sub-rotations around the axes of a coordinate system. More

specifically, two coordinate systems are considered here: one concerns device coordi-

nates and is denoted with xyz, and the other concerns Earth coordinates, denoted with

XY Z. Following this distinction, a rotation with respect to the device coordinates is

called an “intrinsic rotation”, while if the rotation is referred to in terms of the Earth’s

coordinates, it is termed “extrinsic rotation”. Regarding intrinsic rotation specifically,

the World Wide Web Consortium (W3C) has set the standard in the matter of rotation

order regarding device orientation. This is (z → x′ → y′′), where x′y′z′ and x′′y′′z′′ are

respectively the device coordinate systems after rotation around the z-axis and then

after the x′-axis. The angles pertaining to each of the three sub-rotations (whose com-

bination yields the final rotation), α, β, and γ, are respectively termed yaw, pitch, and

roll. These are angles commonly recognised and easily accessible on modern mobile

devices [194].

It is possible to define nu = [nx, ny, nz]
T as the unit vector normal to the device’s

receiver, and n′u = [n′x, n
′
y, n
′
z]

T as the same unit vector after the complete rotation

has taken place. This latter can also be represented in spherical coordinates by using

the polar angle θ and the azimuth angle ω, and these are respectively the inclination

angle (which is dependent on human wrist movements) and the orientation angle (which

describes which direction the user is facing). More specifically, θ is the angle between
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n′u and the positive direction of the Z-axis, and ω is the angle between the vector made

by the x and y components of n′u and the positive direction of the X-axis. Intuitively,

when θ = 0, the device is oriented directly towards the ceiling, and when ω = 0, the

user is facing in the north direction.

If R is the rotation matrix denoting the complete rotation, it can be written as

R = RαRβRγ , which follows the aforementioned intrinsic rotation order standard.

Assuming that the device is initially oriented towards the ceiling (as in nu = [0, 0, 1]T),

and that the Earth and device coordinate systems (xyz andXY Z respectively) coincide,

the device’s unit vector after rotation n′u can be calculated as:

n′u = RαRβRγ


0

0

1



=


cosα − sinα 0

sinα cosα 0

0 0 1




1 0 0

0 cosβ − sinβ

0 sinβ cosβ




cos γ 0 sin γ

0 1 0

− sin γ 0 cos γ




0

0

1

 .
(3.1)

It can be seen that n′u is dependent on the yaw, pitch, and roll angles. From here,

the polar angle θ is found as:

θ = cos−1(cosβ cos γ) (3.2)

and the azimuth angle ω can be calculated as:

ω = tan−1(
n′2
n′1

) = tan−1(
sinα sin γ − cosα cos γ sinβ

cos γ sinα sinβ + cosα sin γ
) (3.3)

This model has been used in many works that tackle the problem of user mobility in

LiFi [158–161,164], and this dissertation is based on such a mathematical framework for

all concerning the rotation geometry and the relative position and orientation between

a device and a source.
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Figure 3.2: System geometry. The 2 APs are labelled as “AP 1” and “AP 2”. The
angles of incidence ψ for AP 1 and 2, and the polar angle θ, are shown. Note that in
this work, the polar angle describes the inclination of the device when used in portrait
mode.

3.2.2 Derivation of the PDF of the central wavelength

Figure 3.2 shows the system geometry that this chapter refers to. It depicts a room

with two APs denoted as “AP 1” and “AP 2”, and one user whose location is exactly

below AP 1. As seen before, the inclination angle of the user’s device (and thus, of the

receiver, which is placed on the upper part of the screen) is denoted by θ. The unit

vector perpendicular to the plane of the screen, whose origin coincides with the position

of the receiver and positive direction goes from the screen itself towards the ceiling, is

denoted with n’u. The two angles of incidence with respect to AP 1 and AP 2 are

denoted with ψ1 and ψ2, respectively, and as can be seen, they are directly related to

the inclination angle of the device, θ. The distances between the user and the two APs

are denoted by d1 for AP 1 and d2 for AP 2, while the distance between the two APs is
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denoted with d′. In order to avoid excessive complexity in the calculations, the user is

assumed to have a fixed location and orientation. The user’s orientation is opposite of

the direction between AP 1 and AP 2 (intuitively described as looking away from AP

2). It can be seen that, as a result, the unit vector n’u is pointing towards AP 2. This

is because the user is holding the device to comfortably look at its screen, and thus the

user and the device itself are oriented in opposite directions.

In this chapter, the walking scenario is considered for users. Note that this does

not refer to users changing their positions in the room but rather to the behaviour they

adopt with respect to changing the polar angle as a result of their posture. Therefore,

as modelled in [158], the cosine of the AoI ψ can be approximated with a truncated

Gaussian distribution. Furthermore, an approximation of its PDF based on the first-

order Taylor series (sin θ ∼= θ′ and cos θ = 1) is found in the same work as:

fcosψ(ψ̂) ≈
√

2e
− 1

2

(
ˆ̂t−µ̂θ
σ̂θ

)2

σ̂θ
√
π
[
erf
(
τ̂max−µ̂θ√

2σ̂θ

)
− erf

(
t̂min−µ̂θ√

2σ̂θ

)] (3.4)

where τ̂ denotes the realisation of the random variable cosψ, τ̂max and τ̂min ≤ τ̂ ≤ τ̂max,

since τ̂min delimit the support range of τ̂ (and are not necessarily equal to 0 and 1, as

it is shown in [158]). The mean and standard deviation of the distribution of the polar

angle θ, respectively, are denoted with µ̂θ and σ̂θ. This equation shows that (as it is

intuitive) the AoI ψ depends on the polar angle θ. The reason is that it represents an

approximated analytical expression for the PDF of the cosine of ψ, conditioned on the

position and orientation of the user.

Other fundamental contributions of the work in [158] are the closed-form approx-

imation of the PDF and Cumulative Distribution Function (CDF) of the line-of-sight

optical path loss, HLOS(0). Those are respectively:

fH(h̄) ≈ 1

hn
fcosψ(

h̄

hn
) + Fcosψ(cos Ψc)δ(h̄) (3.5)

FH(h̄) ≈ Fcosψ(
h̄

hn
) + Fcosψ(cos Ψc)U(h̄) (3.6)
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where:

hn =
(m+ 1)Ahm

2πdm+2

is a normalisation factor, Ψc is the half-Field Of View (FOV) angle of the receiver,

and Fcosψ(cos Ψc) is the closed form expression for the approximated CDF of cosψ.

Inside the expression hn, m is the Lambertian emission order, A is the effective area of

the PD, and d is the distance between the transmitter and the receiver. Lastly, δ(h̄)

and U(h̄) respectively denote the delta Dirac function and the unit step function. The

PDF and CDF of the line-of-sight optical path loss will not be used in the following

derivation but will instead be useful as a means of validating the framework.

The derivation that is part of the contributions of this chapter begins with (3.4) and

the exploitation of the fundamental relationship sinψ =
√

1− cosψ2, which together

lead to finding an expression of the CDF of the sine of the AoI, ψ:

Fsinψ(η̂) = Pr{sinψ ≤ η̂} = Pr{
√

1− cosψ2 ≤ η̂} (3.7)

Fsinψ(η̂) = 1− Fcosψ(
√

1− η̂2) (3.8)

where η̂ is the realisation of the random variable sinψ. This transformation is a funda-

mental and useful step because, as seen in (2.1), the shift of the central wavelength of

an optical filter resulting from the PS effect, λOF(ψ), is dependent on the sine of the

AoI. A further step can be made by noting that:

Fcosψ(
√

1− η̂2) =

∫ √1−η̂2

0
fcosψ(t) dt (3.9)

and solving the integral yields the closed form expression for the CDF of the sine of

the AoI:

Fsinψ(η̂) = 1− 1

U
[erf (

√
1− η̂2 − µ̂θ√

2σ̂θ
) + erf (

µ̂θ√
2σ̂θ

)], (3.10)

where:
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U = erf [
τ̂max − µ̂θ√

2σ̂θ
]− erf [

τ̂min − µ̂θ√
2σ̂θ

].

Lastly, differentiating (3.10) with respect to η̂ yields:

fsinψ(η̂) =
d

dη̂
Fsinψ(η̂) =

√
2η̂e
− 1

2
(

√
1−η̂2−µ̂θ
σ̂θ

)
2

√
πσ̂θU

√
1− η̂2

(3.11)

which is a closed form expression for the PDF of the sine of the AoI, sinψ. With this,

and manipulating (2.1) to be rewritten as:

λOF(ψ)

λOF(ψ = 0)
=

√
1− sin2(ψ)

n2
e

(3.12)

it is possible to write the following definition:

ρ(ψ) ,
λOF(ψ)

λOF(ψ = 0)
=

√
1− sin2(ψ)

n2
e

(3.13)

where ρ(ψ) is hereby termed “spectral displacement”. In fact, it is a factor that has to

be multiplied by the starting central wavelength of the optical filter, λOF(ψ = 0), to

obtain the shifted central wavelength, λOF(ψ) for a generic AoI. Its support range is

0 ≤ ρ(ψ) ≤ 1, and it can be verified with (3.13) that if ψ = 0, then λOF(ψ) = λOF(ψ =

0) and thus ρ(ψ) = 1. As a consequence, any starting central wavelength multiplied by

the spectral displacement will result in no change. This is consistent with the AoI being

0◦, meaning that the light beam is impinging perpendicularly on the optical filter.

It is now possible to leverage 3.13 to define the CDF of the spectral displacement

ρ(ψ) as:

Fρ(ρ̂) = Pr{ρ(ψ) ≤ ρ̂} = Pr{

√
1− sin2(ψ)

n2
e

≤ ρ̂} (3.14)

where ρ̂ denotes the realisation of the random variable ρ(ψ). Note that this variable

has a dependence on the AoI, ψ.

Now a closed form expression for the CDF of the spectral displacement ρ(ψ) can

be written as:
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Fρ(ρ̂) = 1− 1

U
[erf (

1− µ̂θ√
2σ̂θ

)− erf (

√
1− n2

OF(1− ρ̂2)− µ̂θ
√

2σ̂θ
)], (3.15)

which, after a differentiation with respect to the random variable ρ̂, yields the PDF of

the spectral displacement, ρ(ψ):

fρ(ρ̂) =

√
2n2

OFρ̂e
− 1

2
(

√
1−η̂2−µ̂θ
σ̂θ

)
2

√
πσ̂θU

√
1− n2

OF(1− ρ̂2)
. (3.16)

After noting that the definition of ρ(ψ) provided in (3.13) is linear with respect to

λOF(ψ), the next steps are as follows:

Fλ(λ̂OF) = Fρ(
λ̂OF

λOF(ψ = 0)
) =

1

λOF(ψ = 0)
Fρ(ρ̂), (3.17)

fλ(λ̂OF) = fρ(
λ̂OF

λOF(ψ = 0)
) =

1

λOF(ψ = 0)
fρ(ρ̂). (3.18)

and finally explicit those in their extended forms:

Fλ(λ̂OF) =
1

λOF(ψ = 0)
1− 1

U
[erf (

1− µ̂θ√
2σ̂θ

)− erf (

√
1− n2

OF(1− ρ̂2)− µ̂θ
√

2σ̂θ
)], (3.19)

fλ(λ̂OF) =
1

λOF(ψ = 0)

√
2n2

OFρ̂e
− 1

2
(

√
1−η̂2−µ̂θ
σ̂θ

)
2

√
πσ̂θU

√
1− n2

OF(1− ρ̂2)
. (3.20)

The equations in (3.19) and (3.20) are, respectively, the approximated closed form

expressions of the CDF and PDF of the central wavelength of an optical filter. This

concludes the derivation.

3.2.3 Spectral Overlap

The SO, W (ψ), is defined as follows:
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W (ψ) =


0 if |λOF(ψ)−λLED|

∆λOF+∆λLED
> 1

1− |λOF(ψ)−λLED|
∆λOF+∆λLED

if 0 ≤ |λOF(ψ)−λLED|
∆λOF+∆λLED

≤ 1

(3.21)

and represents a measure of the overlap in the wavelength domain, given a certain

AoI ψ, between a transmitter’s emissivity and a receiver’s transmissivity curves. The

support range of the SO is 0 ≤ W (ψ) ≤ 1. In fact, whenever these two curves occupy

the same band in the spectrum (that is, if they have the same central wavelength and

bandwidth), they overlap completely, and the SO will be equal to 1. Conversely, the

farthest apart the central wavelength and bandwidths of the source and the optical filter

are, the closer the resulting SO will be to 0. It can be noted that it has a dependency on

ψ because of the PS effect, but it is also dependent on the starting central wavelength

of the emissivity curve of the transmitter and the transmissivity curve of the optical

filter. These two parameters are usually chosen during the system design phase of the

OFE, and in order to maximise the performances, it is intuitive to choose them so that

the SO is maximised. In some applications (such as laptops, desktop PCs, and home

appliances) in which the receiver is usually kept fixed and can be oriented to have an

AoI ψ = 0◦ for prolonged periods of time, the ideal choice is to set the starting central

wavelength of the optical filter transmissivity curve, λOF(ψ = 0), to be equal to its

corresponding transmitter λLED. This can be done by means of adjustable receivers

that have already been tested, and the SO can be reliably maximised.

However, in the case of indoor networks where users are free to roam and keep their

devices at random orientations and inclination angles, this choice could become a very

challenging one. Selecting a specific λOF(ψ) with the intent of optimising system per-

formances regardless of users mobility could result in system performances being only

occasionally optimised. This is because the AoI will not be fixed, and its distribution

depends on users’ movement in an analytically complex way. By using the closed form

approximation (3.18) derived in this chapter, it is possible to find the most appropri-

ate average value of ψ and evaluate how narrow or wide its distribution is around that

value. This allows a better pairing of the two curves for the particular application. This

means that in this case, based on the choice of the two central wavelengths λOF(ψ = 0)
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and λLED, the particular value of ψ for which the SO W (ψ) is optimised will most

likely be different than 0◦ as this latter corresponds to the receivers being kept facing

exactly upwards. This particular value of ψ can be defined as ψ′ ≥ 0◦ and W (ψ′)→ 1.

At AoIs ψ higher than ψ′, because of the PS effect, the transmissivity curve will

shift its central wavelength towards shorter wavelengths, and its spectral shape will

degrade. This will result in the SO W (ψ) becoming progressively closer to 0 as ψ

grows higher, meaning that W (ψ) and ψ are inversely proportional.

The natural next step would be that of using the closed form PDF of the central

wavelength of an optical filter derived in (3.18) in the definition of the SO, W (ψ), to

obtain an approximation of the PDF of the SO. However, despite attempts that have

been made within this research, doing so results in an intractable equation that cannot

undergo the integration required for the derivation method, even with computational

means.

As seen, evaluating the SO can be useful in highlighting certain characteristics of

the system design. A full system in a RGBA network will include four distinct PD on

the receiver side, each with an optical filter for channel separation purposes. Intuitively,

each optical filter will be impacted by the PS effect as a consequence of the random

inclination of the device, and the implications of this have to be accounted for by

considering the SO. A relevant example of this is shown in Figure 3.3, where the SO

is evaluated for an entire RGBA receiver system with respect to increasing AoI. The

central wavelength and Full Width at Half Maximum (FWHM) of the sources and

OFs have been modelled after off-the-shelf components that have also been used in

later chapters of this dissertation. More specifically, the sources are modelled after the

emissivity of the RGBA LED LZ4-00MA08 from OSRAM Led Engin [195], while the

OFs transmissivity is modelled after the FB450-40, FB550-40, FB590-10, and FB650-

40 from Thorlabs [196–199]. Depending on the central wavelength of the sources and

the OFs, it can be seen that the highest SO for each individual PD is not necessarily

at 0◦.

To further highlight the impact that the PS has on such systems, Figure 3.4 shows

a comparison, for each colour, of the SINR at increasing AoIs with and without the PS
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Figure 3.3: SO with increasing AoI in a RGBA system. Depending on the central
wavelength of sources and optical filter, the optimal AoIs can be different for each
individual PD.

effect. That means, when the AoI increases, in one case the PS effect is calculated and

factored in as usual, while in the other the optical filter transmissivity does not shift,

resulting in a curve that remains constant throughout the whole FOV. It should be

noted that here, since a single AP with four colours is being considered, the interference

for each colour is given by spectral leakage of the other three colours. This interference

is termed “intra-AP interference” and refers only to other transmitters that make up

the single AP (such as the case of RGB and RGBA fixtures).

In the case of the Amber optical filter, the PS is worsening the SINR from half FOV

(20◦) onwards. This happens because of its lower FWHM (10 nm, as opposed to 40 nm

for every other colour), which makes it effectively more robust to the PS. However, it
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Figure 3.4: Signal-to-Interference-plus-Noise Ratio (SINR) with increasing AoI in a
RGBA system, with and without the effect of the PS. At certain AoIs, the PS effect is
improving the SINR.

can be seen from other colours that for these components, the presence of the PS effect

does bring a benefit both in the average signal strength and channel separation, which

translates into a better SINR for a large portion of the FOV. This demonstrates that

the PS effect could be leveraged to improve the performances of the network; such a

concept will also be investigated in a later section in the context of an entire network

to evaluate the effects of inter-AP interference.
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3.3 Analysis

3.3.1 Simulation Validation and Results

The simulation scenario used here is the same as the one shown in Section 3.2, and

Figure 3.2 shows the geometry of the system. As mentioned previously, the only user

that is present in this environment is located right below AP 1, and is facing the

direction opposite to the horizontal component of the unit vector n’u. Both its location

and facing direction are fixed, but the polar angle at which the device is kept is variable

and modelled with a truncated Gaussian distribution. The reason is that, as it was

demonstrated in [158], this model approximates well the wrist movements when people

use their mobile phones while walking.

For simplicity, only one colour is considered in these simulations, but this is done

without loss of generality in the results, which are applicable to any other commonly

employed options in the visible and IR spectra. This choice is made in this section in

order to focus attention on the inter-AP interference, which is the interference provided

by other channels employing the same wavelength in the source but that are spatially

divided around the user. The transmitters are therefore considered to be single-colour

LEDs, whose emissivity curve is here modelled with a rectangular function centred

at λLED = 500 nm, and the Half Width at Half Maximum (HWHM) is chosen as

∆λLED = 25 nm. This choice is actually arbitrary in this chapter and is made as

such, as these are common values for off-the-shelf components. A similar function is

also chosen to represent the optical filter transmissivity curve. As a consequence, the

FWHM of the spectrum is 50 nm, which is also a common value for many off-the-shelf

LEDs that are usually designed for illumination purposes. Moreover, it can be noted

that in this case (which again, is an arbitrary one), λOF(ψ = 0) = λLED. This means

that ψ′ = 0◦ and W (ψ′) = 1. The effective refractive index of the optical filter is

set as nOF = 1.8, similarly to what has been chosen in [157], as common values for

real off-the-shelf components usually range between 1.6 and 2.0. This concludes the

necessary set of system parameters that completely characterise a coloured link design,

which are also listed in Table 3.1. The other parameters (such as Inter-AP distance,
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or Single detector area) that have not been discussed here come from the datasheets of

off-the-shelf components that have been used throughout this entire dissertation.

Table 3.1: System parameters employed in computer simulations pertaining to this
chapter.

System Parameters

Symbol Description Value

Niter Number of realisations 106

d′ Inter-AP distance 1.2 m

A Single detector area 9 mm2

Ψc Receiver half Field of View 40◦

µ̂θ Mean of polar angle 29.67◦

σ̂θ Standard deviation of polar angle 7.78◦

λLED LED Central Wavelength 500 nm

nOF Effective Refractive Index of the optical filter 1.8

∆λLED HWHM of LED emissivity 25 nm

∆λOF HWHM of optical filter transmissivity 25 nm

The process for validating the equations found in the previous section is the fol-

lowing: first, Niter = 106 realisations of the random variable θ (the polar angle) are

generated according to the aforementioned truncated Gaussian distribution. Then,

for each realisation of θ, the following parameters are calculated: ψ1, ψ2, HLOS,1(0),

HLOS,2(0), λOF(ψ), and W (ψ). These are then compared with their corresponding an-

alytical approximations, and the results are plotted against each other. This will allow

to visually evaluate the closeness of the match between generated statistical data and

its derived approximation.

Figure 3.5 shows the results for the optical channel gain. The comparison is made

between the analytical approximation that was found in [158] and that was provided in

(3.6). It can be seen that the optical channel gain is overall higher for AP 1, as the user

is below that AP. Since the optical channel gain has an inverse square dependency on

the distance between the user and the source, this is expected. In fact, as long as the

source falls into the user’s FOV (which is not always guaranteed in the case of random

θ), a lower distance from the AP greatly impacts the optical channel gain.

Another important aspect that can be noticed in this result, though, is that the
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Figure 3.5: CDF of optical channel gain, for AP 1 and 2. Comparison between
Monte-Carlo simulations and the analytical approximation. Optical path loss is more
favourable when the user is directly below the AP (AP 1), but significantly less variable
when displaced with respect to the AP (AP 2).

optical channel gain shows much lower variability for AP 2 than for AP 1. This means

that in such a situation, even if the signal power coming from AP 2 might be lower, the

sudden and continuous changes in the AoI generated by wrist movements would have

a lesser impact on the signal strength, thus resulting in better reliability of the link.

This is because the average AoI is close to 0◦ for AP 2.

Finally, as the analytical approximation closely matches the simulation results, this

can be considered a validation of the simulation environment that has been built for

this chapter and generated all the results shown thereafter.

Figure 3.6 shows the result of a comparison between Monte-Carlo simulations and
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Figure 3.6: PDF of shifted central wavelength of the optical filter, for AP 1 and 2.
Comparison between Monte-Carlo simulations and the analytical approximation. The
central wavelength shift is much less prominent and variable for AP 2, suggesting that
such a link would be more stable in these conditions.

the analytical approximation of the PDF of the central wavelength of an optical filter.

Such an approximation is obtained using (3.20) that has been derived in Section 3.2.2.

This is repeated for both APs, and the results are here plotted on different Y axes to

improve readability. In the case of AP 2, the distribution’s average is much closer to

the original choice λOF(ψ = 0) = 500 nm because, due to how the user is positioned

(and at which angle it holds the device, θ), the AoI is on average much closer to 0◦.

This results in the PS effect having much less of an impact on signals coming from that

AP, as opposed to AP 1. This particular result is location-specific, but it represents

the wide variety of situations that can occur in a densely deployed grid of APs and

users with a wide FOV. With regard to this latter, it is also important to notice that
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Table 3.2: Results of Monte-Carlo simulations with central wavelength at 500 nm

λOF(ψ = 0) = 500 nm AP 1 AP 2

Mean DC Channel Gain −62.45 dB −63.49 dB

Mean Spectral Overlap 0.60 0.97

Resulting Overall Gain −64.68 dB −63.62 dB

using a smaller FOV is feasible to attain better selectivity and limit the interference

from neighbouring APs. However, a wider FOV also provides higher and much needed

flexibility in such a context, where mobile users’ locations and orientations cannot be

predicted.

Intuitively, the SO will also be higher for AP 2, and this is confirmed by the results.

In a real system, the optical channel gain and the SO will interact together to determine

the overall gain, which is consequently influenced by many parameters, many of which

depend on system design choices and can be carefully tuned to obtain the desired

results. A few examples of this include the area of the PD, the amplifying circuit, and

the concentrator in front of the PD (as discussed in the earlier paragraph). On the other

hand, there are many cases in which the relative location between the source and the

receiver cannot be controlled because it depends on the users’ intrinsic behaviours. This

has profound effects both on the optical channel gain and on the SO, and this is why,

in the field of LiFi, considering user mobility is paramount to establishing functional

links.

The optical channel gain and the SO can be multiplied to determine which AP in

the user’s FOV will ensure the highest signal. By doing so for the two APs in the

system, whose results are summarised in Tab. 3.2, it is possible to notice that the

overall gain (resulting from both optical channel gain and optical filter transmissivity)

is higher for AP 2, despite having a lower optical channel gain due to a higher distance

from the user. This means that the received signal strength from AP 2 will be higher

than the one received from AP 1.
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3.3.2 Optimisation of the Optical Front-end

In the results presented earlier, and more specifically in Tab. 3.2, it can be noted

that the overall gain is lower for AP 1 and that the lower SO (which measures the

losses due to the optical filter transmissivity blocking part of the incoming light) is

responsible for losing more than 2dB in the received signal. To avoid this, it could

be possible to consider various options to optimise system performance. The most

immediate possibility involves considering the OFE, and more specifically the optical

filter, by choosing the central wavelength so that the SO, W (ψ), is maximised. This

approach can be written as follows:

maximise W (ψ)

subject to λOF(ψ) = λOF(ψ = 0)

√
1− sin2(ψ)

n2
e

.

(3.22)

Since the objective function, W (ψ), is a piece-wise defined function, it is possible

to consider its definition in (3.21) to find a solution. More specifically, such a function

depends on the central wavelength of the optical filter and is maximised when λOF(ψ) =

λLED. However, as ψ is a random variable that changes continuously because of user

mobility, it is convenient to approach the task of finding a solution to this problem by

considering the average value assumed by the polar angle. In fact, since its distribution

is Gaussian (or Laplacian, if the users are sitting), the average value of the polar

angle can be interpreted as the inclination that the device will most commonly have.

Thus, solving the problem for this particular value would still ensure a solution that is

adequate with respect to the actual behaviour of the user.

By looking at the PDF of the central wavelength for AP 1 in Figure 3.6, it can be

seen that its maximum corresponds to the mean of the distribution and that the central

wavelength indicated in correspondence with that value is ∼ 480 nm. Observing the

difference with respect to the starting central wavelength value, i.e., 500 nm, it can be

concluded that the average central wavelength shift is 20 nm and that by choosing a

central wavelength equal to 520 nm, the average AoI value will be compensated. As

a further verification, it can be observed that because the user is right below AP 1,
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Figure 3.7: PDF of shifted central wavelength of the optical filter, for AP 1 and 2.
Comparison between Monte-Carlo simulations and the analytical approximation. The
chosen central wavelength compensates for the effect of the average AoI being higher
than the 0◦ shift for AP 1. However, the link with AP 2 worsens as a result.

ψ1 = θ. Thus, the average AoI with respect to that AP will be the average inclination

angle θ = 29.67◦. By substituting this value of ψ1 into (2.1), it results:

λOF(ψ1) = λOF(ψ = 0)

√
1− sin2(ψ1)

n2
e

∼= 480 (3.23)

and similarly, if λOF(ψ = 0) = 520 nm was chosen as central wavelength of the optical

filter, obtain:

λOF(ψ1) = λOF(ψ = 0)

√
1− sin2(ψ1)

n2
e

∼= 500. (3.24)

Then, to investigate this further, it is possible to perform another simulation to
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Table 3.3: Results of Monte-Carlo simulations with central wavelength at 520 nm

λOF(ψ = 0) = 520 nm AP 1 AP 2

Mean DC Channel Gain −62.45 dB −63.49 dB

Mean Spectral Overlap 0.85 0.63

Resulting Overall Gain −63.16 dB −65.51 dB

obtain the PDF of the central wavelength and the overall channel gain as before, with

respect to both APs. The sole difference being that the starting central wavelength of

the optical filter is now chosen as λOF(ψ = 0) = 520 nm while all other parameters

remain the same. The result of this simulation is shown in Figure 3.7, and the compen-

sation employed allows the central wavelength of the optical filter to be centred around

500 nm, maximising the SO for that configuration. On the other hand, it can be seen

that the trade-off for such a change is that the link with AP 2 will worsen. This is also

confirmed when observing the mean optical channel gain, SO, and overall gain in this

configuration for both APs reported in Tab. 3.3.

3.3.3 Extension to a Complete Network

It is now necessary to extend all considerations made so far with respect to the impact of

the PS effect to the case of a full indoor network, which is the focus of this dissertation.

One of the main differences is that the user will usually have more than two APs in its

FOV, and this introduces two problems. Firstly, assuming that only one AP per user

will be responsible for transmitting the signal, it will be necessary to choose which AP

to allocate to said user. Secondly, other APs are free to be allocated to other users

and thus provide interference (inter-AP interference). It has to be noted that assuming

all sources (transmitters) of all APs are transmitting at all times to serve other users,

what is to be considered “signal” or “interference” depends entirely on the outcome of

the resource allocation operations. In fact, when considering the simplest case, as seen

before, with only two APs and one source per AP, only one of them will be providing

a useful signal, and the other will be considered interference. In this case, the resource

allocation could entail allocating the channel with the highest overall gain to the user
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Figure 3.8: Network geometry. The user is below AP 1 as represented in the earlier
system geometry used up to this point and is surrounded by other APs in a square
lattice grid, as it would happen in a densely deployed indoor LiFi network.

so that the signal quality is the highest possible.

Location 1

In a bigger environment, with more users and APs, each with more than one transmit-

ter, this interference could build up to the point of making the desired signal completely

buried and non-recoverable. To better investigate such a situation, the simulation

framework employed so far can be useful to consider a higher number of APs, which

would also be positioned on the sides of the user if the ceiling of the room is fitted with

a square lattice grid of APs. The user will be put again in a specific position, and the

PDF of the central wavelength conditioned on the user’s location will be calculated for

all APs in the network. Then, the average central wavelength will be used to calculate
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Table 3.4: Results of Monte-Carlo simulations with more APs, OFE comparison be-
tween λOF(ψ = 0) = 500 nm (unoptimised) and λOF(ψ = 0) = 520 nm (optimised).
Location 1.

User below AP 1

AP
Average

optical gain

Average SO
(unoptimised
VS optimised)

Overall gain
(unoptimised
VS optimised)

Difference

1 −62.45 dB 0.60 / 0.85 −64.68 dB / − 63.17 dB +1.51 dB

2 −63.49 dB 0.97 / 0.63 −63.62 dB / − 65.51 dB −1.89 dB

3 −67.61 dB 0.79 / 0.80 −68.65 dB / − 68.59 dB +0.06 dB

4 −68.99 dB 0.28 / 0.65 −74.53 dB / − 70.88 dB +3.65 dB

5 −65.53 dB 0.65 / 0.95 −67.42 dB / − 65.73 dB +1.69 dB

6 −68.90 dB 0.61 / 0.90 −71.05 dB / − 69.37 dB +1.68 dB

7 −68.99 dB 0.28 / 0.65 −74.55 dB / − 70.88 dB +3.67 dB

8 −65.53 dB 0.65 / 0.95 −67.42 dB / − 65.73 dB +1.69 dB

9 −68.90 dB 0.61 / 0.90 −71.05 dB / − 69.37 dB +1.68 dB

the SO and evaluate the impact of the PS on the user’s received signal strength, while

also considering the interference coming from neighbouring APs. An example of this is

represented in Figure 3.8.

The original system geometry with only two APs has been expanded, and the user

is now immersed in a full LiFi network with a higher number of APs in its FOV. Note

that the user’s position and orientation with respect to AP 1 and 2 have been kept

similar, and further APs to the right of the figure have not been represented as they

would fall out of the FOV for the majority of samples and thus do not contribute to

the analysis in a substantial way.

The results for both λOF(ψ = 0) = 500 nm and λOF(ψ = 0) = 520 nm are sum-

marised in Table 3.4 for a comparison. Firstly, it can be seen that APs 1-3 yield the

highest overall gain in both cases; this is expected because of the user’s position, as the

distance from the receiver is lower on average. Moreover, since the user is oriented in a

different direction for APs 4–9, the resulting average AoI will be higher, with a nega-

tive impact on both the path loss and the SO. This can also be verified in the results.

Secondly, by looking at the last column, which summarises the gains and losses due

to the different OFE design, it can be noted how the choice of λOF(ψ = 0) = 520 nm

56



Chapter 3. The Impact of Passband Shift

(which is the optimised OFE design) results in an increment of the gains of every AP,

with the only exception of AP n. 2, for the reasons seen in the earlier Section 3.3.2. It

can also be seen that the SO of AP n. 3 seems to be robust to the change of central

wavelength, as in, choosing the optimised or unoptimised design does not seem to have

a noticeable effect on the SO; however, this is only a consequence of the particular

position of the user. In fact, by calculating the average AoI for this particular case, it

results in ψ3 = 20.62. This corresponds to an average shift of 10 nm, and thus the two

shifted central wavelength are:

λOF(ψ3) = λOF, 500(ψ = 0)

√
1− sin2(ψ3)

n2
e

= 500

√
1− sin2(20.62)

1.82
∼= 490 nm

λOF(ψ3) = λOF, 520(ψ = 0)

√
1− sin2(ψ3)

n2
e

= 520

√
1− sin2(20.62)

1.82
∼= 510 nm

and since the central wavelength of the source, λLED = 500 nm, is exactly in between

the two values, the resulting average SO will be similar for both OFE choices. This is

a very particular case that is unlikely to happen consistently in practice and make a

significant difference, as it is also tied to the spectra being modelled with rectangular

functions.

Considering the entire network again, the higher gain for all APs can be a hindrance

as the number of users populating the network grows. Assuming that only one AP

provides the signal, all the others will be contributing to interference with an increased

strength. This is easily verified by considering an allocation scheme that leverages

Channel State Information (CSI) information and, based on the overall gains reported

in Tab. 3.4, will assign one AP to the user while all others will be active to serve other

users (thus contributing to interference). As it can be verified in Table 3.4, the AP

allocation (based on highest overall gain) yields AP 2 when λOF(0) = 500 nm, and AP

1 when λOF(0) = 520 nm. For both these OFE design options, it is possible to calculate

the signal and interference power received to evaluate the differences. Assuming that

every AP emits an average optical power of PAP = 1W, the required calculations can

be carried out as such:

57



Chapter 3. The Impact of Passband Shift

P rec
sig = PAPHsWs

P rec
int = PAP

NAP∑
i=1,i 6=iAP

HiWi

where P rec
sig is the power emitted by the AP allocated to the user after the free space

attenuation and the optical filter attenuation (signal power), while P rec
int is the sum of

the powers emitted by all other APs, equally considered after both the free space and

optical filter attenuations (interference power). Then, to evaluate the impact of the

interference in such a system, the Signal-to-Interference Ratio (SIR) can be considered

for both OFE design options (γSIR
1 (500) and γSIR

1 (520) respectively):

γSIR
1 (500) =

P rec
sig,500

P rec
int,500

= 0.4

γSIR
1 (520) =

P rec
sig,520

P rec
int,520

= 0.36.

The γSIR
1 (500) parameter is higher because all interference contributions have a

lower gain, despite also having a slightly lower gain for the signal strength. It can be

seen that, if an appropriate resource allocation scheme is in place in a LiFi network,

choosing either of the OFE design options could yield good results regardless of the

presence PS effect. Conversely, if the system does not have the ability of allocating the

best AP to the user based on the received SIR, the goodness of the performances would

be severely hindered by interference.

As it can be noted, these considerations are closely tied to the AoI between the

sources and the user’s device. This is not only dependent on the user’s wrist movements

but also on the location of the user. The entire framework presented so far is a statistical

derivation conditioned on the location of the receiving device, and for this reason, it is

important to extend this analysis to other user locations to verify that the conclusions

drawn can be extended to the entire indoor space. The symmetric nature of a square

grid is helpful and allows to carry out this verification by only considering a limited

number of additional locations.
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Locations 2 - 3

Figure 3.9 shows two additional locations in the network that cover the upper left

quadrant of the square enclosing AP 1. It should also be noted that if the user was

displaced by−0.3 m rather than +0.3 m with respect to the horizontal axis of the square

for both new locations, the results would be the same because of the aforementioned

symmetry.

Figure 3.9: Network geometry with different user’s locations. In a) the user is displaced
vertically with respect to AP 1 by 0.3 m; in b) the user is displaced both horizontally
and vertically with respect to AP 1 by 0.3 m.

In these two new locations, the user is getting closer to the edge of the square

enclosing AP 1. In this dissertation, the concept of “cell” or “atto-cell” is not considered

in its own right, as cell design trade-offs are a broad and complex topic that falls outside

of the scope at hand; however, it is intuitive to notice that as the user is closer to

the edge of a square, there will be a lower spatial separation between him and the

surrounding APs. As a result, because of the relationship between the source-receiver

distance and the path loss, the difference in strength between the signal and interference

will be smaller, and the SIR will be overall lower.

The results concerning the second location of the user, which is vertically displaced

by 0.3 m with respect to AP 1, are shown in Table 3.5.

The path losses between the user and APs 1–3 and 7–9 show a slightly lower gain
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Table 3.5: Results of Monte-Carlo simulations with more APs, OFE comparison be-
tween λOF(ψ = 0) = 500 nm (unoptimised) and λOF(ψ = 0) = 520 nm (optimised).
Location 2.

User displaced vertically by 0.3 m

AP
Average

optical gain

Average SO
(unoptimised
VS optimised)

Overall gain
(unoptimised
VS optimised)

Difference

1 −62.72 dB 0.57 / 0.85 −65.15 dB / − 63.43 dB +1.72 dB

2 −63.64 dB 0.95 / 0.65 −63.87 dB / − 65.48 dB −1.61 dB

3 −67.69 dB 0.77 / 0.81 −68.80 dB / − 68.61 dB +0.19 dB

4 −65.32 dB 0.39 / 0.77 −69.36 dB / − 66.48 dB +2.88 dB

5 −64.70 dB 0.77 / 0.84 −65.81 dB / − 65.46 dB +0.35 dB

6 −68.34 dB 0.68 / 0.87 −70.00 dB / − 68.93 dB +1.07 dB

7 −78.60 dB 0.16 / 0.52 −86.43 dB / − 81.38 dB +5.05 dB

8 −66.51 dB 0.52 / 0.90 −69.37 dB / − 66.97 dB +2.40 dB

9 −69.60 dB 0.53 / 0.89 −72.45 dB / − 70.19 dB +2.26 dB

with respect to the location investigated earlier because the new location induces an

increase in both distance and AoI for those APs. On the other hand, and for the same

reasons, APs 4–6 path losses have a higher gain: the user is closer and average AoIs

are lower. The average SOs also reflect those changes, but only on account of the

changes in AoI, because the distance has no effect on the SO. Furthermore, it should

be noted that SOs in the case of unoptimised OFE are all generally low with the single

exception of AP 2. This is an overall positive outcome because it will result in a better

separation between signal and interference, both in the wavelength and spatial domains.

The strongest gain for the user in the received signal comes from AP 2 in the case of

λOF(ψ = 0) = 500 nm, while in the case of λOF(ψ = 0) = 520 nm, AP 1 remains the

best choice. By computing the SIR for both cases and for this location, it results:

γSIR
2 (500) =

P rec
sig,500

P rec
int,500

= 0.37

γSIR
2 (520) =

P rec
sig,520

P rec
int,520

= 0.32.

Both SIRs are lower than their counterparts in the first location, and notably, the

SIR of an unoptimised OFE in location 2 (γSIR
2 (500)) is comparable, but still slightly
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higher, than that of an optimised OFE in location 1 (γSIR
1 (520)). The aforementioned

positive increase in signal and interference separation is partially countered by an in-

crease, both in terms of distance and AoIs, between the AP providing signal and inter-

fering APs. In other words, the location of the user does not provide enough interference

mitigation.

The third location, whose results are summarised in Table 3.6, has the user displaced

with respect to AP 1 by 0.3 m in the vertical direction and −0.3 m in the horizontal

direction. This further movement towards AP 2 results in a noticeable difference be-

tween the path loss of this AP and all the others, which is also true for the SO when

λOF(ψ = 0) = 500 nm. Calculating the SIRs for this case yields:

γSIR
3 (500) =

P rec
sig,500

P rec
int,500

= 0.51

γSIR
3 (520) =

P rec
sig,520

P rec
int,520

= 0.26.

In the case of unoptimised OFE this SIR is the highest so far, while for an optimised

OFE it is at its lowest because of the combined separation of path loss and SO. This

location is a good example of why a dynamic channel allocation that takes the SO into

account is a much preferable choice, especially when the network is fully populated: it

can automatically select the best separation both in the spatial and wavelength domain

between APs and available channels based on the instantaneous location of the user.

Locations 4 - 5

In this last section, two further locations will be evaluated in terms of AP allocation

and received SIR as before. These locations have the peculiar characteristic of being

exactly in between two APs (location 4) and in between four APs (location 5). This

has the result of putting the user at exactly the same distance between two or more

APs, reducing separation in the spatial domain. Furthermore, this reduced separation

also interests the AoI of light beams coming from neighbouring APs, which also reduces

separation in the wavelength domain, thus making it difficult to choose between two

or more signal sources that feature the same signal strength. As a result, these can be
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Table 3.6: Results of Monte-Carlo simulations with more APs, OFE comparison be-
tween λOF(ψ = 0) = 500 nm (unoptimised) and λOF(ψ = 0) = 520 nm (optimised).
Location 3.

User displaced vertically by 0.3 m and horizontally by −0.3 m

AP
Average

optical gain

Average SO
(unoptimised
VS optimised)

Overall gain
(unoptimised
VS optimised)

Difference

1 −65.12 dB 0.36 / 0.72 −69.50 dB / − 66.55 dB +2.95 dB

2 −62.87 dB 0.93 / 0.67 −63.18 dB / − 64.59 dB −1.41 dB

3 −66.62 dB 0.83 / 0.76 −67.41 dB / − 67.78 dB −0.37 dB

4 −69.70 dB 0.23 / 0.58 −76.17 dB / − 72.05 dB +4.12 dB

5 −64.06 dB 0.74 / 0.87 −65.37 dB / − 64.67 dB +0.70 dB

6 −67.33 dB 0.72 / 0.86 −68.75 dB / − 67.99 dB +0.76 dB

7 −89.62 dB 0.07 / 0.38 −101.38 dB / − 93.99 dB +7.39 dB

8 −66.11 dB 0.47 / 0.84 −69.42 dB / − 66.84 dB +2.58 dB

9 −68.73 dB 0.54 / 0.91 −71.37 dB / − 69.14 dB +2.23 dB

considered worst-case scenarios from an allocation perspective.

Figure 3.10 shows the considered locations. Aside from all considerations regarding

distance, further insight can be inferred about the AoI by looking at the shown con-

figuration. In particular, it can be seen that since the device is not being held with

the receiver pointing up but rather at an angle depending on the wrist movements of

the user, θ, only two APs at the same time can hit the receiver with the exact same

AoI. Furthermore, this is strongly dependent on the orientation of the user; in fact,

two APs can have the same AoI only if the user is exactly in between them and facing

exactly one of four precise orientations. These are aligned with the x and y axes and

can be identified with the four cardinal directions in the case of a square grid: north,

east, south, and west. In this particular case the user is facing the east direction, but

the considerations made apply also to the other directions when the user is surrounded

by APs, because of the grid’s symmetry.

Table 3.7 summarises the results for location number 4. As expected, and due to

the position of the user, APs 1–3 have the exact same path loss, SO, and overall gain of

APs 4–6 for both OFE cases. Furthermore, AP number 7 now falls outside of the FOV

of the user, and thus its path loss is −Inf. By comparing the average SOs between the
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Figure 3.10: Network geometry with different user’s locations. In a) the user is exactly
in between AP 1 and 4; in b) the user is exactly in between APs 1, 2, 4, and 5.

two cases, it can be seen that for an optimised OFE, the SOs are consistently higher for

all APs and much more concentrated in a short range (except for AP n. 7 because of

an extreme AoI that makes the receiver fall out of the FOV). In terms of overall gains,

APs 2 and 5 are equally good choices for a signal allocation while the user is using an

unoptimised OFE (λOF(ψ = 0) = 500 nm) because they have the exact same path loss

and SO (which means that they are not separated in the spatial nor in the wavelength

domain). If the user is alone in the network, choosing AP 2 or 5 as a signal source is

perfectly indifferent with respect to the outcome. For this reason, the choice in this

case will be AP 2. Similar reasoning and considerations in terms of overall gains and

allocation can be made in the optimised OFE case, for which the user can be allocated

either to AP 1 or 4; the choice will fall on AP 1 in this case. The SIRs for this location

are calculated as follows for both optimised and unoptimised OFE:

γSIR
4 (500) =

P rec
sig,500

P rec
int,500

= 0.31

γSIR
4 (520) =

P rec
sig,520

P rec
int,520

= 0.26

and show that in this first worst-case scenario analysed here, the unoptimised OFE is

still the best choice when the application entails a multi-user network connection rather
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Table 3.7: Results of Monte-Carlo simulations with more APs, OFE comparison be-
tween λOF(ψ = 0) = 500 nm (unoptimised) and λOF(ψ = 0) = 520 nm (optimised).
Location 4.

User exactly in between AP 1 and 4.

AP
Average

optical gain

Average SO
(unoptimised
VS optimised)

Overall gain
(unoptimised
VS optimised)

Difference

1 −63.58 dB 0.50 / 0.83 −66.60 dB / − 64.36 dB +2.24 dB

2 −64.05 dB 0.88 / 0.73 −64.62 dB / − 65.43 dB −0.81 dB

3 −67.93 dB 0.74 / 0.84 −69.25 dB / − 68.71 dB +0.54 dB

4 −63.58 dB 0.50 / 0.83 −66.60 dB / − 64.36 dB +2.24 dB

5 −64.05 dB 0.88 / 0.73 −64.62 dB / − 65.43 dB −0.81 dB

6 −67.93 dB 0.74 / 0.84 −69.25 dB / − 68.71 dB +0.54 dB

7 −Inf 0.07 / 0.41 −Inf / − Inf N/A

8 −67.83 dB 0.39 / 0.76 −71.96 dB / − 69.00 dB +2.96 dB

9 −70.82 dB 0.44 / 0.82 −74.37 dB / − 71.69 dB +2.68 dB

than a point-to-point link. As with location number 3, the SIR in the optimised OFE

case is at its lowest because many interference sources benefit from the optimisation as

much as the single signal source.

In location number 5, the user is equidistant from APs 1, 2, 4, and 5. As afore-

mentioned, it can be seen that despite this, there are 3 couples of APs providing the

exact same overall gain: APs 1 and 4, APs 2 and 5, and APs 3 and 6. The reason why

there are not 4 APs with the same gain is that spatial separation depends not only on

the distance but also on the AoI. The results for this user location are summarised in

Table 3.8, where it can be verified that due to the AoI, both average path losses and

SOs are lower for AP 1 and 4. This excludes them as viable APs for allocation with

respect to other options and contributes to keeping the interference coming from them

low. In turn, and by looking at the resulting overall gains, the two viable choices in

this case (and for both optimised and unoptimised OFEs) are AP 2 and 5. Again, the

choice will be arbitrarily made to allocate the user to AP 2 for both cases, as more

information would be needed on other users to influence the choice in one way or an-

other (e.g., other users in the network that also need to use either AP 2 or 5 or both).

It should be noted that after the allocation is made, e.g., with AP n. 2, it would be

64



Chapter 3. The Impact of Passband Shift

most beneficial to the network throughput if AP 5 is not allocated to any other user to

greatly limit inter-AP interference. However, this aspect is not investigated here as all

SIR calculations are made implying that the network is fully populated and thus the

interference is at its possible maximum.

Table 3.8: Results of Monte-Carlo simulations with more APs, OFE comparison be-
tween λOF(ψ = 0) = 500 nm (unoptimised) and λOF(ψ = 0) = 520 nm (optimised).
Location 5.

User exactly in between AP 1, 2, 4 and 5.

AP
Average

optical gain

Average SO
(unoptimised
VS optimised)

Overall gain
(unoptimised
VS optimised)

Difference

1 −72.77 dB 0.14 / 0.46 −81.38 dB / − 76.15 dB +5.23 dB

2 −62.86 dB 0.78 / 0.81 −63.91 dB / − 63.74 dB +0.17 dB

3 −65.88 dB 0.83 / 0.77 −66.67 dB / − 67.02 dB −0.35 dB

4 −72.77 dB 0.14 / 0.46 −81.38 dB / − 76.15 dB +5.23 dB

5 −62.86 dB 0.78 / 0.81 −63.91 dB / − 63.74 dB +0.17 dB

6 −65.88 dB 0.83 / 0.77 −66.67 dB / − 67.02 dB −0.35 dB

7 −Inf 0.00 / 0.17 −Inf / − Inf N/A

8 −Inf 0.26 / 0.62 −Inf / − Inf N/A

9 −69.03 dB 0.44 / 0.82 −72.59 dB / − 69.91 dB +2.68 dB

By calculating the SIRs for this last worst-case location, it results:

γSIR
5 (500) =

P rec
sig,500

P rec
int,500

= 0.45

γSIR
5 (520) =

P rec
sig,520

P rec
int,520

= 0.43.

These are higher when compared with the previous location because there is one less

interference source coming from AP 8. It can also be noted that there is a significantly

lower difference between the two OFE cases, mostly due to the fact that SO for inter-

fering APs in the optimised case are slightly lower than the ones for the unoptimised

case. However, the conclusion is once again that the unoptimised OFE is preferable.
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3.4 Chapter Summary

In this chapter, the impact of the PS effect on a full RGBA LiFi network has been

studied by considering various aspects such as user behaviour, system design, and

intra-AP and inter-AP induced interference.

The chapter has started with an analytical derivation of the PDF of the central

wavelength of an optical filter mounted on the device of a human user, conditioned

on the position and orientation of the latter in 3D space. The resulting expression

makes it possible to see the distribution of the central wavelength of the optical filter

after the PS effect while taking user behaviour into account. This expression has been

later verified by means of Monte Carlo simulations, and results show that the derived

expression matches such simulations closely.

Then, a formal definition of the SO has been provided, which allows to evaluate

how well a source and optical filter spectral characteristics overlap. This definition also

encompasses the effects of the PS, rendering it a useful tool to drive system design

decisions in terms of planning the central wavelengths and FWHM of both source and

receiver to achieve the best performances. However, it can be verified that optimising

the central wavelengths of the OFs based on the central wavelength of the source and

the expected AoI of the user (resulting from its behaviour) is not the most fruitful

choice and leads to higher interference figures. Furthermore, by plotting the SO for

each receiver and comparing it with the absence of the PS effect, it can be realised

that this usually unwanted physical phenomenon can be leveraged to improve system

performances by increasing channel separation. This limits both intra-AP and inter-AP

interference and leads to improved SIR. This is also true when more APs are considered

to be in the FOV of the user, such as in a common situation in an indoor network of

densely deployed APs.

Lastly, the defined framework and the reasoning behind optimised and unoptimised

central wavelength of the optical filter have been used in a complete LiFi network envi-

ronment, investigating the outcomes of the allocation and the entity of the interference

(via the SIR metric). This has been done by putting the user in five different locations
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while simulating a high number of realisations for the device inclination according to

an experimental statistic of user behaviour. The conclusions that can be drawn from

the results span the entirety of the square, thanks to the underlying symmetry of the

proposed configuration. Results have shown that when more than two APs are in the

FOV of the user, the unoptimised OFE is better at limiting the interference because of

the separation introduced by the differences in AoI of light beams coming from all APs

to the receiver of the user. Such differences improve separation both in terms of the

path losses and of the SO (which is influenced by the PS effect, related to the AoI).

In summary, it is imperative to explore the potential benefits of harnessing the typ-

ically undesirable PS effect to enhance signal strength and channel separation within

LiFi Wavelength Division Multiple Access (WDMA) networks. This warrants a compre-

hensive investigation. Throughout this chapter, a detailed analysis has been conducted,

illuminating the significance of optimising the OFE for reception, especially in the con-

text of point-to-point links employing Wavelength Division Multiplexing (WDM) or

WDMA protocols.

However, further analysis has highlighted that this optimisation approach does not

yield satisfying results in indoor environments characterised by the dense deployment of

APs, which can introduce substantial interference, when compared with an unoptimised

approach. This is primarily due to the fact that, in such scenarios, the sources of inter-

ference for each channel far outnumber the sources of the desired signal. Consequently,

the impact of optimising the OFE is disproportionately skewed towards enhancing the

gain of interference rather than signal quality.

In addressing this challenge, it becomes evident that an effective solution may lie

in implementing alternative interference mitigation strategies at the network operation

level rather than solely focusing on countering the PS effect at the physical layer. Hence,

the subsequent chapter will delve into the exploration of dynamic resource allocation

strategies specifically tailored for these complex indoor environments.
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Chapter 4

Adaptive WDMA

4.1 Introduction

In the previous chapter, important results regarding the impact of the Passband Shift

(PS) effect on a densely deployed indoor Wavelength Division Multiple Access (WDMA)

Light Fidelity (LiFi) network have been presented and discussed. The main outcome of

such discussion is that when multiple Access Point (AP)s (each with multiple coloured

sources) are closely deployed together, such as in an indoor LiFi network, the problem

of mitigating the interference cannot be tackled efficiently by simply optimising the

Optical Front-End (OFE) with respect to the expected average Angle of Incidence (AoI)

of the light beams on the receivers. This is because the optimisation will not only have

an effect on the signal source but also on all interference sources, resulting in a lowered

Signal-to-Interference Ratio (SIR) figure. For this reason, in the present chapter, the

focus is shifted to how network resources can be efficiently allocated so that the system

performances can be increased, leading to the formulation of a novel WDMA allocation

scheme. To the best of the authors’ knowledge, this is the first WDMA scheme proposed

for LiFi. Additionally, noise sources and a simulation environment including off-the-

shelf component parameters will be included.

The present chapter is based on the published work in [200]. However, the results

presented therein are here expanded and revised in light of a different hardware ar-

rangement, which reflects more faithfully the advances in the field. This chapter brings
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Figure 4.1: WDMA system block scheme. It describes the complete path of the signal
from the digital domain at the network level up to its conversion and transmission in
the optical domain before being captured and converted in the electrical domain and
then back into the digital domain at the receiver side. Blocks in blue pertain to the
transmitter, yellow block is the free space medium (air in this case), and green blocks
belong to the receiver.

the following contributions:

• A novel adaptive WDMA dynamic allocation scheme is presented, which is capa-

ble of exploiting the effects of the PS along with the spatial diversity of the users

for efficient wavelength reuse and lower interference.

• A set of simulations is carried out to demonstrate the effectiveness of this scheme

in terms of network coverage. This is compared with a fixed allocation scheme,

based on a round robin allocation approach.

• A second set of simulations is carried out to evaluate network performances.

These include the user mobility behaviour statistics, meaning that both users’

locations and device inclinations are randomly distributed.

4.2 System Model

Figure 4.1 shows a simple block scheme for the employed transmission system. Each

AP consists of a RGBA Light Emitting Diode (LED) array, and thus it is capable of

transmitting on four wavelengths with four LEDs. It is assumed that the network can

route each signal to each channel allocated to each user and that it is possible to drive
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Figure 4.2: Structure of a user’s receiver. It is divided into four independent elements,
called sub-receivers, and each has an optical filter of a different colour mounted on top.
This allows to process signals occupying different wavelengths independently.

the emitted optical power of each LED accordingly. Therefore, each LED can transmit

an individual signal and they can be treated as parallel channels even if two users are

being allocated to the same AP but different colours at the same time. Moreover,

the transmission is independent of the modulation scheme, even allowing to choose a

different scheme based on the status of the network (as it happens in current Institute

of Electrical and Electronics Engineers (IEEE) standard [201]).

The so-emitted power in the optical domain will reach the interface of the receiver

after covering the shortest optical path between the two, which is termed the Line Of

Sight (LOS) path. This will introduce an attenuation of such optical power, which

will be more formally detailed in Section 4.2.1. Even if it has been demonstrated that

Optical Wireless Communication (OWC) links are still attainable without LOS [202–

204], such techniques often introduce additional hardware and complexity which is not

the target of this dissertation. For this reason, in this work, only the LOS component of

the transmitted optical power will be considered, and thus the contribution of higher-

order reflections (such as from walls and/or furniture) will be neglected.

The first element encountered by the optical power at the interface with the receiver
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is the optical filter. At this point, it is important to highlight that every user’s receiver

is assumed to be made of four sub-receivers, one for each wavelength, and each sub-

receiver has an optical filter of a different colour. This configuration is shown in figure

4.2. While this ensures the required flexibility to tackle very dense environment, it has

to be noted that this increased size of the receiving hardware may be an impediment for

some classes of devices. This is one of the drawbacks of WDMA and for this reason, in

this work the receiver has been carefully designed with specific size constraints in mind,

in Section 4.2.2. That said, the following considerations equally apply to every optical

filter in the visible spectrum. As intuitive, this is a crucial step in wavelength division-

based systems because this component provides the required channel separation to

successfully transmit parallel channels on different wavelengths. As seen in the earlier

chapter, the emission spectrum of the emitted light radiation (SLED(λ)) and the AoI-

dependent transmission spectrum of the optical filter (SOF(λ, ψ)) play an important

role on this channel separation because their overlap will contribute to determining the

overall attenuation, together with the LOS path, as described in Section 3.2.3. It is

important to also highlight that even though modern optical filters can attain a very

high transmittance (> 80%), any filter will also induce an attenuation in its passed

wavelength band. This constitutes an additional challenge in WDMA, because of the

reduction in the link budget induced by the ever present optical filters.

After passing through the optical filter, the signal arrives at the optical concentra-

tor. This particular component is a nonimaging lens that is commonly found on LiFi

receivers and is used to increase the amount of light radiation collected on one end and

concentrate it at a specific point on the other end without forming a complete image

at its focal point (as opposed to imaging concentrators). This is needed to contrast the

attenuation introduced by the optical path, which can severely impair the strength of

the received signal.

The LOS- and optical filter-attenuated signal passes the optical concentrator and

hits the active area of the sub-receiver placed right behind the concentrator itself. In this

work, a sub-receiver is an array of NPD = 4 Avalanche Photodiode (APD)s, sufficient to

guarantee a good signal level with respect to the noise floor. The sub-receiver converts
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the received power from the optical to the electrical domain, generating an electric

current that is proportional to the optical power intensity. The wavelength-dependent

power-current characteristic is called “responsivity” and is represented by R(λ).

The small current generated in the earlier step reaches the Trans-Impedance Am-

plifier (TIA) stage, which converts and amplifies it into a much higher voltage, with a

gain that in this work is assumed to be GTIA = 2000. This step adds non-negligible

thermal noise to the overall Signal-to-Interference-plus-Noise Ratio (SINR) figure, but

it is required so that the signal matches the dynamic range of typical ADC converters

employed in such systems.

Finally, the ADC converter is responsible for converting the voltage back into a

signal in the digital domain. This can then be fed into the device’s higher-level logic

(such as a microcontroller or a processor) to be reconstructed, verified and transformed

into usable data.

4.2.1 Optical path

As previously noted, as soon as the light radiation leaves the source, it is immersed in

the free space medium and will reach the receiver by following not only the LOS optical

path, but also through reflections coming from nearby surfaces (such as walls, furniture

and other objects). In order to simplify the calculations and keep the simulation times

manageable, only the LOS optical path has been considered throughout this whole

dissertation, while all reflections have been neglected.

In terms of radiation pattern, the LEDs in this work can be modelled as Lambertian,

with their emission order following the well-known equation:

ml = − ln(2)

ln(φ1/2)
(4.1)

where φ1/2 represents the emission semiangle of the light source. All transmitters are

assumed to share the same emission semiangle, and thus, their Lambertian emission

order is the same. Moreover, since each transmitter occupies a different portion of the

visible light spectrum, their emitted power will be a function of wavelength, given as

follows:
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P tr
a,i(λ) = Φtr

a,iS
tr
a,i(λ) (4.2)

where, considering the i-th transmitter in the a-th AP, P tr
a,i(λ) is its spectral power

(radiant flux per unit wavelength), Φtr
a,i is its maximum radiant flux (as driven by the

Ipeak current, corresponding to the “High” state), and Str
a,i(λ) is its relative spectral

distribution.

The LOS optical path between the transmitter and the receiver introduces an at-

tenuation in the optical power, proportional to the square of the distance, which can

be described as follows:

P fs
a,i(λ) = P tr

a,i(λ)H(0)u,a (4.3)

where P fs
a,i(λ) is a continuous wavelength-dependent function describing the spectral

power distribution of the i-th transmitter that reaches the interface of the device’s

receiver after the free space attenuation. In turn, H(0)u,a is the optical path loss. This

has been described in [69] as “channel DC gain”, and is given as follows:

H(0)u,a =


(ml+1)Adet

2πd2u,a
cosφu,a

mlGOC cosψu,a if 0 ≤ ψu,a ≤ Ψc

0 if ψu,a > Ψc

(4.4)

where Adet is the active area of the Photo-Detector (PD), du,a is the module of the

distance vector between the a-th AP and the u-th user, and φu,a is the transmitter

emission angle (which is the angle between the distance vector du,a and the unit vector

n̄AP), GOC is the optical gain introduced by the lens in front of the receiver, and ψu,a

is the AoI of the light from the a-th AP impinging on the receiver of the u-th user (the

angle between the distance vector du,a and the unit vector n̄u).

Notice that in equation 4.4 two parameters have been left out with respect to the

expression reported in [69], namely the receiver responsivity (Ru,k(λ)) and the optical

filter transmissivity (SOF
u,k,ψ(λ)). The first measures the ability of a photodetector to

convert incident light power into a current [A/W], while the second expresses what

fraction of power that hits the filter is able to pass through it (and it is typically
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expressed as a fraction or a percentage). In the literature, they are sometimes included

in the channel DC gain; however, they are both dependent on the wavelength and

given the focus on wavelength division, using their average would result in unacceptable

errors. Thus, their contribution will be accounted for in more detail in a later section

specifically focusing on the wavelength-dependent terms.

Finally, by inserting (4.2) into (4.3), it is possible to write:

P fs
a,i(λ) = Φtr

a,iH(0)u,aS
tr
a,i(λ). (4.5)

The term P fs
a,i(λ) represents the amount of optical power that impinges on the optical

filter, after the freespace attenuation and the optical amplification of the concentrator

lens.

The amount of optical power hitting the active surface of a sub-receiver is then

further reduced, as in the following:

P rec
u,k =

∫ β

α
P fs
a,i(λ)SOF

u,k,ψ̄(λ)dλ (4.6)

where P fs
a,i(λ) has been defined in (4.3), α and β delimit the considered wavelength range

(here, α = 400 nm and β = 700 nm), and SOF
u,k,ψ̄

(λ) is the transmission characteristic

of the optical filter, considered at the specific AoI (= ψ̄u,a).

By inserting (4.5) in (4.6) and adding the contribution of the wavelenth-dependent

responsivity curve of the PD inside the integral, it is possible to find the maximum

current generated after the PD:

Irec
u,k,a,i = Φtr

a,iH(0)u,a

∫ β

α
SOF
u,k,ψ̄(λ)Str

a,i(λ)Ru,k(λ)dλ. (4.7)

This relationship is a fundamental one, because once a resource allocation is avail-

able, it allows for the calculation of both signal and interference currents for every

sub-receiver of every user. Assuming a vector containing the 0 and 1 symbol sequence

is available for transmission on a certain channel, it can be represented with the symbol

Sū,k̄,ā,̄i. This symbol sequence is uniquely identified and is destined to the u-th user on

its k-th sub-receiver, transmitted by the a-th using the i-th coloured LED. Then the
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signal current vector, Isig

ū,k̄
, can be calculated as follows:

Isig

ū,k̄
= Sū,k̄,ā,̄iI

rec
ū,k̄,ā,̄i. (4.8)

It contains a sequence of sampled currents generated at the receiving sub-receiver

resulting from picking up the light beam from this transmission, each element corre-

sponding to the elements of Sū,k̄,ā,̄i. However, such a light beam will hit the other three

sub-receivers of the user (generating intra-AP interference currents) and potentially

also the receivers of other users (generating inter-AP interference currents). These two

are represented by I int
ū,k̄,ā,i 6=ī

and I int
ū,k̄,a6=ā,i

, respectively, and can be calculated as:

I int
ū,k̄,ā,i 6=ī =

Ntxcolour∑
i=1,i 6=ī

Su,k,ā,iI
rec
u,k,ā,i (4.9)

I int
ū,k̄,a6=ā,i =

NAP∑
a=1,a6=ā

Ntxcolour∑
i=1

Su,k,a,iI
rec
u,k,a,i (4.10)

Then, for each sub-receiver of each user, the total interference can be calculated as

follows:

I int
ū,k̄ = I int

ū,k̄,ā,i 6=ī + I int,i

ū,k̄,a6=ā
. (4.11)

It is assumed that the noise variance is known for each sub-receiver:

σ2
noise = σ2

shot + σ2
th (4.12)

where σ2
shot is the term coming from shot noise and σ2

th from thermal noise generated

by the circuitry.

It is then possible to consider that the expression in (4.8) contains the maximum

signal current. This current can then be multiplied by GTIA (the gain of the TIA) to

obtain the maximum generated signal voltage:

V sig

ū,k̄,pp
= Isig

ū,k̄
GTIA (4.13)
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and note that it coincides with the peak-to-peak voltage, as it represents the generated

signal voltage in the “High” state while in the “Low” state the transmitter is off. This

term appears in the definition of the SINR for the k-th sub-receiver of the u-th user:

γSINR
ū,k̄ (t) =

(V sig

ū,k̄,pp
)2

4[σ2
noiseG

2
TIA + var(I int

ū,k̄
)G2

TIA]
. (4.14)

This expression assumes that at a time t a complete symbol sequence has been

received (i.e. at a time t + 1, an entirely new symbol sequence will be received and

processed). It is based on the peak-to-peak voltage of a signal made by a symbol

sequence transmitted with the On-Off Keying (OOK) NRZ protocol, which accounts

for the errors in the received symbols due to the variances of both sub-receiver noise

and interference.

4.2.2 Hardware

Transmitter

Similarly to Section 3.2.3, the transmitter is once again modelled after the RGBA LED,

model LZ4-00MA08 sold and manufactured by OSRAM Led Engin [195]. This robust

ceramic package is most suited for indoor lighting, rendering it a good choice for this

thesis even though it is not strictly designed for OWC applications. In fact, as it is

usual in OWC, the transmitter’s rise and fall times limit the bandwidth, which in this

case is set at Bmod = 30 MHz. This has been calculated with the practical relationship

presented in [205]:

Bmod ≈
0.35

tr
(4.15)

where tr is the device’s rise time, and is set at tr = 9 ns for the LEDs chosen in this work

as part of the OFE design. Note that by this calculation, the modulation bandwidth

could be as high as Bmod ≈ 38 MHz, but has been kept lower to accommodate for even

slower devices.

According to [206], most indoor spaces (including general purpose offices) can be

served with an illuminance level of 750 lx, which is taken as reference in this work.
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Normalised emissivity / transmissivity curves
of employed RGBA LEDs / optical -lters

Figure 4.3: Normalised emissivity / transmissivity curves of RGBA LEDs / optical
filters employed in this work. The LEDs’ emission curves are well separated in terms
of the occupied visible spectrum, which contributes to channel separation. The optical
filters’ transmissivities are only reported for a light beam impinging at an AoI of 0◦, and
thus their shifted spectra have to be computed and implemented with the well-known
equation for all other AoIs.

In order to satisfy this illumination requirement, each AP is assumed to be made

out of Ni = 4 of the aforementioned RGBA LEDs. This is obtained by combining

various illuminance and electrical parameters present on the datasheet and assuming

a peak current of Ipeak = 1000 mA (which translates to an average current of Iavg =

500 mA when employing OOK) and a source efficacy of ηLED = 90 lm/W. As a result,

the illumination requirement is fulfilled in 98.03% of the room area. The resulting

illuminance distribution in the room is shown in Figure 4.4. Even if out of the scope

of this thesis, it has to be noted that such illuminance can be controlled by adjusting

the emitted power of the APs (via Ipeak modulation) to accommodate for different
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Figure 4.4: Illuminance distribution in the room for the fitted LEDs in the ceiling. The
reference level for the illuminance is not achieved only in 1.97% of the room area, close
to the walls.

light levels as required by the specific purpose of the room. In principle, it could also

be possible to obtain a more uniform distribution by changing the emitted power of

individual APs based on their location, although this would change the results obtained

in this work in terms of SINR.

The central wavelengths of the Blue, Green, Amber, and Red LEDs are respec-

tively 457, 523, 592, and 623 nm, and their normalised wavelength-dependent emissiv-

ity curves Str
a,i(λ) are shown in Figure 4.3. When combined, their spectra result in a

white light suitable for illumination. For this reason, every LED in the room is assumed

to be on, even if not transmitting: whenever it is not allocated to a specific channel,

an LED can be driven with a continuous Iavg current. This light component can be

easily processed with a high-pass filter and will not increase the interference on other
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channels while still contributing to the overall illumination of the room. It also has to

be noted that even though their contributions to the shot noise cannot be eliminated,

this is a common problem of any receiver that functions in the presence of ambient

light.

Receiver

As noted earlier, every user’s receiver in this work is made up of Nk = 4 sub-receivers,

one for each wavelength (colour) in the system. Starting from the top of the sub-

receiver, the first component that the light beam hits is the optical filter.

The only difference between sub-receivers is the optical filter that is placed in front

of them, and similarly to section 3.2.3, they are modelled after the FB450-40, FB550-

40, FB590-10, and FB650-40 from Thorlabs [196–199]. Their central wavelength and

Full Width at Half Maximum (FWHM) are respectively 450/40, 550/40, 590/10, and

650/40 nm, and the corresponding transmissivity curves reported on their datasheets

are depicted in Figure 4.3. It has to be noted that optical filter manufacturers usually

report these spectra for a light beam impinging at an AoI of 0◦. For this reason, the

shifted spectra will be obtained in this work by applying a wavelength shift to them, that

will be calculated with the PS effect equation 2.1. Additionally, the results discussed in

this chapter have been generated both with datasheet spectra and measured spectra.

Measured spectra have also been acquired for this work at AoIs different from 0◦, and,

as expected, they also account for the spectral degradation that is occurring as such.

More information on this process, and the associated results and comparisons of spectra

at different AoIs, are provided in Appendix B.

After passing the optical filter and before hitting a sub-receiver, the light beams

encounter a concentrator, which is a lens with the critical function of increasing the

optical power that the detectors can collect. This is usually done by effectively enlarging

the collection area and design the lens in such a way that the vast majority of light rays

hitting its input aperture get refracted and internally reflected onto the exit aperture.

Two types of concentrators are usually considered for OWC applications: hemi-

spherical concentrators and CPCs [69]. The maximum attainable concentration of a
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lens is regulated by the law of Étendue and is given as [207]:

Gmax =
n2

sin2(ψFOV)
. (4.16)

This is a upper bound induced by the physics of the material, and is unlikely to be

attainable in practice. Additionally, it can be seen that an hemispherical concentrator

is a particular case in which ψFOV ≈ π
2 and as such, Gmax ≈ n2 [69, 208]. Observing

the inverse relationship between the Field Of View (FOV) and the attainable gain, it

can be seen that using a Compound Parabolic Concentrator (CPC) is more desirable

in the context of this work. This is because of two reasons:

• As found throughout section 3.3.3, being able to select a specific FOV allows

to strike a balance between the flexibility of having multiple APs in sight while

limiting interference from those that would be too far to establish a high-quality

link but whose interferences would add up to considerable amounts. This is even

more relevant in an environment with high user mobility.

• By limiting their FOV by design, CPCs can attain higher gains than hemispherical

lenses. This is important in the envisioned application, where the optical path

loss and the optical filter transmissivity can lower the received optical power

substantially.

To respect the desired form factor and fit into a mobile device, the CPC has to

remain within set geometric and optic parameters. Though these have been arbitrarily

chosen, they are deemed consistent with common commercial components that can be

found at the time of writing. The aforementioned parameters are as follow:

• The exit aperture dCPC should exactly match the diameter of a single APD, which

is dAPD = 3 mm.

• The input aperture DCPC should not exceed 0.01 m, with a tolerance of ±0.005 m.

In this way, the surface area of the entire receiver will not exceed 0.04-by-0.02 m

with a tolerance of ±0.01-by-0.005 m.
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• The total height HCPC should not exceed 0.01 m, with a tolerance of ±0.005 m.

This allows to comply with strict requirements for the thickness of mobile devices.

• The CPC is assumed to be made of polymethyl methacrylate (PMMA), which

has a refractive index ni = 1.49 and a transmissivity index TCPC = 0.80.

• The half FOV is set at θCPC = 40◦. Lower FOVs could be used to limit the

amount of inter-AP interference but would also drastically reduce the amount

of possible allocation combinations, which is a very important factor to consider

when users have random locations, orientations, and device inclinations.

Assuming dCPC = 0.003 m, DCPC = 0.01 m, and θi,max = θc = 40◦, the maximum

geometrical gain of the CPC can be calculated as:

Ggeom =
DCPC

dCPC
= 3.33. (4.17)

It is then possible to calculate the angle at which the light beams leave the exit

aperture (DCPC) after being refracted and entering the CPC. This quantity has a

relationship with the AoI of the incoming light rays, which can be set at θi ≤ ψFOV =

40◦ as required by the design specifications:

θr = arcsin
sin θi

ni
= 25.56◦. (4.18)

At this point, the resulting height of the CPC can be calculated with the following

relationship:

HCPC = (dCPC +DCPC) · cot (θr) = 0.027 m. (4.19)

This CPC height would exceed the given requirement by more than 50%. To over-

come this limitation, it is possible to use a truncated design for the CPC. In fact, as

noted in [209], it is possible to reduce the height of the CPC by a factor of ηheight = 50%

while only losing ηgain = 8% of the original gain. In this way, it can be obtained:

HCPC, tr = HCPC · ηheight = 0.014 m (4.20)
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which falls within the given requirements.

where Gtheo is the theoretical gain of the CPC before the losses due to the truncation

and the transmissivity of the material. These can be accounted for in the following

way:

Gtr = Ggeom(1− ηgain) (4.21)

GOC = GtrTCPC ≈ 2.25. (4.22)

where Gtr is the gain after the truncation. Furthermore, by the effect of the truncation,

the input aperture DCPC will be even lower than the specified maximum requirement,

further decreasing the size of the final OFE. These values in general satisfy the given

requirements, and the CPC gain used to generate the simulation results, GOC = 2.25,

can be achieved and is a reasonable assumption for a practical setting.

Below the CPC, every sub-receiver is made up of a similar array of NPD = 2 APDs,

modeled after the off-the-shelf component S8664-30K Si APD [210] manufactured by

Hamamatsu. Its wavelength-dependent responsivity curve is shown in Figure 4.5.

After being converted into a current proportional to the optical power that hits

the sub-receiver by means of the APDs, the signal is converted again into a voltage,

so that further processing is possible. This conversion is performed by a TIA, whose

gain can be tuned by appropriately choosing its resistor. As mentioned, a TIA gain of

GTIA = 2000 V/A is assumed in this dissertation. After this, the voltage waveform is

translated in the digital domain by an ADC. The devices’ logic can then handle this

waveform based on the employed scheme to turn it into usable data.

4.2.3 Indoor Scenario

The results that will be presented in Section 4.3 have been obtained by means of

custom MATLAB code apt at defining a simulation scenario, carrying out the required

calculations, and storing the related outcomes, which will be analysed to determine the

performances. In this section, more details on such scenarios and the main performance
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Figure 4.5: Responsivity curve of the APDs employed in this work, visually sampled
from datasheets.

metrics will be provided.

Room

The room envisioned in this chapter’s simulation scenarios is 6 m long, 6 m wide, and

3 m high. This is an arbitrary choice, that has been made by considering a reasonable

size for an average common room or small office. The ceiling of the room is fitted with

NAP = 25 RGBA LiFi APs, whose purpose is that of providing illumination along with

wireless communication capabilities. The APs are arranged in a square lattice grid,

made by Ny,AP = 5 rows and Nx,AP columns. The distance between any AP and a

neighbouring AP or wall is dAP = 1.2 m. The users are assumed to keep their devices

at a height of hu = 1 m from the ground, and as a consequence, the transmitter and

83



Chapter 4. Adaptive WDMA

receiver planes are at a distance of h = 2 m. As mentioned, light reflections of any

order coming from the walls are neglected in this work, and the room is assumed to be

free from furniture. As a consequence, the entirety of the room size can be utilised by

the users as there are no objects physically preventing them from moving freely.

User behaviour

It is assumed that users have the freedom to move around the room while using their

devices in portrait mode as they walk. Consequently, their behavior is presumed to

align with the statistical findings presented in 2 and 3.2, both of which reference the

research conducted in [158].

Specifically, it is assumed that the users’ inclination angles (θu) follow a Gaussian

distribution characterized by a mean (µu) of 29.67◦ and a standard deviation (σu) of

7.78◦. The users’ facing directions (ωu) follow a continuous uniform distribution within

the range of [0◦, 360◦). Similarly, the physical locations of the users within the room,

denoted by [xu, yu], follow a discrete uniform distribution within the room boundaries:

[xu, yu] ∈ [0 m, 6 m].

Simulation parameters

Two kinds of simulations have been carried out in this chapter, which are termed after

the type of scenario they serve to investigate: coverage and network. All simulations

in this chapter consist of up to Nu = 4 concurrent users.

In coverage simulations, all users sweep every available position in the room, with

their receivers pointing upwards. This is chosen as a method to fairly identify the

amount of coverage provided by each AP in the room, since the random orientation

would not provide comparable results across different locations.

Every iteration of the code is assumed to span for a time t in which, after performing

the allocation, a symbol sequence can be sent to each user. In coverage simulations, in

each iteration a different location is considered, and all users are assumed to occupy

it at the same time; thus, the number of iterations Niter is equal to the number of

possible locations in the room. After calculating the necessary geometric parameters,
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a Ny,AP-by-Nx,AP-by-Nu matrix H(0)u,a containing all the optical path losses between

each AP and each user is generated, and (4.7) is used along with (4.8) and (4.11) to

compute the received signal and interference currents of every sub-receiver of every

user, coming from every transmitter of every AP. This means that the computation

assumes the worst-case scenario, which is that every transmitter is active at any time,

potentially providing considerable amounts of interference. The channel allocation is

made with the fixed and adaptive schemes, and an individual signal sequence Sū,k̄,ā,̄i

is sent to every user. Note that in this sequence, specific values of u = ū, k = k̄,

a = ā, and i = ī are considered since the allocation has now been performed and the

system knows precisely which sequence has to be transmitted by which transmitter,

which will be picked up by the desired user using the sub-receiver allocated to that

channel. After this, the performance metrics according to Section 4.2.3 are computed

and stored, based on which transmitters are actually active after the allocation.

Network simulations employ the Monte Carlo method. The Monte Carlo method

comprises a broad class of computational algorithms that rely on repeated random sam-

pling to obtain numerical results. These simulations differ from coverage simulations

with respect to the users’ behaviour: rather than sweeping every position in the room

with receivers pointing up, users’ location, orientation, and device inclination follow

the statistical distributions described in Section 4.2.3. As a consequence, the number

of iterations Niter is not equal to the number of available room locations anymore, but

it is fixed to Niter = 1000. Everything else, including the resource allocation method

(both fixed and adaptive), is the same as in the coverage simulations.

Network performance metrics

Four metrics can be used to compare the performances of the network resulting from

using either the fixed or adaptive scheme: average achievable data rate and connection

loss rate, both total and per user. These will be discussed in this section while also

showing how they are calculated within the simulations’ code.

When a channel is assigned to a user, it effectively dedicates the sub-receiver of that

colour for the purpose of signal reception. In the process, this sub-receiver not only
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captures the desired signal but also inadvertently and inevitably captures interference

and background noise (which will add to the thermal noise generated in the elaborating

circuit). Consequently, the SINR for this specific sub-receiver can be quantified using

the formula presented in (4.14). This SINR value then plays a pivotal role when ap-

plying the widely recognized Shannon-Hartley capacity theorem [211] to approximate

the attainable data transmission rate. The Shannon-Hartley capacity theorem, a fun-

damental concept in information theory, provides essential insights into the maximum

data rate that can be reliably conveyed over a communication channel in the presence of

noise and interference, offering valuable guidance for system optimization and capacity

planning. In this case, it can be calculated as:

Cū,k̄(t) = Bmod log10[1 + γSINR
ū,k̄ (t)] (4.23)

where Bmod is the modulation bandwidth of the channel (which in this work is constant

for every channel and Bmod = 30 MHz). Given that every sub-receiver is independent

and capable of parallel reception, the total achievable data rate for each user in the

t-th iteration is the sum of the achievable data rates of all its sub-receivers:

Cū(t) =

Nk∑
k=1

Cū,k(t). (4.24)

Furthermore, the average achievable data rate for a single user can be calculated as

the average across all iterations:

Cū =
1

Niter

Niter∑
t=1

Cū(t) (4.25)

whereas the total network average achievable data rate can be calculated as the sum

of all per-user achievable data rates:

Ctot =

Nus∑
u=1

Cu. (4.26)

As a further step, the connection loss percentage for a single user can be defined.

In fact, a successful allocation for the k-th sub-receiver of the u-th user will only be
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possible if the resulting SINR will exceed a set threshold which in this work, it is

assumed γSINR
th = −6 dB. This specific choice is motivated by the limit for reliable

communication while using Forward Error Correction (FEC), as it happens in mod-

ern telecommunication standards like 802.11ac (Wireless Fidelity (WiFi) 5), 802.11ax

(WiFi 6 and 6E), and 802.11be (WiFi 7) [201]. This limit is, at the time of writ-

ing, commonly recognised between −6 dB and −10 dB when using Low-Density Parity

Check (LDPC) codes at lower Modulation and Coding Scheme (MCS) levels in WiFi.

It is then possible to define N conn
ū (t) = 1 if, at the t-th allocation attempt, at least

one sub-receiver of the user ū has a successful allocation, and 0 otherwise. Note that

if N conn
ū (t) = 0, then Cū(t) = 0 Mbps, while if N conn

ū (t) = 1, then Cū(t) > 0 Mbps. It

can also be noted that N conn
ū is a vector of length Niter which contains a sequence of 1

and 0 that identify in which iterations the user has not been able to connect.

At this point, the connection loss percentage for a particular user ū, χCL
ū , can be

defined as follows:

χCL
ū =

1

Niter

Niter∑
t=1

N conn
ū (t) (4.27)

and results in a percentage indicating how many times the user has not been able to

receive a useful signal over the course of the entire simulation.

4.2.4 Adaptive WDMA

In this section, the novel adaptive WDMA algorithm is presented. Its objective is to

maximise the SINR of every user, prioritising a fair allocation among all users. Using

the SINR as a target for the maximisation achieves three important results:

• It maximises the maximum achievable network capacity, which is proportional to

the SINR.

• Allows the allocation process to indirectly take the Spectral Overlap (SO) into

account, as the SINR depends on the overall gain (which in turn depends on both

the LOS optical path attenuation and the SO).
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• Inherently minimises the interference figure. Since the SINR is, by its nature, a

measure of the strength of the signal in relation to that of the noise and interfer-

ence, its maximisation represents an efficient strategy to increase both the user’s

and network’s performances, as opposed to optimising the OFE.

The algorithm thus requires that Channel State Information (CSI) is collected,

and therefore it is assumed that such information is available for the network. This

knowledge makes it possible, even if two or more users are close in space, to implement

smart wavelength reuse.

Algorithm 1: Adaptive WDMA algorithm.

Data: A γu,k,a,i matrix with SINR values for each ū, k̄, ā, ī combination;
An empty Assignation List, L;
Result: An Allocation List, Au,k,a,i

1 Initialization phase;
2 for u = 1, 2, . . . do

3 if
∑NAP

a=1 H(0)ū,a > 0 then
4 Put ū in L;
5 end

6 end
7 Allocation phase;
8 while L is not empty do
9 Find max in γu,k,a,i and assign the corresponding ū, k̄, ā, ī combination in

Au,k,a,i;
10 Set that ū, k̄, ā, ī combination = 0 in γu,k,a,i;
11 Take ū out of L;

12 end
13 L is now empty;
14 Au,k,a,i contains one k̄, ā, ī combination for every active user u;

The algorithm that performs an adaptive WDMA resource allocation is detailed

as in Algorithm 1. At any time t = t̄, its main aim is that of using the CSI (in the

form of a Nk-by-NAP-by-Nu matrix γSINR(t̄) = γu,k,a,i) and an assignation list (L).

The assignation list is a vector of length Nus where each element is equal to 1 if the

corresponding user is ready to be allocated a channel and 0 otherwise. At the start,

this list is empty and thus all its elements are 0. Then, the algorithm outputs an

allocation list in the form of a Nk-by-NAP-by-Nu matrix A(t̄) = Au,k,a,i. Here, every
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element is equal to 0 except those corresponding to the row (colour), column (AP),

and page (user), which form the allocation. The population of this list starts with the

initialisation phase, where the algorithm first checks which users have at least one AP

in their FOV (that is, which pages of the SINR matrix have at least one element such

that > γSINR
th ). In fact, if a user is in a position where no APs are in its FOV and thus

a LOS optical link is not possible, its page in the SINR matrix will only contain 0s.

The algorithm puts all the users that have at least one AP in their FOV in the

assignation list Γ(t̄). Then, the allocation phase takes place by selecting one combina-

tion that maximises SINR for one channel and one user, and proceeds iteratively for the

other users until the assignation list is empty, only considering pages of the γSINR(t̄)

whose corresponding users are present in such a list. To elaborate on how the actual

allocation is performed, the algorithm first finds the maximum value of SINR that can

be allocated across all pages of the SINR matrix. The corresponding element in the

allocation list is set to 1 to record the allocation of that channel, whereas the SINR

values of every other user corresponding to that allocation are put to 0. In this way, the

same channel cannot be allocated to another user, which would cause the transmission

to fail for both. Once this is complete, the element in the assignation list corresponding

to the user is set to 0, and the allocation process is repeated with the next maximum

SINR value in the matrix until all users are out of the assignation list.

As opposed to the adaptive WDMA allocation algorithm, the fixed algorithm is used

as a benchmark and is more straight-forward. It does not require as much computation

at the network level because it only entails that users are served with a different colour

based on the order in which they have entered the network: user n. 1 will be served

with blue, user n. 2 with green, user n. 3 with amber, and user n. 4 with red. If

more than 4 users are present in the network, the 5th user is allocated the blue channel

again, and so on. In this way, for more crowded scenarios, the fixed algorithm heavily

relies on the spatial separation between users. However, in this chapter, only 4 users

are considered to exclude this aspect while only focusing on highlighting the potential

benefits and drawbacks of maximising the SINR.
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4.2.5 Validation

The following subsection is dedicated to performing a validation of the presented sys-

tem model. This will be done by calculating analytically three sample points of the

Cumulative Distribution Function (CDF) of the datarate pertaining to a user immersed

in a pre-defined scenario. These will then be compared with the empirical CDF result-

ing from a simulation, and a match between the analytical and empirical CDF will

guarantee the sought reliability of the results presented in this chapter. The simula-

tions for the empirical CDF will be executed with the same custom code used for the

results discussed in the following section.

Given the user mobility considered in Section 4.2.3, the complete results of the CDF

depend on the three independent probabilistic distributions concerning the user’s loca-

tion (xu, yu), orientation (ωu), and device inclination (θu). This makes the analytical

calculation difficult (alas, sometimes impossible) to perform by hand, and thus, sim-

plifying the considered scenario is required for successfully conducting the validation.

This can be achieved by imposing appropriate restrictions on user behaviour. More

specifically, the changes with respect to the scenario in Section 4.2.3 are the following:

• Only two users are present in the room, and they are uniquely identified as u1

and u2.

• The location of u1 is fixed below AP 13 (that is, the AP exactly in the center of

the room).

• The location of u2 still follows a discrete uniform distribution with the same

boundaries, but the available locations are only selected amongst the locations

of the APs. That is, in each iteration, u2 has an equal probability of being

directly below one of the NAP = 25 APs in the room. As a result, the proba-

bility of u2 being exactly below one specific AP (whose location is [x̄AP, ȳAP] ∈

[xAP1, yAP1;xAP2, yAP2; . . . ;xNAP
, yNAP

]), can be calculated as:

P (xu2 = x̄AP ∪ yu2 = ȳAP) = P (x̄ȳ) =
1

NAP
= 0.04. (4.28)
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• The orientation of both users is fixed, and ωu1 = ωu2 = 270◦. Given the rotation

geometry employed in this dissertation, this implies that the users are facing

towards the right wall of the room.

• The inclination angle of both users’ devices is fixed, and θu1 = 0◦ while θu2 =

µu = 29.67◦. This means that the device of u1 is pointing directly upwards (and

towards AP 13), while u2 is keeping the device at the average of the distribution.

Given the value of ωu2, the device of u2 faces the left direction and is tilted by

an angle of 90− θu2 with respect to the ground plane.

• Both users are only allowed to use the blue receiver allocated to the blue trans-

mitter of the AP directly above them. This means that while only signals received

by the blue receiver will be considered, every transmitter in the room can still

contribute to the interference (because of spectral leakage). Furthermore, u1 is

prioritised in the allocation process due to the round-robin allocation.

These changes simplify the analytical calculations, rendering them feasible while

still providing good validation reliability between analytical and empirical CDF. Fur-

thermore, considering that u1 has a fixed location and is prioritised in the allocation

process, the objective is to calculate the analytical CDF for u2 while considering u1 as

an interfering user.

Figure 4.6 shows the indoor environment considered, with the square grid of APs

whose disposition simplifies the analytical calculations because of simmetry and because

of the fact that u2 has a fixed orientation ωu2 = 270◦. In fact, by drawing an imaginary

line through APs 3, 8, 13, 18, and 23 acting as a symmetry axis, it can be found that

all calculations made for the first two rows of APs will be equally valid for the fourth

and fifth rows.

To pursue the set objective for the validation, it is useful to first recall the definition

of a CDF. Given a random variable X, its CDF is given by [212]:

FX(X̄) = P (X ≤ X̄), (4.29)

which can be interpreted as the probability that the random variable itself assumes a
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Figure 4.6: Room with square grid of APs. Each AP is numbered from 1 to NAP. The
square grid of APs allows to simplify analytical calculations thanks to its symmetry.

value that is equal to or less than another arbitrary value X̄, defined in the supported

range. With this in mind, it is possible to consider that if the random variable X = Cu2

is the achievable channel capacity for u2 and X̄ = Xmax is the maximum achievable

data rate for u2, it holds that:

FCu2(Xmax) = P (Cu2 ≤ Xmax) = 1. (4.30)

which coincides with the first point of the sought CDF. Thus, the next step is to

calculate the value of Xmax. This can be done by considering that the maximum

data rate for u2 will be attained when there is no interference. Based on the presented

model, and since u2 is exactly below one of the APs (for example, ā is AP 1), the system

parameters for this calculation are summarised in Table 4.1. All unlisted parameters
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are assumed to be equal to the ones reported in Section 4.2.

Table 4.1: Parameters of validation point 1.

1st Validation Parameters

Symbol Description Value

ml lambertian emission order 1.7675

Adet receiver effective area 1.4110−5m

du2,ā distance between source and receiver 2m

ψu2,ā AoI of light beam 29.67◦

φu2,ā source angle of emission 0◦

Since ψu2,ā < Ψc, (4.4) can be used to calculate the optical path loss for the trans-

mitted signal:

H(0)u2,ā =
(ml + 1)Adet

2πd2
u2,ā

cosφu2,ā
mlGOC cosψu2,ā = 3.04 · 10−6. (4.31)

Then, according to the analytical model, the maximum signal voltage can be cal-

culated by inserting (4.8) into (4.13), as follows:

V sig
u2,1 = GTIAΦtr

ā,1H(0)u2,ā

∫ β

α
SOF

u2,1,ψ̄(λ)Str
ā,1(λ)Ru2,1(λ)dλ = 0.043 V. (4.32)

It has to be noted that the term
∫ β
α S

OF
u2,1,ψ̄

(λ)Str
ā,1(λ)Ru2,1(λ)dλ includes the two

spectra of the blue source and receiver, Str
ā,1(λ) and SOF

u2,1,ψ̄
(λ), which are not avail-

able in analytical explicit form. For this reason, only this specific term was attained

with the MATLAB software by inputting the necessary code independently from the

simulation environment that has been used to obtain the results. Further calculations

will also entail calculating similar terms, and the method for obtaining them is the

aforementioned.

As earlier noted, when u2 is immersed in the scenario that is being considered, the

only real potential source of interference (that is, AP 13 that transmits to u1) is out

of the user’s FOV. However, as the lighting is assumed to be fully functioning, and

for the purposes of calculating the correct noise variance, background lighting has to
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be taken into account. To this end, it is possible to calculate the intra-AP interference

that will generate background noise by means of spectral leakage. The expression is

similar to (4.32), except it entails calculating the sum of all contributions from other

sources in the same AP (that is, in this case, green, amber, and red sources). It can be

calculated as:

V int
u2,1 =

NAP∑
a=1,a6=ā

GTIAΦtr
a,1H(0)u2,a

∫ β

α
SOF

u2,1,ψ̄(λ)Str
a,1(λ)Ru2,1(λ)dλ = 2.22 · 10−5 V.

(4.33)

At this point, it is possible to calculate the variance of the noise, including the

contributions of both shot noise coming from background illumination and thermal

noise generated by the electrical circuit responsible for manipulating the signal (which

has been discussed in Section 4.2.2). It can be done with (4.12), and it results:

σ2
noise = 2qBIbg +

4kBTB

Rl
= 2qB(

V sig
u2,1

2GTIA
+

V int
u2,1

2GTIA
) +

4kBTB

Rl
= 7.85 · 10−15 (4.34)

and since u2 does not experience interference from other users, the SINR can be calcu-

lated with (4.14):

γSINR
u2,1 (t̄) =

[V sig
u2,1]2

4[σ2
noise,u2,1G

2
TIA + var(I int

u,1)G2
TIA]

= 1.43 · 104. (4.35)

This SINR value can then be used in (4.26) to calculate Xmax as:

Xmax = B log2[1 + γSINR
u2,1 (t̄)] = 30 · 106 · log2[1 + (1.43 · 104)] = 414.11 Mbps (4.36)

and completes the data regarding the first point of the validation.

The second point of the validation can be obtained by considering the user u2 in

a different location than the earlier point, where some interference is present. One

example of that is AP 22, and thus for the next calculations, [xu2, yu2] = [xAP22, yAP22].
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The resulting capacity Xint will be lower than Xmax for this reason.

In this case, since the user’s relative position with respect to the allocated trans-

mitter is the same as the earlier point, the maximum signal voltage calculated in (4.32)

is still usable.

The biggest difference, as earlier noted, is the presence of the interference coming

from AP 13. The system parameters relative to u2 and this interfering AP are listed

in Table 4.2.

Table 4.2: Parameters of validation point 2.

2nd Validation Parameters

Symbol Description Value

du2,13 distance between source 13 and receiver 3.34m

ψu2,13 AoI of light beam 29.04◦

φu2,13 source angle of emission 53.22◦

The optical path loss is calculated as:

H(0)u2,13 =
(ml + 1)Adet

2πd2
u2,13

cosφu2,13
mlGOC cosψu2,13 = −63.55 dB. (4.37)

Subsequently, a similar approach as (4.32) can be used to calculate the maximum

interference voltage generated at the blue receiver of u2 as a consequence of the signal

coming from AP 13 to u1:

V int
u2,1 = GTIAΦtr

13,1H(0)u2,13

∫ β

α
SOF

u2,1,ψ̄(λ)Str
13,1(λ)Ru2,1(λ)dλ = 6.2 · 10−3 V. (4.38)

As a next step, it is necessary to calculate the noise variance. In order to do this, it

is necessary to again calculate the contribution to the interference coming from every

single transmitter in the FOV of u2 (including, but not limited to, the current generated

as a result of the interference calculated in the previous step). This will add to the

received signal and constitute the background illumination. Similarly to (4.33), this
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can be calculated as:

V int,tot
u2,1 =

NAP∑
a=1,a 6=ā

GTIAΦtr
a,1H(0)u2,a

∫ β

α
SOF

u2,1,ψ̄(λ)Str
a,1(λ)Ru2,1(λ)dλ = 0.22 V (4.39)

and thus, the noise variance is given by:

σ2
noise = 2qBIbg +

4kBTB

Rl
= 2qB(

V sig
u2,1

2GTIA
+
V int,tot

u2,1

2GTIA
) +

4kBTB

Rl
= 7.87 · 10−15. (4.40)

To calculate the SINR, it is necessary to know the variance of the interference cur-

rent generated at the blue receiver of user u2. Note that other interference contributions

from other transmitters in the user’s FOV are not relevant to this calculation as they

were for the background illumination: in fact, the only interfering AP that is actively

transmitting (to user u1), other than illuminating, is AP 13. The needed maximum

interference current is given by:

Isig
u2,1 =

V sig
u2,1

GTIA
= 3.1 · 10−6 A. (4.41)

At this point, to calculate its variance, it is sufficient to consider that an OOK signal

is made of n = 2 equiprobable symbols, and consequently p = 0.5 [211]. Knowing this,

the signal can be treated as a uniform discrete distribution I ∼ U(a, b, n, p) where a

and b coincide with the two possible values of the distribution. In this case, a = 0,

b = Isig
u2,1 = 3.1 · 10−6 A, and calculating the variance can be done as given by [212]:

var(Isig
u2,1) = E(I2)− E(I)2 =

b2 − a2

2
− (

b− a
2

)2 = 2.4 · 10−12 (4.42)

Similarly to (4.35) and (4.36), the resulting SINR and channel capacity for this

validation point can now be calculated, respectively, as:

γSINR
u2,1 (t̄) =

[V sig
u2,1]2

4[σ2
noise,u2,1G

2
TIA + var(I int

u,1)G2
TIA]

= 16.70 dB; (4.43)
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Figure 4.7: Room with square grid of APs. Highlighted in orange are the locations
(below their relative APs) in which u2 experiences interference equal to or higher than
that calculated for the 2nd validation point.

Xint = B log2[1 + γSINR
u2,1 (t̄)] = 167.30 Mbps. (4.44)

It is now necessary to calculate the probability P (X ≤ Xint) to completely char-

acterise the CDF point associated with Xint. This can be done with the analytical

framework by verifying that, in the specific case of blue transmitter of AP 13 allocated

to u1 and blue transmitter of AP 22 allocated to u2, this latter experiences only a

minimum quantity of interference with respect to the other locations that are closer to

AP 13. Thanks to the aforementioned restriction on user movement possibilities and

symmetry, this allows to select all the exact locations in the room in which u2 will

experience interference that is equal to or higher than the value just found. The result

of these considerations can be seen in Figure 4.7: the number of APs that are to be
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counted as “favourable cases” for calculating the sought probability is NAP, fav = 7.

The probability can then be calculated:

FCu2(Xint) = P (Cu2 ≤ Xint) =
NAP,fav

NAP
= 0.28. (4.45)

This completes the data needed for the 2nd validation point to be compared with

the empirical CDF.

Figure 4.8: Room with square grid of APs. Highlighted in red are the locations (below
their relative APs) in which u2 experiences a disconnection.

For the third and last point of the validation, it is convenient to investigate cases in

which the network is unable to successfully allocate a channel to u2. This is equivalent

to investigating in which cases the achievable capacity of u2 is Cu2 ≤ XCL = 0 Mbps. It

is intuitive to realise that this will happen whenever u2 is below AP 13, as the imposed

restrictions and the priority of u1 in the allocation process will leave u2 without channels
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available.

The only other circumstance in which u2 will experience a disconnection is when

the interference is too high with respect to the allocated signal, and by considering all

other available locations in the room, the mathematical framework used so far can be

employed to verify that this happens only when u2 is below AP 18. In fact, since the

AoI between AP 13 and u2 is close to 0◦ in this circumstance, the PS effect would

render this allocation better than that of AP 18. However, since AP 13 is already

occupied by an allocation to u1, its transmitted signal causes very high interference for

u2.
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Figure 4.9: Validation by comparison of empirical versus analytical CDF of one user in
the presence of a single interfering AP. Being CDFs, the X axis is the achieved data
rate, while the Y axis represents the probability of achieving a data rate lower than X.
The two CDFs have a good match, and the relative error is below 0.50%.
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These two locations are reported in Figure 4.8, and from there, for the 3rd validation

point, it can be inferred that NAP,fav = 2. The relative probability for this point is then

given by:

FCu2(XCL) = P (Cu2 ≤ XCL) =
NAP,fav

NAP
= 0.08. (4.46)

It is possible at this point to plot the simulated data in an empirical CDF for user

u2 and overlap it with the three points that have been calculated analytically. The

result can be seen in Figure 4.9.

As it can be seen, the visual match between the analytical validation points and

the empirical CDF generated with the simulated data is good. The maximum relative

error that is found is below Erel < 0.50%.

4.3 Analysis

This section is focused on the analysis of the results obtained with the methodology

described in earlier sections.

4.3.1 Coverage

Figure 4.10 shows the room coverage, represented as a spatial distribution of the achiev-

able data rate, for each of the four users. The differences in spatial coverage and achiev-

able data rate between users are clearly visible from comparing the various sub-figures,

as they depend on the optical filter differences in terms of overlap between sources’

emissivities and receivers’ transmissivities.

According to the fixed allocation, user n. 1 is always assigned the blue channel,

and by comparing the overlap between the continuous and dotted blue curves in Figure

4.3, it can be seen that the emissivity of the blue LEDs is concentrated in a relatively

sharp spectrum that has a good SO with the corresponding optical filter. This latter

also has a relatively wide transmissivity spectrum, which allows more blue light to pass

while also being well separated from other wavelengths (especially green), which would

introduce severe interference.
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Figure 4.10: Room coverage for all four colours using the fixed allocation algorithm.
The features of individual LED emissivity and optical filter transmissivity are clearly
distinguishable.

According to the fixed allocation, user n. 2 is always assigned the Green channel,

whose SO present some issues with respect to the Blue channel: the green LED emis-

sivity is wider, but since the FWHM of the green optical filter is the same as the blue

optical filter (40 nm), not as much green light has a chance to hit the green sub-receiver

compared with the Blue channel case. Moreover, given the placement of the green opti-

cal filter transmissivity with respect to neighbouring LED emissivity spectra, it can be

seen how the amount of interference could potentially be higher on average (especially

because of the amber LED emissivity). This explains why Figure 4.10 shows higher

achievable data rate when user n. 2 is on the edges of the coverage area of the AP: it

is because of better SO, and lower interference.

According to the fixed allocation, user n. 3 is always assigned the Amber channel;
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the most visible detail is that the FWHM of the amber optical filter is only 10 nm,

and both emissivity and transmissivity spectra overlap very well when the AoI is 0◦.

This gives the Amber channel significant robustness to interference but also limits its

adaptability to the PS effect. In fact, when the optical filter transmissivity starts to shift

towards shorter wavelengths, its sharpness makes it difficult to capture an appreciable

amount of amber light, whereas a wider spectrum would have made this a lot easier.

According to the fixed allocation, user n. 4 is always assigned the Red channel,

whose SO conditions are comparable but slightly worse than those of the Blue channel:

the central wavelength of the optical filter is higher than the central wavelength of the

LED, and as a result, the link has a better SO at AoIs higher than 0◦. This is also the

reason why the coverage figure shows a higher achievable data rate near the edges of

the area covered by the APs and lower in the centre.

Table 4.3: Per-user coverage performance employing the fixed allocation scheme and
datasheet optical filter transmissivities.

Coverage performances, fixed, datasheet

User 1 User 2 User 3 User 4

Average Data Rate 492.95 Mbps 282.19 Mbps 249.08 Mbps 364.20 Mbps

Connection Loss 0.00 % 0.00 % 0.00 % 0.00 %

Network Data Rate 1.39 Gbps

The performance spread of the users is also clearly visible by looking at the per-

formance metrics calculated and reported in Table 4.3. It has to be noted that as

mentioned in section 4.2.3, the average data rate is a theoretical upper bound of infor-

mation that can be transmitted error-free, given by the Shannon-Hartley theorem, and

based on a specified bandwidth (Bmod = 30 MHz in this case).

The differences between users have all been explained above while highlighting the

overlaps in the emission and transmission spectra of each coupled LED and optical

filter. Moreover, they relate to this particular aspect in the design of the OFE. In

these conditions, the users experience no Connection Loss (CL), as the receivers are

pointing directly upwards, and sufficient channel separation is easily ensured even if

they are all under the same AP. These are particularly favourable yet very specific
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Figure 4.11: Room coverage for all four colours using the adaptive WDMA allocation
algorithm. The reduced spatial separation between users does not make the adaptive
WDMA algorithm perform as well as the fixed one in these conditions. Nonetheless,
better fairness can be appreciated in the figure.

conditions (also with respect to the number of users) for a fixed allocation.

The results of the coverage simulation for the adaptive WDMA algorithm are shown

in Figure 4.11. There are no noticeable differences between each user as opposed to

when the fixed scheme was used, because the network adaptively allocates the most

appropriate colour based not only on the user’s conditions, but also on potential inter-

ference coming from other channels or APs.

Another spatial feature that is common among all users in the coverage analysis

is a drop in the achievable data rate while near the edges of the coverage of any AP,

except the in ones close to the room walls. This is explained by the interference coming

from neighbouring APs (because the walls do not generate interference), coupled with
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the individual SO differences between channels, as discussed earlier in this section and

more in detail in the previous chapter, Section 3.3.3. Neighbouring APs are not in use

while using the fixed allocation, as every user is always allocated to the closest AP, and

this is another advantage when Nus ≤ 4 because the 4 channels that are available per

AP are sufficient to serve every user. In fact, in the case that Nus > 4, from the 5-th

user forward, the allocation would need to use neighbouring APs, which would cause a

drop both in achievable data rate and total network data rate and an increase in CL.

The investigation of a context in which the network is fully populated is left to the next

chapter.

Table 4.4 sums up the results for the coverage analysis with the network using

the adaptive allocation algorithm. Users can benefit from much higher fairness, as

their achievable data rates are highly comparable, albeit at the expense of a lower

network data rate. Moreover, they experience a slightly higher probability of losing the

connection (as defined, CL) compared to the prior case. But rather than a real lack

of network resources, this stems from an allocation error introduced by the fact that

SINR values used for the maximisation cannot represent well the final AP activation,

especially for a low number of users who tend to occupy the network to a lesser extent.

As a result, the interference considered in the SINR calculation is at its achievable

maximum. When this happens, and in certain users’ spatial distribution conditions,

it becomes challenging for the system to find a channel that yields a SINR lower than

the set threshold, γSINR
th , and the allocation would fail. This also has an effect on

the achieved SINR of the users, which is lower on average, and reflects on a lower

achievable data rate as well. To summarise, for a low number of users (Nus ¡ NLED)

with low spatial separation, the proposed adaptive scheme promotes a better fairness

between users but the fixed scheme offers slightly lower CL and higher achievable data

rate.

This problem could be circumvented by implementing an algorithm that considers

all allocation combinations and chooses the one with the highest network aggregate

SINR, rather than considering one user’s SINR at a time. However, the complexity of

this approach scales with the number of users in the network; the required calculations
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could be feasible in an adequate amount of time when Nus is sufficiently low, but

this case is not general in typical indoor environments. Furthermore, as highlighted

in Chapter 2, the current trend is that of increasing the number of devices that each

person uses, further increasing the necessity of accounting for a high number of users.

Table 4.4: Per-user coverage performance employing the adaptive allocation scheme
and datasheet optical filter transmissivities.

Coverage performances, adaptive, datasheet

User 1 User 2 User 3 User 4

Average Data Rate 245.95 Mbps 245.10 Mbps 245.34 Mbps 244.34 Mbps

Connection Loss 0.08 % 0.08 % 1.80 % 0.07 %

Network Data Rate 0.98 Gbps

Table 4.5: Per-user coverage performance employing the fixed allocation scheme and
measured optical filter transmissivities.

Coverage performances, fixed, measured

User 1 User 2 User 3 User 4

Average Data Rate 456.10 Mbps 295.23 Mbps 243.34 Mbps 419.89 Mbps

Connection Loss 0.00 % 0.00 % 0.00 % 0.00 %

Network Data Rate 1.41 Gbps

When using the results presented in Appendix B for measured optical filter trans-

missivity, however, the spectral degradation occurring at AoIs > 0◦ introduces a fun-

damental difference. The deteriorating shape of the optical filter spectra can lower the

received optical power dramatically, and this constitutes a penalty for the fixed alloca-

tion which lacks the required flexibility to tackle this circumstance. Figure 4.12 shows

the coverage results for the fixed allocation scheme. It can be noted that performances

can quickly degrade depending on AoIs and OFE system design. In general, if the LED

and optical filter spectra of one colour are well overlapped when the AoI is 0◦ (such

as in the case of the Amber colour), performances will be good at the centre of the

cell and will degrade as the user moves towards the edge. Conversely, if the optical

filter spectrum has a higher central wavelength than the spectrum of the corresponding
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Figure 4.12: Room coverage for all four colours using the fixed allocation algorithm
and measured optical filter transmissivities. The features of individual LED emissivity
and optical filter transmissivity are clearly distinguishable.

LED (such as in the case of the Red colour), the user’s performances will be better at

the edges because the AoI shifts the spectrum of the optical filter thus improving the

spectral overlap.

However, using the case of User n. 2 (Green colour) as an example, improved

performances are not only seen because of the relationship between the transmissivity

spectrum of the green optical filter and the emissivity of the corresponding green LED

that has been discussed earlier. The shift of the spectrum towards shorter wavelengths

also decreases the interference coming from the Amber channel, and is countered by

the central wavelength of the optical filter being higher than that of the corresponding

LED. The spectral degradation instead, is countered by the fact that at those AoIs the

optical filter transmissivity has a better overlap with the peak of the LED emissivity.
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Figure 4.13: Room coverage for all four colours using the adaptive WDMA allocation
algorithm and measured optical filter transmissivities. The spectral degradation at
higher AoIs reduces interference overestimation in the allocation phase. Nonetheless,
better fairness is still visible.

All this results in better achievable data rate in the edges of the AP coverage area. In

terms of the other performance metrics, Table 4.5 reflects the differences between the

datasheet and measured transmissivities when compared with earlier results in Table

4.3: average data rate and network data rate are slightly higher, while the CL is the

same. However, there are still significant differences between the performances of the

users, which strongly depend on the specific channel that is allocated to them.

On the other hand, by looking at Figure 4.13, it can be seen that using measured

optical filter transmissivities rather than simply applying the PS formula in 2.1 to

the transmissivity reported in the datasheet, changes the results. More specifically,

use of the measured curves yields overall better performances than using curves from
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datasheets when the adaptive allocation scheme is employed. This is expected, as the

overall effect of the addition of the spectral degradation is to reduce interference coming

from neighbouring APs, especially those for which the link between the source LED

and the user is impaired by a high AoI. In this way, a significant part of the interference

contribution is levelled down, and the per-user SINR maximisation approach is more

effective. As a result, Table 4.6 shows that not only users have a higher average data

rate and network data rate is higher, but also the CL is lowered to 0.00%.

Table 4.6: Per-user coverage performance employing the adaptive allocation scheme
and measured optical filter transmissivities.

Coverage performances, adaptive, measured

User 1 User 2 User 3 User 4

Average Data Rate 261.77 Mbps 261.68 Mbps 260.06 Mbps 259.51 Mbps

Connection Loss 0.00 % 0.00 % 0.00 % 0.00 %

Network Data Rate 1.04 Gbps

This is an important result, as it highlights that adapting to the users’ behaviour is

very important in mobile multi-user networks, even when their receivers are pointing

in an ideal direction, such as towards the ceiling where the APs are. Putting all the

users in the same location is important in this analysis in removing the contribution

of the spatial domain to the allocation’s effectiveness while only concentrating on what

happens in the wavelength domain.

4.3.2 Network

As previously discussed, in this section, the four users are modelled to follow the statis-

tical behaviour in terms of location, orientation, and device inclination. As such, both

the spatial and wavelength domains are included in this analysis because (due to their

mobility) it is unlikely that users will all in the same location at the same time, and

this analysis can thus be considered closer to what would happen in a real scenario.

Figure 4.14 reports the CDFs of the achievable datarates, comparing the fixed and

the adaptive WDMA allocation schemes, on a per-user basis. Here, dotted lines show

the results for the fixed allocation, while continuous lines show the results for the
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Figure 4.14: Network performances for users 1–4: comparison between the fixed and
the adaptive allocation using datasheet optical filter transmissivities. Being CDFs,
the X axis is the achieved data rate, while the Y axis represents the probability of
achieving a data rate lower than X. The users show varying performances based on the
specific allocated channel when using the fixed allocation. With adaptive allocation,
these differences even out, resulting in higher fairness.

adaptive allocation. It should be noted that in the graphs, the line colours identify the

colour of the channel assigned to the user only for the fixed allocation; in the case of

adaptive allocation, for instance, user 1 could be allocated the green, amber, or red

channels rather than blue if its position and orientation render it necessary or more

fruitful (i.e., its SINR is maximised for another colour).

By looking at the figure, it is evident, and considerations made in the earlier sec-

tion still hold true in this regard, that the fixed allocation consistently outperforms

the adaptive one only for user 2. This is true for both the average achievable data
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rate and CL, and it is due to the green channel being the most robust because of the

positioning of the emissivity and transmissivity spectra. In every other case, with the

fixed allocation, users experience significantly higher average CL values, a higher maxi-

mum achievable data rate (depending on particularly favourable random positioning in

some iterations), but considerably worse fairness. On the other hand, by visually com-

paring the continuous lines, their homogeneous shape suggests a much more desirable

consistency of achieved performances across all users while using the adaptive WDMA

allocation algorithm.

Table 4.7: Per-user mobility performances employing the fixed allocation scheme and
datasheet optical filter transmissivities.

Network performances, fixed, datasheet

User 1 User 2 User 3 User 4

Average Data Rate 323.20 Mbps 464.31 Mbps 209.46 Mbps 322.84 Mbps

Connection Loss 28.55 % 04.90 % 42.65 % 33.40 %

Network Data Rate 1.32 Gbps

Table 4.8: Per-user mobility performances employing the adaptive allocation scheme
and datasheet optical filter transmissivities.

Network performances, adaptive, datasheet

User 1 User 2 User 3 User 4

Average Data Rate 304.51 Mbps 303.76 Mbps 305.56 Mbps 305.65 Mbps

Connection Loss 05.10 % 03.95 % 03.75 % 04.35 %

Network Data Rate 1.22 Gbps

Tables 4.7 and 4.8 hold the numerical results calculated using the datasets generated

with the methodology described earlier. The average data rates, calculated for each

user individually as in 4.25, range between 209.46 Mbps and 464.31 Mbps in the case

of the fixed allocation (with an overall mean of 329.95 Mbps across all users). When

using adaptive WDMA, there are significantly less differences in the mean data rates

of users, as these range between 304.51 Mbps and 305.65 Mbps and centered around

an overall mean of 304.87 Mbps. This is lower than the overall mean in the fixed case,
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Figure 4.15: Network performances for users 1–4: comparison between the fixed and the
adaptive allocation using measured optical filter transmissivities. Being CDFs, the X
axis is the achieved data rate, while the Y axis represents the probability of achieving a
data rate lower than X. Even though the overall performances are significantly lowered,
the differences between fixed and adaptive allocations remain. In fact, with adaptive
allocation, higher fairness can be obtained.

as it is the average network data rate: 1.32 Gbps against 1.22 Gbps. The reason for

these differences is the problem outlined in Section 4.3.1: calculating the SINR before

the allocation has taken place induces allocation errors as it is challenging to estimate

the real interference before knowing which transmitters are active. This particular

knowledge is difficult to acquire a priori because it depends not only on the actual

number of users populating the network but also on the statistically identifiable, but

ultimately unpredictable behaviour of each of these users. In other words, the adaptive

WDMA cannot reliably estimate the interference that each user will incur after a certain

allocation, which results in a sub-optimal allocation.
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Other than much better fairness (at the expense of a slightly lower average data

rate), the adaptive WDMA allocation scheme is also demonstrated to improve the

reliability of the connection. This is apparent when analysing the CL results. These

range between 04.90% and 42.65% with a mean of 25.87% when using a fixed allocation,

while in the case of adaptive allocation, both their range and average are considerably

lower at 03.75%, 05.10%, and 04.29%, respectively.

As a next step, and similarly to the coverage examination, the same analysis is then

conducted by exploiting measured (and not datasheet-provided) AoI-dependent optical

filter transmissivity spectra for all receivers. Figure 4.15 shows the results of this, and

the visual inspection of the CDFs highlights a clear and significant improvement for

the fixed scheme. As the main difference with the past analysis is the addition of

the spectral degradation of the filters, it can be deduced that it is responsible for this

improvement. More specifically, this is due to the fact that the spectral degradation

renders the interference coming from neighbouring APs almost negligible, thinning out

the differences between the adaptive and the fixed allocation schemes.

Table 4.9: Per-user mobility performances employing the fixed allocation scheme and
measured optical filter transmissivities.

Network performances, fixed, measured

User 1 User 2 User 3 User 4

Average Data Rate 402.90 Mbps 469.07 Mbps 266.70 Mbps 448.44 Mbps

Connection Loss 03.20 % 04.00 % 04.20 % 03.90 %

Network Data Rate 1.59 Gbps

Table 4.10: Per-user mobility performances employing the adaptive allocation scheme
and measured optical filter transmissivities.

Network performances, adaptive, measured

User 1 User 2 User 3 User 4

Average Data Rate 296.86 Mbps 298.78 Mbps 297.84 Mbps 297.62 Mbps

Connection Loss 04.97 % 03.20 % 03.43 % 04.06 %

Network Data Rate 1.19 Gbps
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In fact, such differences only remain with respect to the higher fairness that can be

achieved with the adaptive scheme, a consideration that still holds true. By comparing

tables 4.9 and 4.10, which hold the numerical results for this analysis, this can be

confirmed.

As highlighted, the adaptive WDMA scheme would excel at minimising interference

in highly crowded network conditions. In order to verify this, it is possible to consider

earlier network results, but under the assumption that all transmitters are occupied

and thus contributing to interference. This mimics a situation in which many users

are populating the network at once and will only be done for the case of measured

optical filter transmissivity spectra because of the higher relevance with respect to a

real scenario.

Table 4.11: Per-user mobility performances employing the fixed allocation scheme and
measured optical filter transmissivities, with maximum interference.

Network performances, fixed, measured, max. interference

User 1 User 2 User 3 User 4

Average Data Rate 64.19 Mbps 56.73 Mbps 45.08 Mbps 45.53 Mbps

Connection Loss 03.20 % 04.00 % 03.35 % 03.90 %

Network Data Rate 0.21 Gbps

Table 4.12: Per-user mobility performances employing the adaptive allocation scheme
and measured optical filter transmissivities, with maximum interference.

Network performances, adaptive, measured, max. interference

User 1 User 2 User 3 User 4

Average Data Rate 102.35 Mbps 107.07 Mbps 106.35 Mbps 103.67 Mbps

Connection Loss 04.97 % 03.20 % 03.43 % 04.06 %

Network Data Rate 0.42 Gbps

Figure 4.16 shows considerably lower network performances due to the added in-

terference. However, this only affects the average per-user and network data rates, as

can be seen from Tables 4.11 and 4.12. As it can be expected, a significantly higher

amount of interference in the network lowers the average SINR that the users are able
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Figure 4.16: Network performances for users 1–4: comparison between the fixed and the
adaptive allocation using measured optical filter transmissivities with maximum inter-
ference. Being CDFs, the X axis is the achieved data rate, while the Y axis represents
the probability of achieving a data rate lower than X. The overall network performance
is significantly lower because of considerable amounts of added interference. In this
instance, the adaptive WDMA allocation scheme outperforms the fixed one.

to achieve, and a scheme that is based on SINR maximisation has the upper hand

in these conditions. This is demonstrated by the aforementioned data rates, which,

when compared, show the adaptive WDMA outperforming the fixed allocation in ev-

ery regard other than the CL (which remains comparable). Most notably, the average

network data rate is double when using the adaptive scheme with respect to the fixed

one.

Those results confirm that the adaptive WDMA resource allocation scheme is more

suitable to this scenario even with an overall low number of users populating the net-

work, as its scheduling method allows all of them to be served fairly. Moreover, its
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increased flexibility in accommodating higher numbers of users could allow to optimise

available resources and lower the average CL across all users.

4.4 Chapter Summary

In this chapter, a novel resource allocation scheme for wavelength division-based mul-

tiuser LiFi systems with densely deployed APs has been proposed and evaluated with

respect to a fixed scheme based on a round-robin, first-come, first-served allocation.

Both schemes are seen in light of the principles of wavelength and spatial separation of

users, and their effectiveness is investigated in terms of coverage and indoor everyday

use.

Firstly, a comprehensive system model has been presented. This includes the whole

path that the signal follows, from its availability at the network level, where it needs

to be properly routed, up to when it is received by the user in the optical domain

and converted back into a current first, and then a voltage, ready for an additional

conversion in the digital realm and further required manipulation. The indoor environ-

ment has been defined in terms of room dimensions, rotation geometry, user behaviour,

and all equations governing the system. Then, the hardware of the network has been

thoroughly discussed, both on the receiver and transmitter sides. This has led to pre-

cise design choices, subject to illumination requirements, performance constraints, and

maximum user device dimensions. Furthermore, all components have been simulated

based on real off-the-shelf ones that, at the time of writing, are available for purchase.

Secondly, the adaptive WDMA algorithm has been made explicit in pseudocode.

It is based on allocating to each user the channel that provides the highest SINR,

then removing that user from an assignation list, up to when this latter has been

made empty. SINR maximisation is a method that inherently tends to minimise the

interference and, for this reason, is anticipated to work well in situations where the

network is particularly crowded.

In order to test all assumptions, a custom MATLAB simulation framework capa-

ble of implementing all hardware and software required (for both adaptive and fixed

schemes) has then been built. By simulating a scenario in which the users sweep the
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room at the same time with the receivers pointing upwards, a coverage analysis of the

room has been carried out. This has been done both for the fixed and adaptive schemes

and repeated both when employing datasheets and measured optical filter transmissiv-

ity curves for all user receivers.

Lastly, by employing experimental user behaviour statistics available from prior

literature, similar simulations have been conducted in an everyday use-case scenario.

Here, users are free to move in the room and assume random orientations and in-

clinations with their devices. The Monte Carlo method is employed in this kind of

simulation, which has been repeated in a similar fashion to the coverage ones for both

schemes while employing both datasheets and measured optical filter transmissivity

curves. In addition, they have also been repeated with measured optical filter curves

for both schemes under the assumption that all transmitters in the network are active

at the same time, providing the maximum amount of interference. This situation is

closer to a scenario in which the network is particularly crowded.

In conclusion, and based on the results of the various analyses conducted, the adap-

tive WDMA allocation scheme seems more suitable for a densely deployed LiFi network

employing wavelength division. This is because of the higher achievable fairness, an

aspect that stays consistent throughout all the simulation-based tests and allows to

even out the differences coming from the particular OFE design (especially in terms of

central wavelength and Half Width at Half Maximum (HWHM) of optical filter and

LED spectra). The cost is a slightly lower average per-user and network data rates

achievable with the adaptive scheme with respect to the fixed scheme. There are two

main reasons for this. Firstly, as the exact SINRs cannot be computed accurately before

the allocation has taken place, allocation errors can occur. This is much more evident

when the network is less crowded (which is the case in these simulations), as the real

interference after the allocation is complete will be much lower and more variable. Sec-

ondly, there is an inherent difference between the two schemes: while in the fixed case

each user is always assigned the same colour, in the adaptive scheme this is switched

as needed based on users’ locations, orientations, and device inclinations. As a result,

and since only 4 concurrent users are being considered in this chapter, all 4 colours will
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be used at all times in the fixed scheme. The consequence is that in this case, there

will be negligible cross-talk between users due to a very good colour separation. This

is not the case for the adaptive scheme, for which allocating one colour or another is

only related to the SINR achieved. Users can, in this way, ever so slightly interfere

with each other due to selecting the same (or neighbouring) colours while not being

sufficiently separated in space.

Additionally, it should be noted that higher maximum achievable data rates are not

desirable in general, especially since these simulations are thought to span a long time

and the maximum achievable data rate will only be achieved occasionally.

Finally, it is also worth noting that these results have been obtained while only

considering 4 concurrent users, and more investigation is needed to understand the

implications of using these schemes in a wider and more crowded network environment.
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Adaptive WDMA-MIMO

5.1 Introduction

After exploring a novel approach in the domain of dynamic resource allocation con-

cerning a densely deployed Light Fidelity (LiFi) network using Wavelength Division

Multiple Access (WDMA), this chapter is devoted to investigating and developing it

even further. Section 4.2.2 has discussed the detailed architecture of every user’s re-

ceiver. One of the underlying characteristics of such architecture is that it is formed

of four identical Avalanche Photodiode (APD) arrays (or sub-receivers), each of them

made by 4 elements and topped with an optical filter of a different colour. This allows

every user to be equipped to receive a signal in any of the 4 wavelenghts employed by

a transmitter, ensuring the required flexibility in terms of resource allocation: based

on network conditions, and users’ positions and orientations, they can be allocated any

colour that yields a good Signal-to-Interference-plus-Noise Ratio (SINR). In terms of

user capabilities, however, receiving a signal only on one wavelength at a time leads

to a severe underutilisation of the available resources. As it is intuitive in fact, re-

ceiving up to 4 wavelengths at the same time (one for each sub-receiver) as parallel

channel could lead to a substantial increase in performances with respect to the re-

sults presented in the earlier chapter. This is even more evident when also considering

the presented transmitter architecture in Section 4.2.2: each Access Point (AP) is ca-

pable of transmitting four signal streams in parallel, which are well separated in the
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Figure 5.1: Diagram of Wavelength Division Multiple Access-Multiple Input Multiple
Output (WDMA-MIMO). Multiple wavelengths can be allocated to each user, up to
4, and each transmitter and sub-receiver pair can compose a Multiple-Input Multiple-
Output (MIMO) stream.

wavelength domain. This concept is represented in Figure 5.1.

The first part of this chapter’s contribution is to develop the proposed scheme so

that the network resources can be utilised in a better way, thus increasing the network’s

throughput and capacity in terms of served users.

After considering the basic adaptive WDMA scheme and comparing it with a fixed

scheme in the previous chapter, the necessity has arisen to evaluate the network perfor-

mances where more than 4 concurrent users are present in the network. Thus, another

contribution of this chapter lies in conducting such an investigation. The developed

adaptive WDMA-MIMO scheme will be compared with a fixed benchmark (which is

also adjusted to be MIMO compatible to maintain comparison fairness) with an in-

creasing number of concurrent users in the network.

In addition, having such a high number of possible combinations that are well

contained in space (and thus subject to user movement) also raises the concern of

considering the problem of handover and handover latency. In general terms, a handover
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occurs whenever the connection between a User Equipment (UE) and an AP becomes

so unstable that it is necessary to switch the user to another AP to retain a good

quality of service. The time it takes to the network to initiate, decide and execute the

handover process (commonly referred to as “handover latency”) may impact negatively

the network performances, especially when a high number of users compete for the

same resources.

Handover could be influenced not only by user movement (as it is intuitive and

well investigated in literature [20,52,213] ), but also by the Passband Shift (PS) effect

as the users change their device’s inclination even if their location does not change.

In the second part of this chapter, handover rate is considered as a new metric while

introducing a time dependency in the developed simulation framework, so that all the

aforementioned aspects can be related to the PS effect.

With this in mind, the contributions of this chapter can be summarised as follows:

• After describing the approach and the differences with adaptive WDMA presented

in the earlier chapter, an algorithm for the adaptive WDMA-MIMO dynamic

allocation method is provided.

• A study based on custom-code simulations is conducted to investigate network

performances in a densely deployed LiFi network with an increasing number

of users. These simulations include parameters from datasheets of real off-the-

shelf components. These performances are also compared with a fixed allocation

scheme benchmark that is based on a simple round-robin, first-come, first-served

assignation of the available channels with the highest SINR.

• Further simulation work is conducted to explore the downlink capabilities of a

typical indoor LiFi network using the adaptive WDMA-MIMO resource allocation

scheme with densely deployed APs. In these simulations, time dependency is

considered to investigate results pertaining to handover, with users assuming a

behaviour typical of various real-life-inspired scenarios in addition to the usual

random locations.

The present chapter is based on two papers, which at the time of writing were

120



Chapter 5. Adaptive WDMA-MIMO

submitted for publication to the Journal of Optical Communications and Network-

ing (“An Adaptive Allocation Algorithm for Multiple Input Multiple Output Dense

LiFi Networks Based on Wavelength Division”) and to the Institute of Electrical and

Electronics Engineers (IEEE) International Conference of Communications (ICC) 2024

(“Downlink Time-Dependent Performances of a WDMA-MIMO LiFi Network”).

5.2 System Model

5.2.1 Algorithm WDMA-MIMO

The pseudo-code of the adaptive WDMA-MIMO algorithm is shown in Algorithm 2,

and its functions are discussed in this section. After comparing it with Algorithm 1

contained in Section 4.2.4, it can be noted that its first part (up to line 13 included) is

similar to the simpler adaptive WDMA algorithm.

Starting from line 14, the algorithm keeps assigning the ū, ā, ī combinations that

are still available in the γu,k,a,i matrix and thus still seeks to maximise the SINR of

the network. This outlines a separation in two distinct “phases”: during the first, one

channel per user is allocated, as in WDMA, while in the second, all remaining available

channels are allocated. This approach is needed to overcome a specific limitation. In

fact, a simple SINR maximisation approach would readily allocate the maximum num-

ber of available channels to users with a more favourable position in the spatial domain

(that is, a better combination of location, orientation, and device inclination). As a

result, other users with a less favourable position would have even less transmitters to

choose from, at the evident expense of fairness. With this approach instead, the algo-

rithm retains all the benefits investigated in Section 4.2.4 while substantially improving

resource utilisation, at the cost of a higher complexity because of being split in two

phases (which in turn increases the number of operations that have to be carried out).

As in Section 4.2.4, Channel State Information (CSI) is assumed to be available at the

network level, and uplink communication features are provided by either the LiFi tech-

nology on a different wavelength (i.e., in the IR range) or the Radio-Frequency (RF)

technology (i.e., via Wireless Fidelity (WiFi)). Lastly, it has to be noted that this
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Algorithm 2: Adaptive WDMA-MIMO algorithm.

Data: A γu,k,a,i matrix with SINR values for each ū, k̄, ā, ī combination;
An empty Assignation List, L;
Result: An Allocation List, Au,k,a,i

1 Initialization;
2 for u = 1, 2, . . . do

3 if
∑NAP

a=1 H(0)ū,a > 0 then
4 Put ū in L;
5 end

6 end
7 while L is not empty do
8 Find max in γu,k,a,i and assign the corresponding ū, k̄, ā, ī combination in

Au,k,a,i;
9 Set that ū, k̄, ā, ī combination = 0 in γu,k,a,i;

10 Take ū out of L;

11 end
12 L is now empty;
13 Au,k,a,i contains one k̄, ā, ī combination for every active user u;
14 for ū = 1, 2, . . . do
15 if ū has at least 1 ū, k̄, ā, ī combination in γu,k,a,i that is > 0 then
16 Put ū in L;
17 end

18 end
19 while L is not empty do
20 Find max in γu,k,a,i and assign the corresponding ū, k̄, ā, ī combination in

Au,k,a,i;
21 Set that ū, k̄, ā, ī combination = 0 in γu,k,a,i;
22 if ū does not have at least 1 ū, k̄, ā, ī combination in γu,k,a,i that is > 0 then
23 Take ū out of L;
24 end

25 end
26 L is now empty;
27 Au,k,a,i contains all the k̄, ā, ī combinations for every active user u;

122



Chapter 5. Adaptive WDMA-MIMO

algorithm also retains its compatibility with modulation schemes other than the NRZ

On-Off Keying (OOK) employed here and with the implementation of smart lighting

protocols.

5.2.2 Fixed WDMA-MIMO

The fixed allocation scheme is used in this chapter as a benchmark against the adaptive

WDMA-MIMO scheme. As well as this latter, the fixed scheme is an extension of the

one presented in the foregoing Chapter 4 and is based on a first-come, first-served

round-robin allocation in which each user is immediately allocated a central AP based

on the highest SINR. This scheme is designed and adopted in the present chapter as

a form of benchmark as, as explained in Chapter 2, the literature is lacking a proper

WDMA and WDMA-MIMO allocation solution for LiFi while wavelength division does

not have a direct correspondence with RF technology.

In the fixed WDMA-MIMO variant, users are tagged with a numbered label based

on their time of arrival in the network, with the lowest value being assigned to the user

that comes first and put into the allocation list. When the scheduling takes place, the

user with the lowest time-of-arrival tag is picked, and each of its 4 receivers is allocated

a transmission stream from the closest AP (if available). This is then repeated for the

second user in the allocation list until all users have been served or the remaining users

have no available channels that can be allocated to them.

As it is intuitive, in this way, if two users are below the same AP, one of them will

potentially not have any available resources. In this regard the approach of dividing the

adaptive WDMA-MIMO into two phases, so that every user has at least one channel

allocated to them, allows to improve network scalability in more crowded environments.

5.2.3 Indoor Scenario

Room, hardware & users

While the underlying set of equations governing the work presented in this chapter

remains similar to that discussed, successfully validated, and used in the earlier part of
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this dissertation, some differences related to other aspects of the environment have to

be noted.

In terms of similarities with respect to the indoor scenario presented in Chapter

4, the room size, the number of APs in the ceiling of such room, and the hardware

both at transmitter and receiver side (i.e. number of Light Emitting Diode (LED)s,

APDs, optical filters) all remain the same. This means that, in terms of hardware costs,

this will also be the same both for the fitting of the room and the per-user cost of the

hardware. From the point of view of energy efficiency it should be noted that regardless

of using the same hardware, employing a WDMA-MIMO scheme has a higher overall

rate of transmitter activation: on average, users will be served with more than one

transmitter (thus achieving MIMO communication and improving performances). As

a direct consequence, the energy expenditure for running such a network will be higher

when compared to employing a simple WDMA scheme. This is a trade off that has to

be taken into account when designing a WDMA/WDMA-MIMO system.

In terms of differences, the first part of this chapter deals with the presence of a

higher number of users in the network. More specifically, it investigates the network

scalability within a very crowded indoor environment (like a conference room or an

Internet of Things (IoT)-based domotic system). Such investigation is carried out by

starting with the same number of users as in Chapter 4 so that results can also be

compared between the WDMA and WDMA-MIMO schemes. Then, the simulation is

repeated while constantly increasing the network population by 4 users at a time, until

the maximum Nmax
us = 100. It has to be noted that the choice of increasing network

population by 4 users at a time is an arbitrary one and strikes a good balance between

granularity in the data and overly extended simulation times.

As said, Nmax
us = 100 is the chosen maximum network population. In fact, this is the

theoretical limit of users that the network can serve at the same time, since NAP = 25

and Ni = 4. This specific network, with this number of APs and transmitters, can

thus potentially allocate up to NAPNi = 100 parallel channels. These channels are all

separated in either the wavelength domain, spatial domain, or both: every AP has four

LEDs that operate at four different wavelengths, and each LED of the same colour
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in the room, has its own location (since it is part of a different AP). However, it

should be noted that the separation between transmitters of the same colour and from

neighbouring APs is slim and introduces a substantial amount of interference for both

the users allocated to them. This relationship is very difficult to express analytically

as it involves considering many variables related to user movement, orientation, and

inclination in complex equations, as seen in Chapters 3 and 4. Possible strategies that

can be employed to reduce this drawback are joint transmission as presented in [47],

where neighbouring transmitters on the same wavelength transmit the same stream so

that SINR for a particular user is improved, or adopting a power loading scheme so that

neighbouring transmitters on the same wavelength allocated to different users reduce

their output power to provide less interference to neighbours (although this would also

reduce signal power for their intended user). Nonetheless, these approaches are out of

the present scope and would be an interesting direction for future studies that further

refine the adaptive WDMA-MIMO scheme. In fact, they do not impair or hinder the

successful application of the algorithm here presented.

Another important difference comes while investigating handover in such an en-

vironment, because this also introduces the necessity of further considering the time

domain. The presented mathematical framework is comprehensive of network perfor-

mances’ evolution in time because SINR and channel capacity are both calculated at a

specific time instant, and their averages are already dependent on time. In this regard,

important results attained in [158] and further refined in [164] are to be noted with

respect to the coherence time of the users’ device inclination angle, θ. This is defined

to be ”in the order of a few hundreds of milliseconds” in these works, and it means that

given usual network channel reallocation intervals (which fall in that same range), this

θ angle can be treated as a stochastic random process as angle samples have the time

to become uncorrelated.

Simulation method

For what is concerned with investigating a fully crowded network, the simulation

methodology adopted in this chapter is similar to that described in Section 4.2.3 with
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regard to describing network simulations. This is true for all aspects and for both

fixed and adaptive simulations, except the number of users in the network Nus, which,

as described, is initially set so that Nus = 4. The simulation is then repeated anew

by increasing Nus = 8, then Nus = 12, and so on, until Nus = 100. The results of

each simulation are then stored and represented in the same figure, so that the evolu-

tion of network performances as a function of the number of users in the room can be

appreciated.

With respect to the investigation of the handover rate, a slightly different approach

is required. While the room geometry, APs, transmitters, and receivers configuration

remain largely the same, in this case it is here arbitrarily assumed that the resource al-

location is automatically updated by the network every 500 milliseconds. As mentioned

in Section 5.2.3, this is a long enough time interval so that consecutive realisations of

the stochastic random process θ are uncorrelated. The same time interval is assumed to

pass between consecutive iterations, and as a consequence, Niter = 1800 corresponds to

a continuous monitoring time of 15 minutes. This is the adopted monitoring duration

for all simulation scenarios that will be described further.

Users are assumed to request access to the network in sessions, the duration of which

is uniformly distributed between T ses
min = 20s and T ses

max = 40s. A “session” is a variable

period of time in which the user is either requesting service or standing by without

using the network. The reason for this is to model a common power-saving strategy

for IoT devices [59], which consists of intermittently accessing the network rather than

being continuously connected. After each session’s set time has expired, a user has

a 50% chance to change its state from “Connected” to “Not Connected”. When this

happens, the user stops requesting services and exits the network for a certain amount

of time. When the user tries to reconnect at the end of a pause session, it is once again

included in the allocation schedule. Notice that there is a non-zero probability that the

user’s “Connected” time will outlast the duration of a single session; this is the case

when, after the session, the state of the user does not change to “Not Connected”. In

this way, prolonged presence in the network (such as live-streaming of various content)

is also adequately represented.
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Figure 5.2: Four scenarios with eight users in different positions and orientations. In
Scenario 1 and 2, users’ positions and orientations have been generated according to a
uniform distribution. In Scenario 3, users are placed in a typical queueing situation,
as may be the case for a post office or a supermarket; their orientation is the same as
they are all facing the destination of their queue. In Scenario 4, users are placed in an
indoor home or office environment, gathered in groups, and socialising or discussing.
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From the geometric point of view of the users’ spatial distribution, four separate

scenarios are investigated in this work. Each scenario has the users’ locations and

orientations fixed throughout the whole simulation, which encompasses a timeframe of

15 minutes. This duration is chosen to strike a balance between the statistical relevance

of the data and simulation complexity. These scenarios are depicted in Figure 5.2,

represented in the context of the room. The polar angle θ is modelled as a stochastic

random process following a Gaussian distribution with a mean of 27.75◦ and a standard

deviation of 7.67◦. These parameters are representative of a user that walks while

browsing content on a smartphone in portrait mode [158]. As for the users’ locations

and orientations, in scenarios 1 and 2, they have been generated randomly according to

a uniform distribution. Note that their spread is not uniform, though, and this produces

interesting results as it highlights once again the importance of spatial separation of

users. In scenario 3, they are chosen to represent a queue as they use their devices when

they wait in line at a bank or a post office. In scenario 4, a small group situation has

been modelled to represent a home or office environment in which people are socialising

and/or exchanging information.

5.2.4 Network performance metrics

Recalling all the metrics introduced in Section 4.2.3 and using them as a base to build

upon, two more metrics will be discussed and used in this chapter.

As the number of users grows, the first new metric is much needed to gain further

insight regarding possible failures of the allocation process for a given user due to an

effective lack of resources, as opposed to when the combination of its position and

orientation in space makes it impossible to connect regardless of the allocation scheme.

In fact, a user may lose connectivity due to his movement behaviour, resulting in not

having a single AP in its Field Of View (FOV). This case has to be separated from

those in which there simply are not enough resources available to allocate every user to

at least one channel, and this can be done with such a metric, termed “Out-of-FOV”. It

is hereby defined as a percentage of users not having any AP in their FOV throughout

the entire simulation. By establishing:
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NFOV
ū (t) =


1 if ψ̄ū,a > Ψc for every a ∈ [1, NAP]

0 otherwise

(5.1)

it is subsequently possible to define the Out of Field Of View (OFOV) metric as:

ΩFOV
ū =

∑Niter
t=1 NFOV

ū (t)

Niter
. (5.2)

However, as in this chapter, the number of users can be extremely high, it is also

useful to consider the total average network OFOV, obtainable by averaging across all

users in the network:

ΩFOV
tot =

∑Nus
u=1 ΩFOV

u

Nus
, (5.3)

and the same can be done with the Connection Loss (CL) metric, χCL
tot :

χCL
tot =

∑Nus
u=1 χ

CL
u

Nus
. (5.4)

By considering these two equations and recalling their given definitions, it is intu-

itive to realise that when the OFOV metric equals the CL metric, ΩFOV
tot = χCL

tot , it is an

indication that every time a user is disconnected, it happens because of its movement

behaviour and is not related to the network failing the allocation. Thus, when design-

ing a network, it is desirable that the two metrics be as close as possible. Conversely,

when ΩFOV
tot < χCL

tot , the difference between the two represents a measure of how often a

disconnection is due to a lack of resources as opposed to the user’s spatial behaviour,

and this occurrence would indicate that a network resource allocation scheme does not

perform well in the test conditions. Finally, it can be seen that a situation in which

ΩFOV
tot > χCL

tot is not possible by definition.

The second metric that will be introduced and used in this chapter is the handover

rate. It is an important network Quality of Service (QoS)-related metric, which has

been defined in the context of LiFi in [213] as follows:
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H =

∑N
i=1Nh,i∑N
i=1 Te,i

(5.5)

where Nh,i is the number of handovers during the i-th elapsed time, Te,i. It can be noted

that the numerator and denominator are, respectively, the total number of handovers

and the overall simulation time. A similar definition will be employed in this chapter,

as implemented in the code, by having:

NHO
ū (t) =


1 if ū is active and Aū,k,a,i(t) 6= Aū,k,a,i(t− 1) and NCL

ū 6= 0

0 otherwise

. (5.6)

At this point, the definition of the handover rate for a user ū, Hū, is given by:

Hū =

∑Niter
t=1 NHO

ū (t)

Niter
(5.7)

and the average handover rate of the whole network is given as an average across all

users:

Htot =

∑Nus
u=1Hū

Nus
. (5.8)

As it can be seen, this is equivalent to the definition given in the literature [213],

which then constitutes a strong basis for the investigation conducted. However, note

that based on this definition, each of the 4 employed wavelengths is treated as a single

channel, and therefore, users can expect to have a handover rate that is about four

times higher than single-channel solutions.

5.3 Analysis

In the coming section, the results of the simulations will be discussed in depth. The

analysis will first focus on how network performances scale with the increasing number

of users present in the room, and after that, it will shift its attention to considering the

handover rate in four different 8-users scenarios with fixed positions and orientations
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Figure 5.3: Average aggregate network capacity with an increasing number of users in
the room. The adaptive WDMA-MIMO allocation scheme outperforms the fixed one
consistently.

but varying device inclinations.

5.3.1 Densely populated network

The average aggregate network capacity for both fixed and adaptive WDMA-MIMO,

with an increasing number of users, is shown in Figure 5.3. As can be seen by the

difference between the two curves, the adaptive WDMA-MIMO scheme provides the

network not only with better performances in general, but also a capability of increasing

its output based on how many users are concurrently requesting service. Notably, by

looking at the specific point Nus = 4, a comparison can be made with the network-

concerning results presented in the foregoing chapter (Section 4.3.2). It can be seen
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that with respect to the WDMA case, adaptive WDMA-MIMO is more capable of

optimising network performances as its focus on maximising SINR (and thus minimising

interference with respect to signal) yields better results as the utilisation of the resources

grows. In fact, with only 4 users in a RGBA LiFi network, a WDMA allocation scheme

only pairs each user with 1 channel, while a WDMA-MIMO scheme can allocate up to

Nk = 4, with a tangible increase in interference (and the subsequently emerging need

to mitigate it).

As user density grows, this competition for resources grows as well, and as an-

ticipated, the adaptive WDMA-MIMO retains its ability to mitigate the interference

generated by the higher transmitter activation (that is, a higher number of transmitters

activated), while the fixed WDMA-MIMO caps its average throughput slightly above

4 Gbps with Nus = 40 concurrent users present in the network, and after that, it starts

dropping ever so slightly. This is precisely an effect of higher interference due to higher

transmitter activation, as a consequence of a higher number of users requesting service.

Figure 5.4 reports, for the same amounts of users in the network, the average

SINR per user. Despite both fixed and adaptive WDMA-MIMO being based on some

form of SINR maximisation, it reflects the superior capability of the adaptive scheme

to achieve better results. A higher SINR produces higher throughput, and adaptive

WDMA-MIMO always grants SINR higher than 5 dB even in extremely crowded en-

vironments. The fixed scheme, on the other hand, can go as low as −5 dB of average

SINR in order to provide connectivity.

In Figure 5.5, per-user average capacity and CL probability are reported. Before

the room reaches a crowdedness of 20 users, the adaptive WDMA-MIMO scheme grants

slightly higher per-user average capacity. After that point, the curve related to this

scheme dips below the one related to the fixed scheme. However, by looking at the

earlier SINR figure, a consistently higher performance of the adaptive scheme could be

expected. This discrepancy comes from the fact that the adaptive scheme is designed to

serve more users more fairly, even at the expense of per-user performances. Conversely,

as the fixed scheme maximises the SINR one user at a time, it is certainly able to

obtain higher maximum performances from a “single user” perspective. This is why,
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Figure 5.4: Average SINR with an increasing number of users in the room. As with
the average aggregate network capacity, the adaptive WDMA-MIMO allocation scheme
outperforms the fixed one consistently.

especially with a lower number of users in the room, its yielded performances may

appear preferable. However, this comes at the expense of CL. This metric is always

higher in the case of the fixed scheme, meaning that a higher percentage of users get

disconnected on average. In fact, the CL curve for the fixed scheme is a convex function

increasing monotonically that, even with only 4 users in the network, realises around

10% of disconnected users overall. At maximum crowdedness, it is over 75%. In the case

of adaptive WDMA-MIMO, this metric remains consistently around 4% only increasing

monotonically and in a concave fashion starting from 48 users in the network, reaching

a maximum of less than 15% when room crowdedness is at its highest.

All of the aforementioned becomes clearer by looking at a comparison between CL
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Figure 5.5: Per-user average capacity and connection loss probability. Up to a crowd-
edness of 20 users, the adaptive scheme yields slightly higher per-user performances,
which then dip significantly. CL probability is consistently lower with the adaptive
scheme, touching a maximum of less than 15% with 100 users in the room.

probability and the new OFOV probability metric, which is a measure of how many

users’ disconnections are caused by a lack of APs in the users’ FOVs. As mentioned

in Section 5.2.4, this is important to note because such disconnections are not due to

a lack of network resources but rather to a peculiar combination of users’ positions,

orientations, and device inclinations. Figure 5.6 presents a comparison between CL

and OFOV in the adaptive case. Recalling the definitions of these two metrics, it can

be seen that being CL always higher than OFOV (stable at around 4%), the network

consistently fails to provide a proper allocation. This becomes clear by considering that

even in the case of only four users in the room, which should bring an abundance of

network resources to be allocated, the CL is still prominent with respect to the OFOV.

In contrast, Figure 5.7 shows the same comparison in the adaptive WDMA-MIMO
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Figure 5.6: CL probability and OFOV VS increasing users, fixed scheme. CL prob-
ability is consistently higher than OFOV probability with the fixed WDMA-MIMO
allocation scheme.

case, with an inset zooming on where the two curves start diverging. Up to this

point, the two metrics always coincide, indicating that in these conditions, the adaptive

scheme shows consistent efficiency in providing all users with at least a basic form of

connectivity. However, as the number of users grows past 50% of the theoretical limit,

the curves start diverging, indicating that in some instances, no resources are available

for allocation. This is mostly related to the very high user density in the room, which

dramatically reduces spatial diversity between users.

In Figure 5.8, the number of average active users is reported versus the total number

of users in the room. These curves are closely related to the CL results, as they

are directly influenced by them. Here, the term “active user” indicates a user that
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Figure 5.7: CL probability and OFOV VS increasing users, adaptive scheme. CL
probability is equal to OFOV probability up to around 48 users in the room, where it
starts diverging, indicating that all CL up to that point are due to OFOV.

has been successfully allocated network resources and can benefit from at least one

allocated channel. Since the adaptive WDMA-MIMO scheme focuses on fairness, firstly

allocating one channel to every user before trying to maximise resource utilisation,

this outcome is expected. Nonetheless, despite showing remarkable adaptability to

very limited spatial resources, the related curve becomes convex while approaching the

theoretical limit of 100 users.

5.3.2 Time-dependent handover analysis

Table 5.1 reports the results for the 15-minutes long simulation in each of the 4 envi-

sioned scenarios.

In terms of performance regarding aggregate network capacity, scenarios 1 and 2
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Figure 5.8: Average active users vs. increasing users in the room. As expected from CL
performances, adaptive WDMA-MIMO yields better results than fixed WDMA-MIMO.

show comparable results (and the highest data rate is achieved in scenario 2). Slightly

lower performances are yielded in Scenario 4, while the lowest average network data rate

performance is attained in Scenario 3. The reason for this lies in the different spatial

separation. In fact, by considering Figure 5.2 again, it can be seen that Scenario 2

features the best spatial diversity among the users. Scenario 1 follows, with a slightly

more crowded area in the southern part of the room (yu ∈ [0, 2]). Scenario 4 has the

user tightly grouped in two main locations, but given their orientation (facing each

other), their devices will face a wider range of APs, providing better opportunity for

the network to allocate channels to them. Finally, Scenario 3 shows the worst spatial

diversity: the users are all close to each other, and since they are forming a queue, their

orientation is not favourable for spatial diversity because only the 5 APs in the central
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Table 5.1: Network performances in time-dependent indoor scenarios

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4

Avg. network data rate [Gbps] 2.75 Gbps 2.87 Gbps 1.59 Gbps 2.35 Gbps

Avg. data rate per user [Gbps] 0.70 Gbps 1.00 Gbps 0.39 Gbps 0.58 Gbps

Avg. SINR per channel [dB] 17.50 dB 25.46 dB 12.83 dB 15.52 dB

Connection loss [%] 0.00 % 27.69 % 0.00 % 0.00 %

Out of FOV [%] 0.00 % 27.69 % 0.00 % 0.00 %

Handover rate [1/s] 1.31 /s 1.32 /s 1.88 /s 1.79 /s

Percent handover rate [%] 16.40 % 16.51 % 23.49 % 22.42 %

column of the room (xAP = 3 m) are in a position of transmitting a clear signal to 8

users. In this regard, wavelength diversity holds crucial importance, as it allows 5 APs

to serve 8 users without disruption. Conversely, in other scenarios, more APs can be

employed at once due to spatial diversity, leading to less interference and a higher data

rate. All this is also reflected in the average per-user data rate metric.

The CL probability is always 0.00% except in Scenario 2, where it can be seen from

the users’ spatial disposition that the network’s inability to allocate channels to part of

the users could be due to the fact that half of them have an unfavourable combination

of position and orientation since they are located at the edges of the room and facing

the centre. As a result, the screen of their devices will be pointing towards the walls,

and it is possible that they will not have a single AP in their FOV since non-Line Of

Sight (LOS) paths of light beams are not considered in this dissertation. The OFOV

metric confirms exactly this hypothesis, as it is equal to Scenario 2 in this case (27.69%).

This higher rate of disconnection in Scenario 2 also has another effect: in fact, if fewer

users are being served, there is lower interference for all the other active channels.

As reported in the table, the average handover rates (calculated by averaging across

all users in one scenario) are very similar in Scenarios 1 and 2, at 1.31/s and 1.32/s,

respectively. These are the lowest, and this is for the same reasons discussed. Addi-

tionally, as the users’ activities in requesting service and exiting the network unfold

over time, there is a variable component in the interference and AP occupancy, which

has a direct effect on the handover rate. In fact, there is a chance that users entering

the network after an idle time could request service from an AP already allocated to
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Figure 5.9: Time evolution of average handover rate in four scenarios. Scenario 3 and
4 exhibit a higher average and variability.

another user, and as a result, a handover will be forced on this latter. This can be seen

in scenarios 3 and 4, in which users are less uniformly distributed in space and thus

there is a higher level of competition for the same resources. Handover rates in these

are 1.88/s and 1.79/s, respectively, which constitutes an increase with respect to the

first two scenarios.

Figure 5.9 reports the time-dependent evolution of the average handover rate in all

4 scenarios. As it can be seen, apart from the higher average in Scenarios 3 and 4, the

curves also show a higher variability of handover. It is expected that if users change

their positions over time, other than their devices’ inclinations, the handover rate will

increase even more. Seen from this perspective, it could become necessary to modify

the allocation scheme in order to accordingly reduce unnecessary handovers.
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5.4 Chapter Summary

In this chapter, an adaptive WDMA-MIMO algorithm has been proposed. It is based

on the simpler adaptive WDMA investigated in the foregoing part of the dissertation.

Its biphasic approach to the allocation process allows every user to be provided with a

connection, thus improving fairness and minimising CL.

The proposed adaptive WDMA algorithm has first been expanded into an adaptive

WDMA-MIMO version, with the objective of ensuring better utilisation of the available

network resources. In fact, these would conversely remain untapped. This has required

us to adopt a biphasic approach to the allocation process so that in the first phase,

every user is allocated one channel with the highest SINR, thus ensuring that a basic

form of connectivity is provided to the highest number of clients. In the second phase,

all remaining available channels are allocated to users with the same highest SINR

method.

As a benchmark to test the performances yielded by such algorithm, a fixed allo-

cation scheme has been devised for the lack of equivalent algorithms in the literature.

It is based on a first-come, first-served round-robin allocation approach, still following

the highest SINR method for determining the best channels.

The differences with the indoor scenario used in the previous chapter have been

discussed in terms of the investigations that will be carried forward. Firstly, network

scalability is investigated by incrementally increasing the user count up to a theoretical

maximum of 100 clients concurrently requesting service. In fact, practical limitations

would arise past this point due to the number of transmitters physically present in

the envisioned room. It has to be noted that even though this theoretical limit of

the network would entail an unlikely level of room crowdedness, it is important to

test network scalability up to this point as the resulting curves’ trends would only be

completely exhausted once the theoretical limit has been hit.

The second part of the investigation deals with handovers, and as such, introduces

a temporal dimension in the simulations. As seen, the coherence time of the inclination

angle of the device is in the order of a few hundreds of milliseconds; such angle can then
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be treated as an uncorrelated stochastic random process even when sampling in the time

domain (as opposed to a statistical evaluation with the Monte-Carlo method), with the

condition of keeping the sampling time high enough that the angles have the time

to become uncorrelated. As a consequence, it is possible to assume that the temporal

changes in the devices’ inclination angles are addressed by re-allocations of the network

resources, based on the new angle, at regular intervals. Here it is emphasised the

need to consider time-dependent factors for a comprehensive understanding of network

performance evolution, as network stability over time is an important factor in the

perceived quality from the perspective of a user.

In the examination of a fully crowded network, the simulation methodology mostly

aligns with the approach outlined in the foregoing chapter in the network simulation

part for both the fixed and adaptive schemes. The difference is that the number of

concurrent users present in the room is progressively increased from 4 up to 100, which

is the theoretical limit of the network’s channel-forming capabilities. Each simulation

result is then consolidated into a single figure to showcase the network’s performance

evolution concerning the number of users. Regarding the investigation of handover

rates, a different approach is adopted. The room configuration remains consistent,

and four scenarios are devised. In each scenario, the number of users is fixed, as

is their position and orientation, while their inclination angle evolves with time as

an uncorrelated Gaussian stochastic process. The resource allocation is assumed to

update automatically after a set time interval (thus introducing the time dimension in

the simulation). A continuous monitoring time of 15 minutes is established for each

scenario. Users request network access in sessions, reflecting a power-saving strategy

for both IoT and mobile devices. After each session, users can either exit the network

or keep requesting service.

To help monitor these investigations, two new performance metrics have been in-

troduced in this chapter: the OFOV and the handover rate. The first is a network-wide

percentage expressing how many users, on average, have an unfavourable combination

of position, orientation, and inclination, so that they do not have even a single AP in

their FOV. Handover rate is as defined in the literature and adjusted for application
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in the case of wavelength division indoor LiFi networks.

Regarding the incremental users analysis, the showcased results highlight that adap-

tive WDMA-MIMO outperforms the fixed scheme with respect to average network ca-

pacity, average SINR per active channel, and CL probability. It is clear that the fixed

scheme excels in achieving higher maximum performances for single users but incurs

very high CL, reaching over 75% at maximum crowdedness, which means that less

than 3/4 of the users experience connection outages. Conversely, the adaptive scheme

maintains CL at less than 15% at maximum crowdedness. A comparison between CL

and OFOV metrics highlights the adaptive scheme’s consistent efficiency in providing

basic connectivity to all users, while the fixed scheme struggles to allocate resources,

particularly in high-density scenarios.

Regarding the time-dependent handover analysis, the evaluation of aggregate net-

work capacity shows adaptive WDMA-MIMO exhibiting comparable results in sce-

narios 1 and 2, and achieving the highest data rate in scenario 2. In scenario 4, the

algorithm shows slightly lower performance, while the lowest average network data rate

is observed in scenario 3. This variation is attributed to lower spatial separation; in fact,

scenario 2 features better spatial diversity, followed by scenario 1, which has a slightly

more crowded area in the southern part of the room. Scenario 4, with users grouped in

two locations facing each other, benefits from diverse AP orientations. Conversely, sce-

nario 3, featuring closely positioned users in a queue, lacks favourable spatial diversity.

In this context, wavelength diversity still provides manageable connection conditions

for all users, enabling the network to serve all users without disruptions. The CL prob-

ability is consistently 0.00%, except in Scenario 2, where challenges arise in channel

allocation due to unfavourable user positions. The OFOV metric confirms this, in-

dicating disconnections due to users facing walls. Average handover rates are lowest

in Scenarios 1 and 2, reflecting uniform user distribution. Higher rates in Scenarios

3 and 4, where users are less uniformly distributed, suggest increased competition for

resources. The time-dependent evolution of handover rates highlights variability, espe-

cially in Scenarios 3 and 4, indicating potential modifications to the allocation scheme

to reduce unnecessary handovers.
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Conclusions, Limitations, Future

Work

6.1 Final Summary & Conclusions

In this thesis, the focus is on the challenges that an implementation of indoor wavelength

division-based Light Fidelity (LiFi) networks with dense deployments of Access Point

(AP)s presents. While the context calls for free mobility of users in terms of location,

orientation, and device inclination, the Passband Shift (PS) effect imposed by the

inherent physics of crucial components employed cannot be neglected in the link budget

as it potentially introduces severe signal losses.

Firstly, the impact of the PS effect on a wavelength division-based system has been

studied. A geometrical framework has been established to be used throughout the

thesis, and the derivation of the Probability Density Function (PDF) of the central

wavelength of an optical filter dependent on the user mobility behaviour has been

carried out. Other than allowing to evaluate the importance of this effect, this has

prompted the introduction of the Spectral Overlap (SO) parameter, which allows to

visualise how well the spectrum of a source overlaps with that of an optical filter,

taking user mobility into account. This tool has been used to evaluate the utility and

performances of an Optical Front-End (OFE) optimisation in the wavelength domain

in an indoor wavelength division-based LiFi network. Results have shown that such
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optimisation would even deteriorate the received Signal-to-Interference Ratio (SIR)

with respect to an unoptimised OFE in which central wavelengths of Light Emitting

Diode (LED)s and OFs coincide.

Prompted by these results, the focus has then been shifted to the network operation

level to tackle the problem of mitigating interference in the indoor environment with

a resource allocation approach. More specifically, channels can be allocated to users

based on a Signal-to-Interference-plus-Noise Ratio (SINR)-maximisation method, which

inherently takes random user mobility behaviour into account. After discussing various

system design choices to be used in this setting and defining the underlying system

model, a resource allocation scheme named “adaptive Wavelength Division Multiple

Access (WDMA)” has been proposed. It is based on the aforementioned allocation

method, and it has been compared with a fixed scheme, in which users are always

assigned to the same colour based on their time of arrival. The comparison has included

custom-made simulations to calculate coverage for both schemes as well as generating

data with the Monte Carlo method for a real use case. In this latter case, four users

would be free to roam in the room while requesting network access, according to their

regular movement behaviour. The outcomes of these simulations have shown that the

adaptive WDMA scheme seems more suitable for an indoor wavelength division-based

LiFi network with densely deployed APs. More specifically, results have highlighted a

trade-off between better fairness and lower Connection Loss (CL) probability, which

come at the cost of a slightly lowered data rate, both averaged and per-user. This

trade-off comes from the challenge of proper interference estimation to be fed to the

SINR maximisation-based algorithm, which is a challenging task.

Lastly, the adaptive WDMA has been extended into an adaptive Wavelength Di-

vision Multiple Access-Multiple Input Multiple Output (WDMA-MIMO) algorithm.

This allows to better exploit the network resources by trying to maximise the number

of channels to be allocated to each user instead of limiting the process to one channel

per user. The algorithm is divided into two distinct allocation phases (biphasic ap-

proach); this not only allows to retain adaptive WDMA’s characteristics of improved

fairness but also to adaptively adjust to the network crowdedness, lowering the number
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of channels per user if in certain areas of the room the spatial separation between de-

vices is too low. This new algorithm has been tested in conditions of increasing room

crowdedness, up to its theoretical limit, and compared with a fixed Multiple-Input

Multiple-Output (MIMO) allocation scheme. The method used to carry out the afore-

mentioned is again using custom-made simulations, as building a physical testbed would

be costly and time-consuming. Results have shown that the adaptive WDMA-MIMO

has improved scalability and robustness with respect to the fixed scheme, and this has

been demonstrated to be especially true as the number of user in the network increases.

Network and per-user data rate, average SINR per active channel, and CL probability

are higher in the adaptive WDMA-MIMO scheme, while the fixed WDMA-MIMO ex-

cels at maximising the data rate of the single users on a first-come, first-served basis.

As a further investigation, the temporal dimension is introduced in the simulations by

leveraging the coherence time of device inclination angles. It involves four scenarios in

which 8 users randomly request or disconnect from service. The results highlight the

potential to introduce further modifications to the allocation scheme so that unneces-

sary handovers can be avoided.

All the simulations have been carried out with measured optical filter spectra at

increasing Angle of Incidence (AoI) of the incoming light, given substantial differences

between the PS effects between datasheet and measured behaviour of optical filter that

have been reported in Appendix B.

In the first instance, this work wanted to evaluate the feasibility of using the shift-

ing spectra as a further dimension, that would allow to use a transmitter wavelength

different from the central wavelength of the receiver’s optical filter. For example, the

blue transmitter of an AP would be paired to the green receiver, if its inclination made

the optical filter’s central wavelength shift in the blue region of the spectrum. This

was demonstrated to be unfeasible because the central wavelength shift is accompa-

nied by a severe spectral degradation, and even in conditions of extreme crowdedness

these hybrid-coloured channels do not offer an increase in performances. Moreover, in

densely deployed LiFi networks (where the number of APs is high), even if the AP that

is closest to one user does not have any available channels, the other neighbouring APs
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offer plenty of solution for establishing a connection. Random orientation has been a

concern in Optical Wireless Communication (OWC), and in densely deployed networks

where interference could introduce additional potentially severe degradation in perfor-

mances, this is an even more pressing matter. In that regard, the use of WD to address

the problem may seem counterintuitive because of the spectral degradation and PS

phenomenon that may further reduce the link budget; and in normal circumstances, it

does. Yet, this work has demonstrated its feasibility and added interference-reducing

capabilities even in extremely crowded environments, with the caveat that a smart re-

source allocation scheme must be implemented at the network operation level so that

what seemed to be a drawback, can now be harnessed as a new and unexplored channel

separation feature to improve network performances and provide multiuser access.

6.2 Limitations & Future Developments

The proposed adaptive WDMA and adaptive WDMA-MIMO schemes are demon-

strated to provide improved fairness and network performances with respect to a fixed

allocation benchmark. However, the SINR maximisation method on which they are

based requires to consider the worst-case scenario, that is, while all transmitters are

active at the same time. In this way, and especially when the network is populated with

an overall lower number of users, the interference is overestimated. This can induce

errors in the allocation, which then becomes suboptimal.

Throughout the entirety of the thesis, the presented results have been generated

with Monte Carlo simulations. These feature a high number of iterations that look like

“snapshots”, thus rendering the allocation system memory-less. An interesting future

direction to pursue to overcome this limitation is to implement a random waypoint

model so that the environment (and especially the user behaviour) is more faithfully

represented in the time domain. In this way, not only would the handover rate investi-

gation be more accurate, but from an algorithm-design perspective, it would be possible

to store recent allocations and use them as a base for the reallocation in future time

instants. This would take the real expected AP activation into account, thus making

the allocation more robust than the simple memory-less SINR maximisation. Other
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possible approaches to tackle the problem of interference overestimation include:

• Using interference data to generalise an analytical expression so that more accu-

rate SINR values can be used.

• Investigate reinforcement learning (and particularly the Q algorithm) to estimate

the interference prior to the allocation, based on how many users are in the

network and their location and orientation data, if available.

In this thesis, no path blockages due to the users’ physical bodies are assumed.

It appears reasonable to expect that an adaptive allocation scheme would be able to

overcome this added system feature, while a benchmark fixed allocation method would

yield worse results in terms of a lower achievable data rate and a higher CL figure (due

to increased Out of Field Of View (OFOV)). However, all this cannot be guaranteed

and needs to be confirmed with more accurate tests (either based on an experimental

test-bed or on custom simulations).

One of the limitations encountered is that according to literature, the PS has two

effects: one is the shift towards shorter wavelengths, and the other is the appearance

of a spectrum degradation, which becomes more substantial as the AoI of the incident

light increases. This second effect is closely tied to the internal structure of the OFs,

and this makes it difficult to investigate and formalise for two main reasons:

• The quality and amount of spectral degradation can be inferred by knowing the

composition of the internal layers of the optical filters. Since existing off-the-

shelf components have been used throughout the study, this information is not

available as it is part of the manufacturers’ intellectual property.

• Devising a reliable and more general model for the spectrum degradation would

involve measuring a vast array of optical filter of different qualities and manufac-

turers, which is a costly and time-consuming activity. The result of the spectrum

degradation not only changes between different models and manufacturers of op-

tical filter but also within each copy of the same optical filter model from the same

manufacturer. Furthermore, as new materials and procedures are discovered and
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implemented in the construction processes, such models could relatively quickly

become outdated.

These are also the reasons for which the SO does not take into account such spec-

trum degradation. The spectra that have been measured and used in this thesis are

more representative than the ones in datasheets on account of the PS effect. How-

ever, since they have been taken from specific physical copies of the OFs, they are

specific to those optical filter models. Thus, since a generalised model for spectral

degradation of the optical filters is not readily available, another interesting compar-

ison would be similar to the one carried out for the OFE optimisation in a network

setting, but using the spectra of real measured optical filter. It is anticipated that the

spectral degradation would add to the channel separation even more, making the case

in which λOF(0) = 500 nm even more favourable with respect to the case in which

λOF(0) = 520 nm.

The ability to leverage the PS effect in the context of a WDMA LiFi indoor network

could be further investigated as, in the author’s opinion, it holds the potential to unlock

a further step in the utilisation of LiFi on a larger scale. More specifically, it could be

interesting to explore other system geometries (such as the exagonal shape) other than

the square lattice used in this thesis. It would also be useful to explore how the adaptive

WDMA and WDMA-MIMO algorithms can perform in different room conditions, such

as in terms of distance between APs.
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Validation of System Model

After defining an underlying system model as in Section 4.2, there is a need to conduct

a validation in which the employed mathematical framework is compared to the results

of an experimental acquisition made on a physical testbed specifically constructed to

mimic, in a scaled-down capacity, what would happen in a real scenario. In terms of a

meaningful validation, two main aspects have to be accounted for that bear a significant

influence on the end results: the losses in the signal strength due to the optical path loss,

HLOS(0), and the ones introduced by the optical filter transmissivity curves. Regarding

this latter, there is an interest in observing both the central wavelength shift of the

OFs and the spectral degradations induced by the Passband Shift (PS) effect.

As a result, the validation process includes running an experiment with all four

RGBA OFs chosen for the work to measure optical power as Angle of Incidence (AoI)

goes up. These measured optical power values are subsequently compared with their

analytically computed counterparts for validation.

Figure A.1 shows a reference of the test setup employed for the validation. From

the left, the following components can be seen:

• A light source. In the figure, a blue micro Light Emitting Diode (LED) is depicted.

However, for the experimental acquisition, this was substituted with a complete

RGBA array of individually addressable LEDs. In this way, coloured sources can

be activated one by one without touching the testbed. This is to avoid spectral

leakage, as there is a slight overlap between sources’ spectra.
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Figure A.1: Reference to the test setup employed for the validation. On the left, the
test setup is seen from the side. The black wall in the background is used to keep an
opaque dark cover to avoid any background illumination interference. On the top right,
a test setup close-up. On the bottom right, the test setup is seen from the top.

• A diffuser lens that is used to match the half-intensity angle of the blue micro

LED to the one used in the simulation environment. Since the actual RGBA array

has been used to generate the experimental results presented here, this diffuser

lens has been removed for the acquisition.

• The blue optical filter. It is mounted on a rotation stage manufactured by Thor-

labs, which features the possibility of fine-tuning the rotation angle. This is of

crucial importance for this application.

• The power meter head.

As seen in the figure, in this setup, an RGBA LED optical source was positioned at

a fixed distance from the power meter, with an optical filter (matched in colour to the

LED source) interposed between them. The optical filter’s orientation was adjusted as

previously described, and received power measurements were obtained at various AoIs,

including 0◦, 10◦, 20◦, and 30◦. These measurements, carried out in a light-controlled

environment, were subsequently compared to the corresponding theoretical values.
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This has proved a challenging endeavour for many reasons, but the most important

one is the distinctive spectral degradation shown by every filter. In fact, complete

validation has only been possible after measuring the optical filter transmission char-

acteristics as in Appendix B and using them in computing the analytical results of the

model.

Figure A.2: Measured received power as obtained in the experimental setup versus
theoretical, as calculated analytically. A close match between experimental and theo-
retical is obtained by using measured OFs spectra. These also account for the spectral
degradation at higher AoIs.

Figure A.2 visually demonstrates a close alignment between experimental and the-

oretical data. It is worth emphasising that employing idealised or datasheet-based

characteristics for OFs in earlier attempts has led to inaccurate results when compared

to the outcomes achieved using actual optical filter devices.
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Characterisation of OFs

Within this appendix, the results of an experimental characterisation of four OFs man-

ufactured by Thorlabs are presented. These filters are the models used throughout the

dissertation: blue (FB450-40 [196]), green (FB550-40 [197]), amber (FB590-10 [198]),

and red (FB650-40 [199]). The primary objective of this analysis is to explore the

transmission characteristics of these filters in relation to the AoI of the incident light.

These AoI-dependent curves are essential components integrated into the simulation

framework, as AoI variability is one of the main characteristics of the scenarios inves-

tigated in this dissertation. This is a very important step to ensure that the measured

optical filter transmissivity spectral data reflect the actual behaviour of the spectral

characteristics of the system and increase the confidence in all results obtained there-

after.

The acquisition of experimental data has been achieved by using a spectrometer,

an instrument designed to capture the wavelength-dependent distribution of emitted

power from an optical source, commonly referred to as its emissivity. Additionally,

the emissivity measurements enable the derivation of the transmissivity of each optical

filter placed between the source and the spectrometer. This is achieved through the

application of a subtraction algorithm embedded within the spectrometer’s internal

software.

The spectral data collection took place in a controlled dark environment to prevent

any interference from background illumination by using a test setup much similar to

152



Appendix B. Characterisation of OFs

the one used in the validation process (with the only difference being the power meter

head substituted with the spectrometer head). The AoI was varied incrementally,

commencing from 0◦ and progressing up to 40◦ included, with measurements taken at

10◦ intervals. During this experiment, only the OFs were subjected to rotation while

maintaining the power meter at a constant AoI of 0◦ and a fixed distance of 0.164m.

As seen in Appendix A, this approach ensured that the optical path loss remained

consistent throughout the entire experiment. In fact, by only rotating the optical filter

with respect to the source but not the receiver, the AoI of the impinging light beam

only generates the Passband Shift (PS) effect without impacting the optical path loss.

Figure B.1 visually represents the outcomes of this characterisation, juxtaposed with

the relevant Light Emitting Diode (LED) normalised spectrum serving as a reference.

Notably, at higher AoIs, discernible differences emerge in comparison to the idealized

rectangular shape often assumed for OFs, as well as the curves typically found in

datasheets. This discrepancy highlights the importance of conducting similar filter

characterisations, even in simulation-based studies. Such an approach ensures that the

simulation results align more closely with real-world scenarios.

Figure B.2 shows a comparison between the measured optical filter transmissivity

of two physical copies of the same OFs at increasing AoI.

Appropriate modelling of OFs is still an open challenge. Past literature only pro-

vides precise indications regarding what is to be expected in terms of central wavelength

shift. On the contrary, given any physical (and not simulated) optical filter component,

it is not easy to foresee what the spectral degradation will be with respect to the AoI.

This is because detailed information on the internal structure of each individual filter

would be required. Obtaining such knowledge about OFs is a challenge for two reasons:

• The details of the optical filter construction (such as materials employed, number

of layers, and their order) are typically regarded as proprietary information held

by manufacturers, making access to this information challenging, if feasible at all.

• Any spectral degradation model developed in this manner would be specific to

the particular optical filter model under consideration. Moreover, to account for

variations between individual filter samples, extensive testing of multiple optical
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filter copies would be required.

This highlights the complexity and limitations associated with accurate modelling

of OFs accounting for AoI-dependent characteristics, which is the main motivation

behind the choice of conducting this experiment to implement measured optical filter

transmissivity spectra into the simulation work.
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Figure B.1: Ideal versus datasheet versus measured optical filter transmissivity com-
parison. Each row contains ideal, datasheet, and measured spectra for each colour. At
higher Angle of Incidence (AoI)s, the OFs’ characteristics show a shift towards shorter
wavelengths. However, only measured spectra report substantial spectral degradation.
Conversely, ideal and datasheet curves have no reliable information on this effect.
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Figure B.2: Measured optical filter transmissivity comparison between two physical
copies of the same OFs at increasing AoI. Other than showing substantial spectral
degradation at higher AoIs, the significant variability between two physical copies of
the same model of optical filter can be appreciated.
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Published papers

C.1 AdaptiveWDMA: improving the data rate of a densely

deployed LiFi network (Internet of Lights 2021)

A novel adaptive Wavelength Division Multiple Access (WDMA) scheme is presented

in this paper, capable of contrasting the effect of the Passband Shift (PS) phenomenon

in an indoor densely deployed LiFi network. After an overview on WDMA in an indoor

Internet of Things (IoT) setting, simulation work is defined and carried out. Results

show how in such settings, the loss of connection is reduced to an average of 0.72 %

compared to 31.25 % when using Adaptive WDMA. Additionally, the users are served

with higher average speeds and better fairness.

C.2 Impact of Passband Shift in Optical Wireless Com-

munication Systems based on Wavelength Division

(ICC 2022)

In this paper we investigate the impact of the passband shift (PS) phenomenon on op-

tical wireless communication (OWC) systems based on wavelength division (WD). We

first introduce the associated challenges, then we discuss the mathematical framework

needed to evaluate the performance of systems based on WD when the impact of the

PS phenomenon is taken into account. We introduce the concept of spectral overlap
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(SO) and discuss its role in the design of WD solutions. Results show that this design

phase has to take the SO into account, and that its careful balance with the channel

gain is essential when multiple colours are used for parallel communication in OWC.

C.3 A Simulation Tool for Interference Analysis in MIMO

Wavelength Division LiFi Indoor Networks (ICC 2023)

In this paper we propose a novel simulation tool for indoor Light Fidelity (LiFi) net-

works based on Wavelength Division (WD) with real optical filters characteristics.

Firstly we present the measured passband spectra of optical filters, along with a system

model validation relying on such acquired spectra. Secondly, we propose a simulation

tool developed to extend the work of adaptive wavelength division multiple access to the

multiple-input multiple-output case, suitable for conducting Monte Carlo simulations.

Then, we validate such tool by considering an example scenario with fixed positions

and orientations, including increasing number of users in an indoor LiFi network using

WD. In order to better clarify the interference contributions to the quality of service

provided, we consider the first user as reference, and evaluate how the presence of

progressively higher number of users in its vicinity impacts the interference that the

main user is experiencing. We then analyse how the signal-to-interference-plus-noise

ratio, interference-to-noise ratio and signal-to-interference ratio figures of the main user

change depending on how many interfering users are included in the considered scenario.
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