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Lay Summary

This thesis’ primary goal is to quantify the contribution of light fidelity (LiFi) in hybrid WiFi

and LiFi networks. Hybrid WiFi and LiFi networks are wireless technologies that combine

both a radio frequency (RF) communication and LiFi, which is an optical wireless commu-

nication (OWC) technology. The study of LiFi’s contribution is important as future wireless

networks, such as 5G, envision hybrid networks to mitigate the lack of RF spectrum required to

accommodate an increasing number of users. LiFi is a great candidate to accompany RF com-

munications, as the optical spectrum is an unlicensed spectrum, and LiFi does not interfere with

RF communications. Moreover, WiFi has been carrying most of the global mobile traffic for

the last few years, and more mobile data is predicted to be transferred over WiFi in the future.

Therefore, this thesis aims to determine how many bytes of data that LiFi carries compared to

the total bytes that is generated by hybrid WiFi and LiFi networks. This ratio is referred to as

an offloading efficiency.

In order to get an accurate result, realistic models need to be made first. LiFi channel models

are first investigated; for example, a random orientation model of mobile devices is required

to capture users’ random behavior. Similarly, a random blockage model is also important and

considered, as opaque objects block LiFi signals. The modulation technique is chosen based on

the ongoing LiFi standardization, i.e., IEEE 802.11bb, which is part of the IEEE 802.11 WiFi

working group. With the help of an emulation tool from the Linux operating system, large

virtual hybrid networks that are connected to real website servers, can be emulated. By using

these methods, the offloading efficiencies are calculated over many realizations for different

scenarios. For a residential scenario, the offloading efficiency is 64.54%. Meanwhile, for an

enterprise scenario, the offloading efficiency is 75.85%. These offloading efficiencies show that

LiFi can play an important role in future hybrid networks.
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Abstract

Cisco has predicted that by 2022, as a result of the emerging internet-of-things traffic, there

will be an internet protocol (IP) traffic explosion. An increasing amount of radio frequency

(RF) spectra has been allocated to accommodate this mobile data surge, such as the recently

allocated sub 6 GHz band for WiFi. A further prediction is that by the year 2035, all RF spectra

will be fully utilized. This means there is a need for additional spectrum, such as the opti-

cal spectrum. One vision of future wireless networks is to aggregate multiple wireless access

technologies. For example, optical wireless communications (OWC) that have narrow cover-

age, but a very high area spectral efficiency, can potentially complement RF communications

to provide a higher peak data rate. A hybrid WiFi and light fidelity (LiFi) network is one of

these examples. Compared to other OWC technologies, such as visible light communications

or optical camera communications, LiFi supports bidirectional and multi-user communications.

These features are also the main features of WiFi, and WiFi is predicted to carry the majority

of global mobile data traffic in the future. Based on this prediction, the primary question in this

thesis is how much LiFi supports WiFi in efficiently handling mobile data traffic in hybrid WiFi

and LiFi networks. This is answered by calculating an offloading efficiency, which is the ratio

of data that is transferred over LiFi compared to the total data.

Even with the current advancements in LiFi, a few intermediate studies are needed.

• The first contribution of this thesis is to model randomly-oriented mobile devices. A

random orientation is needed in order to capture users’ behavior while they move and

operate mobile devices. In addition, a random blockage model must be investigated as

LiFi signals can be blocked by opaque objects. The main purpose of considering the ran-

dom orientation and random blockage models is to ensure that the offloading efficiency

is evaluated by using realistic assumptions.

• The second contribution of this thesis fall under studies of single-carrier and multi-carrier

modulations. The conventional pulse amplitude modulation and single-carrier with fre-

quency domain equalization (PAM-SCFDE) is improved by adding non-linear filters or

index modulation. In the low-to-moderate spectral efficiency region, up to 3 dB gain can

be achieved by means of these improvements. In the high spectral efficiency region, an
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orthogonal frequency division multiplexing (OFDM)-based system, which is based on

the common mode of the physical (PHY) layer of the ongoing LiFi standardization, i.e.,

IEEE 802.11bb, is used. By exploiting the fact that the wireless optical channel has a

low-pass filter characteristic, an in-phase and quadrature wavelength division multiplex-

ing (IQ-WDM) system that uses the PHY of IEEE 802.11bb is proposed. Up to 2 dB gain

can be obtained by IQ-WDM compared to the common mode PHY of IEEE 802.11bb.

• For the final contribution of this thesis, the OFDM system from IEEE 802.11bb is ab-

stracted to emulate large-scale networks and to calculate the offloading efficiency. A

real transport control protocol (TCP)/IP stack, which has multipath TCP (MPTCP) to

support multi-connectivity between WiFi and LiFi networks, is also deployed to emulate

real traffic. By calculating the offloading efficiency with such methodology over many

channel realizations considering the proposed random orientation and blockage models,

average offloading efficiencies of 64.54% and 75.85% are obtained for residential and

enterprise scenarios, respectively. These results show the significant potential of OWC

to complement RF communications.
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Chapter 1
Introduction

1.1 Motivations

Optical wireless communications (OWC) are wireless access technologies that occupy the light

spectrum, e.g., the infrared (IR), visible light (VL), or ultraviolet [Chowdhury et al., 2018].

Examples of OWC are IR wireless technology [Gfeller & Bapst, 1979], visible light communi-

cations (VLC) [Komine et al., 2001], optical camera communications (OCC) [Leibowitz et al.,

2001], and LiFi [Haas et al., 2016]. To date, the main motivation behind the popularity of

OWC does not stray too far from the keywords: spectrum crunch, free spectrum, and security,

see [Chowdhury et al., 2018] and also references therein. The term spectrum crunch was first

introduced by the federal communications commission (FCC) in [FCC, 2010]. It refers to a

situation where the total licensed radio frequency (RF) spectrum is less than the required spec-

trum to accommodate the expected total mobile data traffic. It is mentioned in [FCC, 2010]

that there would be a 275 MHz spectrum deficit in 2014. Taking into account the whole RF

spectrum, Cogalan and Haas further predict that the entire RF spectrum will be fully utilized by

2035 [Cogalan & Haas, 2017]. Owing to the fact that the light spectrum is unlicensed, OWC

is a suitable candidate to complement RF communications [Chowdhury et al., 2020]. Another

advantage of OWC is its security. As light does not penetrate opaque objects, OWC can prevent

eavesdropping from outside a room. This benefit can also be used to improve the security of RF

communications in 5G networks by using both OWC and RF communications simultaneously

[Anamalamudi et al., 2018].

This thesis tries to discuss the complementing advantage of OWC, especially in hybrid WiFi and

LiFi networks. There are several motivations for focusing on hybrid WiFi and LiFi networks,

which are detailed as follows.

• (Why WiFi?)

By 2022, 59% of global mobile data traffic (111.4 exabytes/month) will be offloaded to

WiFi [Cisco, 2020]. This number is higher than that in the previous prediction, which
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is 54% (13.4 exabytes/month) in 2017. In addition, there might be an internet protocol

(IP) traffic explosion by 2022 due to machine-to-machine and internet-of-things traffic,

where the total global IP traffic will be 4.8 zettabytes per year (more than three times

higher than that in 2017). 51% of the total global IP traffic is carried by WiFi [Cisco,

2020]. Additionally, WiFi plays a central role in providing indoor connectivity to date,

and an estimated 80% of the mobile traffic originates and terminates from/to indoors

[CommScope, 2018]. Therefore, as the global mobile data traffic will be primarily trans-

ferred over WiFi, this thesis focuses on WiFi as the RF communication system.

• (Why LiFi?)

As WiFi supports bidirectional and multiuser communications (point-to-multipoint and

multipoint-to-point communications), among OWC, LiFi is the strongest candidate as

it supports the same features [Haas et al., 2016]. Recently, a new task group called

Institute of Electrical and Electronics Engineers (IEEE) 802.11 Light Communications

Amendment - Task Group “bb” (TGbb)1 was established to standardize LiFi technology,

which will adopt the physical (PHY) layer of WiFi-6 (IEEE 802.11ax) [Serafimovski,

Han, Weszely, et al., 2019]. It is also planned that the medium access control (MAC)

layer of IEEE 802.11bb adopts that of IEEE 802.11ax, which supports bidirectional and

multiuser communications. Meanwhile, other OWC technologies based on the corre-

sponding standards only support point-to-point communications, see [IEEE 802.15 TG

7m, 2019; IEEE 802.15 TG 13, 2019; ITU-T G.9991, 2019].

Specifically, this thesis seeks to calculate a metric called an offloading efficiency, which can

measure the contribution of LiFi in hybrid WiFi and LiFi networks. Intuitively, out of the 59%

of global mobile data traffic, the offloading efficiency can be used to approximate how much

traffic LiFi can carry. This investigation is presented in the last technical chapter of this thesis,

which is Chapter 5. Before directly discussing the offload efficiency, many other details must be

addressed, such as the random orientation model of a mobile device and human models that will

illustrate how user bodies may block the LiFi channel. The reason for this is that there have been

many studies on calculating offload capabilities of LiFi in hybrid WiFi and LiFi networks that

do not incorporate realistic assumptions and therefore having these models is highly important.

These studies can be found in the latest survey in hybrid WiFi and LiFi networks [Wu et al.,

2020] and references therein. For example, a theoretical study in [Stefan et al., 2013] concludes

1https://www.ieee802.org/11/Reports/tgbb update.html.
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that an area spectral efficiency gain of 920 can be obtained. However, this number was obtained

without the assumptions as mentioned earlier, and it is also not straightforward to interpret it in

terms of offloading efficiency. The same reasoning also applies to other theoretical studies in

[Khallaf et al., 2017; Li et al., 2015; Y. Wang & Haas, 2015; Ma & Zhang, 2018; Obeed et al.,

2018]. There are also many practical implementations of hybrid WiFi and LiFi networks, such

as [Shao et al., 2014; Alshaer & Haas, 2016; Liu et al., 2018; Haas et al., 2020]. However,

they mostly focus on a proof-of-concept of hybrid WiFi and LiFi networks. In the last chapter,

hybrid assumptions of both practical and theoretical studies are used to estimate the offloading

efficiency of LiFi. By using this method, this thesis helps to answer the benefit of combining

LiFi with WiFi in future networks, such as in 6G [Zhang et al., 2019, Figure 2].

1.2 Contributions and Thesis Layout

As previously mentioned, the main goal of this thesis is to calculate an offloading efficiency,

which will be postponed until the intermediate studies are presented. In the subsequent chap-

ters, a random orientation model, single-carrier and multi-carrier modulation techniques are

presented. The following are logical structures and contributions of this thesis.

Chapter 2: LiFi Channel and System Models

This chapter mostly discusses channel and system models that will be used in the fol-

lowing chapters. The models include the frequency responses and the linear dynamic

ranges of the light emitters. These models are mostly taken from TGbb as they have been

agreed by many parties within the task group. However, one of the contributions of this

thesis is an open-source, lightweight library, called owcsimpy. The main contribution

of owcsimpy is its 3D object modeling, which enables users to generate arbitrary 3D

objects including their directions or orientations. The existence of 3D objects is impor-

tant, mainly because an opaque object can block LiFi signals. Moreover, the locations

of 3D objects, such as furniture, can limit the mobility of users. Then, these 3D objects

can be used to generate CIRs of LiFi channels by using existing methods, for exam-

ple, a deterministic approach proposed in [Barry et al., 1993]. The main advantages of

owcsimpy are that it is open source and lightweight, where it can be quickly installed

in many computing instances. It is useful in cases when many CIRs need to be generated.

Chapter 3: Random Orientation Model

3
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The next contribution of this thesis is a random orientation model. Prior to this contri-

bution being published, there have been very few studies that assume randomly-oriented

LiFi-enabled devices. Due to the nature of short-range communications in LiFi, an out-

age can occur when the mobile device faces away from an access point (AP). In addition,

assuming randomly-oriented devices can break the symmetricity of downstream (from

an AP to a station (STA)) and upstream of LiFi channels where the STA is assumed to

face upwards with the AP facing downwards. The random orientation model is proposed

based on real data measurements. In the chapter, the knowledge of the random orienta-

tion model is also used to calculate the coherence time in LiFi channels, which is also

one of the contributions in this thesis. Knowing this value helps system designers to plan

and place LiFi APs in the future software-defined networking (SDN)-enabled WiFi and

LiFi networks.

Chapter 4: Modulation: Single-Carrier and Multi-Carrier

Having near-realistic assumptions of LiFi channels in terms of both random orientation

and random blockage models, the next contribution focuses on modulation techniques

for LiFi. Both single-carrier and multi-carrier modulation schemes are investigated. The

primary reason for this is that, based on the comparisons in [Nuwanpriya et al., 2015;

Khalighi et al., 2017], either single or multi-carrier schemes do not generally outper-

form each other. That is, single-carrier modulation techniques are superior compared to

others in the low spectral efficiency region. Meanwhile, at a higher spectral efficiency

region, OFDM-based techniques are better. Depending on LiFi use cases, therefore, it is

useful to study both modulation techniques. The single-carrier techniques are based on

PAM-SCFDE [Nuwanpriya et al., 2015]. PAM-SCFDE can be seen as a block transmis-

sion system with a CP and a linear feed-forward equalizer filter at the receiver, which is

optimized based on the minimum mean square error (MMSE) criterion. Therefore, the

next natural improvement is to add a non-linear equalizer, e.g., DFE and THP. This the-

sis also discusses another way to improve PAM-SCFDE by improving the constellation

symbols using IM, which is referred to as PAM-GTIM. As for multi-carrier systems, the

OFDM-based system that has been agreed as the common mode in TGbb is introduced.

Limitations of the OFDM-based system are also given in this chapter as well as a pro-

posed solution, which is referred to as IQ-WDM. Lastly, performance comparisons of

both single-carrier and multi-carrier systems are given at the end of this chapter.

Chapter 5: Hybrid WiFi-LiFi: Determining the LiFi Offloading Capability

4



Introduction

In this last technical chapter, results from previous chapters are used, i.e., the assumptions

and the blockage model from Chapter 2, the random orientation model from Chapter 3,

and the OFDM system from Chapter 4. The offloading efficiency is calculated by em-

ulating the hybrid WiFi and LiFi networks using Linux namespaces. Using the Linux

namespaces, the real transmission control protocol (TCP)/IP stack can be used. This

enables us to use multipath transmission control protocol (MPTCP) [Ford et al., 2011]

to provide simultaneous WiFi and LiFi connections so that, for example, seamless han-

dover from LiFi to WiFi can be emulated in the event of a blockage. The wireless channel

and the PHY layer processing blocks are abstracted by means of link-to-system mapping

[Brueninghaus et al., 2005]. The data traffic is emulated by directly accessing some pop-

ular websites based on the Alexa list [Alexa, 2020]. Finally, the offloading efficiency is

shown by combining these emulation and simulation methods.

Chapter 6 concludes and discusses briefly how to extend the results from this thesis into future

research.

1.3 Publication Lists

In order to sum up the contributions of this thesis, the following are publication lists made

throughout my study as well as those that are under preparation.

Open Source Libraries:

[1] Purwita, A. A. (2020). owcsimpy: a Python simulator for optical wireless communi-

cations. https://github.com/ardimasp/owcsimpy.

[2] Purwita, A. A. (2020). wlanlifi: Codebase for LiFi simulation which is based on

the IEEE 802.11 Light Communications Amendment - Task Group “bb”. https://

github.com/ardimasp/wlanlifi.

Deliverable:

[1] Garcia, A., Cogalan, T., Purwita, A. A., Mur, D. C., Khalili, H., Sark, V., Gutiérrez,

J., Hemadeh, I., Kainulainen, J., Turyagyenda, C., Frank, H., Bian, R., & Ghoraishi, M.

(2020), State-of-the-Art Review and Initial Design of the Integrated 5GNR/Wi-Fi/LiFi
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1.4 Summary

This chapter discusses the main motivation of this thesis, which is trying to calculate the of-

floading efficiency of LiFi in hybrid WiFi and LiFi networks. The primary reason for this is
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that WiFi is predicted to carry more than 50% of global mobile traffic. Therefore, knowing the

offloading efficiency, we can estimate, out of the 50% of global mobile traffic, what portion can

be carried by LiFi. In order to calculate it, other studies need to be conducted. For example,

parts of the contributions of this thesis are:

• the open source library owcsimpy, where random blockage can be modeled,

• a random orientation model,

• PAM-SCFDE with DFE, THP, and GTIM, and

• IQ-WDM.

Lastly, a list of publications made throughout my Ph.D. study is given.
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Chapter 2
LiFi Channel and System Models

2.1 Introduction

This chapter mainly discusses LiFi channel and system models. The main purpose of this

chapter is to define assumptions that will be used in the following chapters. It means that if an

assumption is not specifically mentioned in a following chapter or section, then the assumption

follows the description defined in this chapter. The general abstraction of a LiFi channel model

consists of a transceiver and channel models, which include the direct current (DC) wander

effect, the generalized Lambertial propagation pattern, multipath propagation model, etc. A

reference model of a LiFi system that has been agreed in the TGbb is also discussed. At the

time of writing, TGbb has agreed on the operating wavelength spectrum for IEEE 802.11bb.

Based on [Serafimovski, Han, Weszely, et al., 2019], the related motion states the following.

“Move to adopt the 800nm - 1,000nm wavelength spectrum as the mandatory,

common mode wavelength for all TGbb STAs.”

In other words, the common mode of IEEE 802.11bb suggests the use of the IR spectrum for

both downlink and uplink transmissions. There are two main reasons behind this motion. The

first reason is that the responsivity of silicon-based PDs is higher at those ranges compared to

that in the VL spectrum as shown in Figure 2.1, which shows four samples of responsivities of

different Silicon-based PDs taken from [Edmund Optics R©, 2020]. Note that the responsivity

describes a conversion factor of the received signal from the optical domain to the electrical

domain [Edmund Optics R©, 2020]. The second reason is to avoid issues with VLC, where

a communication link is disrupted if the light source is dimmed. Therefore, throughout this

thesis, we will assume the 800nm - 1,000nm optical spectrum.

The remainder of the chapter is organized as follows. Section 2.2 discusses the LiFi channel

model that includes the transceiver and optical wireless channel models. Section 2.3 discusses

the examples of the channel model. The examples include the transceiver frontend models that

have been agreed in TGbb. Finally, Section 2.4 summarizes this chapter.
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Figure 2.1. Responsivities of four different Silicon-based PDs taken from [Edmund Optics R©, 2020]. (Please refer
to [Edmund Optics R©, 2020] for more detailed information on the corresponding curves. Note that
details are removed for clarity purposes.)

Figure 2.2. A transceiver model of IM/DD systems.

2.2 LiFi Channel Model

Throughout this thesis, intensity modulation and direct detection (IM/DD) systems are as-

sumed. With intensity modulation, an input current waveform is modulated onto an instan-

taneous optical power (in Watt) at the transmitter. A direct detection receiver converts the

instantaneous optical power back into a current. Figure 2.2 denotes a transmission model of

IM/DD systems. The transmitted waveform s(t) is mapped to the instantaneous power x(t) by

a mapping function ftx. The mapping function ftx can represent, for example, a combination

of an optical-power-vs.-electrical-current (P − I) curve and a low-pass filter model of a light

emitting diode (LED). Then, the instantaneous power x(t) is transmitted over an optical wire-

less channel h(t). Based on [Kahn, Krause, & Carruthers, 1995; Kahn & Barry, 1997], the

received optical power can be expressed as:

y(t) = h(t) ~ x(t), (2.1)

where ~ denotes the convolution operation. At the receiver, a mapping function frx is used as

a representation of, for example, the responsivity of a PD (in A/W), i.e., q(t) = Ry(t), where

R is the responsivity. Then, an additive noise n(t) is used to represent the thermal noise that is

usually modeled as additive white Gaussian noise (AWGN).
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The rest of this section will discuss the transmitter model (represented by ftx), an optical wire-

less channel model (represented by h(t)), and a receiver model (represented by frx).

2.2.1 Transmitter Model

A transmitter model is shown in Figure 2.3. The model includes a driver, a frequency response

Htx, a DC bias, a P − I curve, and a diffuser. The aggregate effect of the driver, Htx, and the

DC bias should generate a driving current of an emitter, e.g., an LED or an LD, that fits within

its linear region in the P − I curve, which is shown in the red shaded area. The linear region

is also determined based on an eye safety requirement, e.g., [BSI British Standards Std., 2008;

International Electrotechnical Commission, 1993]. In this thesis, Htx, which is modeled as a

finite impulse response (FIR) filter, represents the aggregate frequency response of a driver and

emitters. Htx is assumed to have a bandpass filter characteristics, where the highpass filter is

used to represent the DC wander effect (also known as the baseline wander) that has a cutoff

frequency of around 100 kHz [Grobe et al., 2016]. The DC wander refers to a phenomenon

where a signal is not DC balanced or the mean of a signal changes over time [Grobe et al.,

2016]. A primary cause of the DC wander is due to the use of a high-pass filter (HPF) to

mitigate DC photocurrent generated by ambient light [Street et al., 1997].

A diffuser is typically used in order to spread the optical radiation, especially for LDs. Through-

out this thesis, a diffuser is assumed so that the radiation of x(t) follows the generalized Lam-

bertian pattern [Kahn & Barry, 1997]. Moreover, a diffuser is assumed to be an attenuator,

and the range of the attenuation is around 70% to 90% [Kahn & Barry, 1997]. In addition, the

generalized Lambertian pattern is characterized by a mode number, denoted by m [Gfeller &

Bapst, 1979], which is defined as:

m =
− ln 2

ln cos Φ1/2
, (2.2)

where Φ1/2 is the half-power semiangle of emitters. In many datasheets, the value of Φ1/2 can

be found based on the value of full width at half maximum (FWHM).

2.2.2 Optical Wireless Channel Model

In this thesis, the channel model h(t) is mainly based on deterministic approaches [Barry et al.,

1993; Carruthers & Kannan, 2002b; Schulze, 2016]. Let ε be an elemental object, which can

13



LiFi Channel and System Models

Figure 2.3. A transmitter model.

(a) (b)

Figure 2.4. (a) The partitioning of an arbitrary 2D plane into smaller planes, and (b) the geometry model.

physically represent either a reflecting surface (which is assumed to be a purely diffusive) or a

light emitter or receiver [Barry et al., 1993]. As a reflecting surface, the elemental object can

also be a partition of a big reflecting surface as depicted in Figure 2.4(a). An elemental object

is defined as a set of attributes, i.e.,:

ε = {p,n,m,A,Ψc, ρ}, (2.3)

where p is a position vector, n is a normal vector, m is the mode number of the Lambertian

radiation (2.2), A is a detection area, Ψc is a field-of-view (FoV), and ρ is a reflectivity. Note

that an elemental object acting as a source, referred to as an elemental source, is denoted by

adding the superscript ‘s’, i.e., εs. Similarly, an elemental receiver is denoted by εr. A reflecting

surface εs has m = 1 (ideal Lambertian), and a reflecting surface εr has the FoV of 90◦ [Barry

et al., 1993]. An illustration of an elemental source and receiver is shown in Figure 2.4(b),

where dij denotes the distance of pi and pj , and || · ||2 is the L2-norm.

A source S (e.g., a LED) and a receiverR (i.e., a PD) are defined as a subset of ε as follows:

S = {p,n,m}, andR = {p,n, A,Ψc}. (2.4)
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The CIR h(t;S,R) of a source S and a receiverR is defined as an infinite sum, i.e.,:

h(t;S,R) =
∞∑
k=0

h(k)(t;S,R), (2.5)

where h(k)(t;S,R) is the CIR in which only k reflections are considered. Based on [Barry

et al., 1993], h(k)(t;S,R) can be approximated as:

h(k)(t;S,R) ≈
N−1∑
i=0

h(0)(t;S, εr
i) ~ h(k−1)(t; εs

i,R), (2.6)

where N is the total number of elemental objects ε. Notice that h(k)(t;S,R) is calculated

recursively in (2.6). The base case of the above recursive form with the elemental source εs
i and

the elemental receiver εr
j can be calculated by using its DC channel gain, which is defined as:

h(0)(t; εs
i, ε

r
j) =

(mi + 1)Aj
2πd2ij

cosmi(φ) cos(θ)1(θ)Vij , (2.7)

where 1(θ) is an indicator function for 0 ≤ θ ≤ Ψcj , and Vij is the visibility function that

evaluates if the path between εs
i and εr

j is not obstructed. Recall that Ψcj is a constant that

represents the FoV of the jth elemental receiver εr
j . It is worth noting here that other variants

of (2.5) and (2.6) are available, such as an iterative approach in [Carruthers & Kannan, 2002b]

and a frequency-domain approach [Schulze, 2016].

2.2.3 Receiver Model

A receiver model is depicted in Figure 2.5. An optical-to-electrical (O/E) converter is used

to convert the received instantaneous optical power y(t) to the corresponding signal in the

electrical domain. The O/E converter model includes a responsivity of a PD R (in A/W) and

a gain coming from an optical filter and a concentrator. If an avalanche photodiode (APD) is

used, then a shot noise is added. Otherwise, if a positive-intrinsic-negative photodiode (PIN) is

used, then the shot noise can be ignored [Kahn & Barry, 1997]. A shot noise model captures

the ambient light noises coming from sunlight, incandescent, and fluorescent lamps [Gfeller

& Bapst, 1979; Kahn & Barry, 1997]. Suppose if an amplifier is used, then the excess noise

factor of an APD should also be considered. The excess noise factor measures the effect of

multiplying the shot noise by an amplifier, e.g., TIA. In addition, the effect of excess noise
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Figure 2.5. A receiver model.

factor is captured by the variance of the shot noise as given by [Tsonev et al., 2017]:

σ2shot = (2q(ID +RΘ)F )GAPDGTIA, (2.8)

where q is the elementary charge of an electro, ID is a photodiode dark current (which is in the

order of 1 nA), Θ is the optical power collected by the APD, F is the excess noise factor (which

is typically around 0.3), GAPD is the gain of the APD, and GTIA is the gain of TIA. Similar to

the transmitter model, a bandpass filter having a magnitude response of |Hrx(f)|2 is also used

in the receiver model.

2.3 LiFi System Model

Given the abstraction of a LiFi channel model, as discussed in Section 2.2, this section in-

troduces a realization of such a model. Specifically, the frontend models are based on a

measurement-based model from the TGbb [Hinrichs, Hilt, Hellwig, Jungnickel, & Bober,

2019]. In addition, the channel model is based on a near-realistic model that considers blocking

and wavelength-dependent reflecting objects.

2.3.1 Frontend Model

If a system model is not specifically mentioned in one of the chapters, then the system model

follows an agreed model from TGbb [Hinrichs et al., 2019]. The reason for using the TGbb

model is that it is publicly available, and it has been agreed by all organizations in the TGbb.

In [Hinrichs et al., 2019], wideband transceiver frontend systems are proposed based on real

measurements. The Tx frontend mainly comprises a driver and an emitter. A simplified mea-

surement setup is shown in Figure 2.6(a). The driver matches the impedance from the Tx digital
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Tx DSP driver
(a)

DC biasVGA LPF HPF E/O
(b)

Figure 2.6. (a) Measurement setup for the Tx frontend, and (b) the Tx frontend model. Note that DSP stands for
digital signal processor and VGA stands for variable gain amplifier.

Figure 2.7. A bandpass magnitude response of the Tx frontend model based on a 30mW LC850-0030AR VCSEL
(850 nm), where the red dashed lines show the cutoff frequencies, i.e., 2.6 × 105 Hz and 2.34 × 108

Hz.

signal processor (DSP), which is typically around 50 Ω, and the impedance from the emitter,

which is typically only a few ohms. A bias current is also considered to be a part of the driver.

Figure 2.6(b) depicts the equivalent model of Figure 2.6(a). A variable gain amplifier (VGA)

is assumed to model an input current in Ampere. The bandpass filter is modeled by a concate-

nation of a low-pass filter (LPF) and a HPF. Then, a DC bias is added to the output of HPF

before being fed into an electrical-to-optical (E/O) device. The magnitude response of the Tx

frontend model is shown in Figure 2.7, which also shows the cutoff frequencies of 2.6 × 105

Hz and 2.34× 108 Hz (which equivalently gives a bandwidth of around 230 MHz).

Based on [Hinrichs et al., 2019], the Rx model is measured by using a bootstrap TIA in order

to match the impedance of the receiver and that of Rx DSP, which is shown in Figure 2.8(a).

Its block diagram model is shown in Figure 2.8(b). The existence of a shot noise is due to the

use of an APD. As in the Tx model, an HPF is also used to remove the DC signal. A thermal

noise component is added after the HPF. An automatic gain controller (AGC) is used in order

to normalize the amplitude of the signal. Finally, the output of the AGC is fed through an LPF.

The magnitude response of the Rx frontend model is shown in Figure 2.9, which also shows the

cutoff frequencies of 4.8×105 Hz and 2.6×108 Hz (which equivalently results in a bandwidth

of around 260 MHz). Based on the datasheet of the LC850-0030AR vertical-cavity surface-
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bootstrap TIA Rx DSP
(a)

O/Eshot noiseHPF thermal noiseAGC LPF
(b)

Figure 2.8. (a) Measurement setup for the Rx frontend, and (b) the Rx frontend model. Note that AGC stands for
automatic gain controller.

Figure 2.9. A bandpass magnitude response of the Rx frontend model based on SAR1500H4 Si APD, where the
red dashed lines show the cutoff frequencies, i.e., 4.8× 104 Hz and 2.6× 108 Hz.

emitting laser (VCSEL), its P − I curve is shown in Figure 2.10, where the linear region is

from 30 mA to 39 mA based on its first derivative, i.e., dP/dI . It is assumed that the Φ1/2 is

24◦, and a diffuser is used with the attenuation of 0.9. The detection area and the FoV is 10 mm2

and 45◦, respectively. A concentrator optical gain is 1.7. Note that two different wavelengths

will be used throughout this thesis, i.e., 850 nm and 940 nm. The frequency responses of

the frontends and the linear region are assumed to be almost the same. The main difference

comes from the different attenuations at different wavelengths from reflecting materials and the

responsivity of the PD, which will be discussed in the next subsection.

Figure 2.10. The P − I curve of the 30mW LC850-0030AR VCSEL.
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2.3.2 Channel Model

owcsimpy [Purwita, 2020] is used to generate wireless optical CIRs, h(t). To the best of the

author’s knowledge, the existing implementations of CIR calculations are all licensed-based.

For example, implementations of [Carruthers & Kannan, 2002b] are available in [Carruthers &

Kannan, 2002a; Rahaim, 2018], which depend on MATLAB R© that needs a license to run. A

popular commercial software to generate CIRs is Zemax R© [Zemax, 2020], which can only be

installed in the Windows operating system. The main motivation in developing owcsimpy is

to support a mechanism where it is straightforward to calculate thousands of CIRs. It is time-

consuming to use existing softwares for such a purpose. Enabling this mechanism is possible if

we can widely deploy (horizontal scaling) the CIR implementation. In this space, the novelty

of owcsimpy is that it is free, open, and lightweight. By having a free, open, and lightweight

implementation, owcsimpy can be easily deployed to, for example, tens of cloud compute in-

stances from several cloud providers, such as Amazon AWS, Microsoft Azure, or Google Cloud

Platform. owcsimpy consists of a high-performance backend, which can calculate the CIRs

based on the deterministic and analytical approaches [Carruthers & Kannan, 2002b; Schulze,

2016; Jungnickel et al., 2002], and a modular frontend, which mainly handles geometry mod-

els. The backend of owcsimpy is implemented in a low-level programming language due to

its computationally intensive requirement. owcsimpy uses C with additional libraries such as

OpenMP (for multi-threading), BLAS, and LAPACK (for linear algebra operations).

The frontend module handles geometric models, and it is written in Python. Note that the

primary contribution of owcsimpy to this thesis is its method to model arbitrary 3D objects

and calculate CIRs correspondingly. A common method to approach this is, for example, by

considering a fixed 3D model, such as a cylinder to model a human model. Based on this

model, then a cumulative distribution function (CDF) of the channel gain is derived, which is

demonstrated in [Chen et al., 2019]. However, it is not straightforward to generalize it such

that arbitrary 3D objects, e.g., a human model sitting on a chair inside a room, can be easily

modeled. It is also difficult to combine it with other random behavior models, such as random

mobility. Another limitation is that the CDF in [Chen et al., 2019] is only applicable for a

single-tap CIR. In this thesis, we need a CIR generator mechanism that can easily produce

thousands of multipath CIRs for various scenarios to calculate realistic offloading efficiencies of

LiFi in hybrid LiFi and WiFi networks. While the ability of owcsimpy to generate thousands

of multipath CIRs has been discussed in the previous paragraph, the next paragraph will discuss
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the ability of owcsimpy to model arbitrary 3D objects.

owcsimpy treats all 3D objects as a collection of 2D faces. For example, Figure 2.11(a)

shows a result of the Delaunay triangulation that yields many triangular faces. The initial

implementation of owcsimpy uses a square face as shown in a human model depicted in

Figure 2.11(b). These faces are the manifestation of the elemental object ε as explained in (2.3).

For the sake of the illustrations, different opacities of faces in Figure 2.11(b) show different

reflectivities, i.e., the head portions of the models have different reflectivities compared to the

body portions of the model. Note that the reflectivity ρ corresponds to one of the attributes

of an elemental object in (2.3). By using this approach, owcsimpy can support wavelength-

dependent CIRs based on [Lee et al., 2011]. In addition, owcsimpy models orientations of

light emitters and receivers as vectors, and detection areas of light receivers as circles.

(a)

Direction of the human
Orientation of the mobile device

A circle is used to model a PD

(b)

Figure 2.11. (a) An example of a 3D object as a collection of 2D faces, and (b) a human model as a collection of
square faces.

It is intuitive to define a blockage event by treating a 3D object as a collection of faces. Fig-

ure 2.12 illustrates a blockage event in owcsimpy. Suppose we want to validate if a link be-

tween two red planes is blocked by a black plane, then an intersecting point on the black plane

must be calculated first. A blockage event occurs in Figure 2.12(a) as the intersecting point,

which is shown by the blue dot, is detected between the red planes. Meanwhile, Figure 2.12(b)

shows that the black plane does not block the red planes.

The primary advantage of using owcsimpy is how straightforward it is to model arbitrary 3D

objects. Different scenarios will be shown throughout this thesis, e.g., simple office environ-

ments (discussed in the next subsection), open office environments (discussed in Chapter 3),

residential rooms (discussed in Chapter 5), and indoor aircraft cabins (shown in Appendix A).

As owcsimpy allows the modeling of 3D objects with ease, various 3D objects located in
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(a) The link is blocked. (b) The link is not blocked.

Figure 2.12. Illustration of blockage event in owcsimpy for a link between two red planes and a blocking object,
i.e., the black plane.

random locations can be deployed. Hence, it is claimed in this thesis that owcsimpy can be

used to easily realize the random blockage assumption and generate CIRs. Other features of

owcsimpy are provided in Appendix A.

2.3.3 A Simple Office Environment

In this subsection, a few samples of CIRs in a simple office environment are given. An illustra-

tion of the small office environment is depicted in Figure 2.13(a). The office has the dimensions

4 × 3 × 3 m3. The small office environment consists of an AP, a desk, a chair, and a human

model holding a LiFi-enabled mobile device. The AP is located in the center of the ceiling.

(a) (b)

Figure 2.13. (a) A 3D model of a small office environment, and (b) its corresponding model used in owcsimpy.

The corresponding owcsimpy models of those depicted by Figure 2.13(a) is shown in Fig-

ure 2.13(b). In this case, the desk is modeled by a plane, and the chair is modeled by a cuboid.
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Materials: paint cotton skin plaster pinewood
Reflectivities (@ 940 nm): 0.04 0.65 0.70 0.85 0.92
Reflectivities (@ 850 nm): 0.04 0.64 0.66 0.83 0.92

Table 2.1. Reflectivities of materials over visible light (VL) and infrared (IR) spectrum.

The human body is modeled by a few cuboids as shown by Figure 2.14. The head portion of the

model has the dimensions of 15 cm × 15 cm × 20 cm; the body portion of the model has the

dimensions of 40 cm× 15 cm× 80 cm; and the leg portion of the model has the dimensions of

30 cm × 15 cm × 80 cm. The AP and the mobile device are modeled by point sources; hence,

vectors are used to represent them. 15 cm 20 cm80 cm40 cm80 cm15 cm30 cm
Figure 2.14. Description of the human model.

The surfaces of the desk and the chair are assumed to be covered in black, glossy paint as

discussed in [Miramirkhani et al., 2015, Figure 2]. The ceilings and walls are assumed to be

made from plaster. Meanwhile, pinewood is used to model the material of the floor. Cotton

is used as the material for the body and legs of the human model. The material for the head

portion is assumed to be the same as that of the human skin. Spectral reflectances of these

materials are taken from [Miramirkhani et al., 2015; Kokaly et al., 2017; Cooksey & Allen,

2013]. Summaries of the reflectivities of the materials can be found in Table 2.1.

Three different locations in the simple office environment are defined as depicted in Figure 2.15.

That is, the first case illustrates a scenario where a dominant line of sight (LoS) exists. The sec-

ond case represents the case where a weaker LoS exists. That is, the ratio of the received signal

coming from the LoS link to the total power is less than that of the first case. The third case de-

picts a scenario where there is not a LoS link. In this subsection, an uplink scenario is assumed.

The reason for this is that, a general study of LiFi outside this thesis mostly assumes that the

downlink transmission is carried out over the VL spectrum and uplink transmission is carried
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out over IR spectrum [Haas et al., 2016]. The CIRs are shown in Figure 2.16. Even though the

CIRs coming from reflections have higher amplitudes, the difference can be neglected as the

maximum mean square error (MSE) among the CIRs of the three scenarios is 2.243 × 10−16.

More results of CIRs with a user mobility and a randomly-oriented mobile device will be shown

in Section 3.6.4.1.

2.4 Summary

The main purpose of this chapter is to describe both channel and system models that will be

used in the following chapters. The LiFi channels are assumed to be multipath and consider

realistic assumptions, such as wavelength-dependent reflectivities and random blocking objects

throughout this thesis. The system model is mainly taken from the agreed baseline model from

the task group that works for the LiFi standardization IEEE 802.11bb, i.e., TGbb. The system

model includes the bandpass filter characteristic that also models the DC wander effect. In

addition, the instantaneous shot noise is also considered for APDs. Note that throughout this

thesis, it is assumed that the wavelength of 800 nm to 1,000 nm is used.
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(a) Case 1: Strong LOS (b) Case 2: Weak LOS

(c) Case 3: No LOS

Figure 2.15. Three different realizations of a small office environment.
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(a) Case 1: 940 nm (b) Case 1: 850 nm

(c) Case 2: 940 nm (d) Case 2: 850 nm

(e) Case 3: 940 nm (f) Case 3: 850 nm

Figure 2.16. CIRs of configurations shown in Figure 2.15.
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Chapter 3
Random Orientation Model

3.1 Introduction

This thesis considers on mobile users in indoor scenarios. In such scenarios, it is not realistic to

assume that mobile devices will consistently face upwards towards the ceiling. The assumption

where devices face upwards is suitable for the deployment of LiFi in universal serial bus (USB)

dongles connected to, for example, laptops. Most of the time, mobile devices are tilted while

in use, for example, when a user accesses the Internet and reads an article, or the user calls

someone as depicted in Figure 3.1. Therefore, we should assume that users tilt their devices in

the scenarios we use.

Figure 3.1. An illustration of human models using their mobile devices in a position that is not directly facing
upwards.

Not only should it be assumed that devices are tilted, but randomly-oriented mobile devices

should also be assumed. The reason for this is that involuntary oscillations of hands, which are

also known as tremor, can be found in both healthy and sick individuals [Dick, 2017].

The contributions and related works of this chapter are presented in the next sections. Then,

a random orientation model, which is mainly based on [Purwita, Soltani, et al., 2019; Soltani,

Purwita, et al., 2019], is presented. The random orientation model in [Purwita, Soltani, et al.,

2019; Soltani, Purwita, et al., 2019] is proposed based on measurement data collected from
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40 participants who were asked to conduct a series of experiments. This measurement will be

discussed in Section 3.4. The random orientation model is discussed in Section 3.5. Then,

the application of the random orientation model to calculate the coherence time of indoor LiFi

channels is also discussed in Section 3.6. Finally, Section 3.6 summarizes this chapter.

3.2 Contributions of This Chapter

The main contribution of this chapter is the random orientation model, which is based on real

measurements. Parts of the discussions in this chapter have been published in [Purwita, Soltani,

et al., 2019]. In addition, a use case of the proposed random model is used to calculate the co-

herence time of LiFi indoor channels. The main motivation behind the coherence time study in

this chapter is aligned with the final goal of this thesis, i.e., to calculate the offloading efficiency

of LiFi in hybrid LiFi and WiFi networks. In the context of hybrid networks or heterogeneous

networks (HetNets), it is envisioned that the implementation of HetNets will utilize the SDN

paradigm [Cox et al., 2017]. Based on [He et al., 2015], the delay requirement of commercial

SDN-enabled switches is 40 ms. That is, 40 ms is the mean time delay from the time when

an SDN rule is generated until it is successfully applied in an SDN-enabled switch. Hypotheti-

cally, if LiFi CIRs keep changing before a new SDN rule is applied, then the SDN rule becomes

invalid. Therefore, knowing the coherence time, which is defined as the time where a LiFi chan-

nel does not change significantly, is important to answer if LiFi could be a part of HetNets. The

novelty of the coherence time investigation in this chapter is that realistic assumptions, e.g., the

random mobility of users, the random orientation of mobile devices, and random blockages, are

considered. Other works that are related to these contributions are discussed in the next section.

3.3 Related Works

In 2018 and 2019, the measurement-based random orientation model was published [Purwita,

Dehghani Soltani, et al., 2018; Purwita, Soltani, et al., 2019; Soltani, Purwita, et al., 2019;

Zeng et al., 2018]. Before that, most assumptions in the current literature on LiFi consider

mobile devices while they are facing upwards, such as in [Haas et al., 2016; Chen et al., 2016;

J. Wang et al., 2018] and references therein. However, there are a few studies in the literature

that incorporate randomly-oriented devives, e.g., [Y. Wang et al., 2017; Chen & Haas, 2017;

Eroǧlu et al., 2019] and references therein. All the authors assume that the random orientation
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follows a certain distribution function without any support from measurement data. The lack

of justification from the measurement data is the main motivation behind random orientation

studies in [Purwita, Dehghani Soltani, et al., 2018; Purwita, Soltani, et al., 2019; Soltani,

Purwita, et al., 2019; Zeng et al., 2018].

From outside the LiFi community, a similar random orientation model of a mobile device comes

from the terahertz community [Peng & Kürner, 2017]. However, the authors only focus on the

rate of change of orientation.

Other related works come from studies of tremor, such as in [Dick, 2017; Gresty & Buckwell,

1990] and references therein. As we will elaborate on further, the collected measurement data

will fit a harmonic random process (RP), which is also typically used for characterizing tremor

[Gresty & Buckwell, 1990]. The proposed random orientation model has been applied to var-

ious studies, such as: visible light positioning (VLP) [Kim et al., 2019], studies of channel

gain or signal-to-noise ratio (SNR) of LiFi [Soltani, Zeng, et al., 2019; Arfaoui et al., 2019],

error performance of LiFi [Dehghani Soltani et al., 2019], design of LiFi devices [C. Chen

et al., 2019; Tavakkolnia et al., 2019], LiFi modulation schemes [Soltani, Arfaoui, et al., 2019;

Purwita, Chen, et al., 2019], and studies of handover [Purwita, Soltani, et al., 2018].

In this section, the study of the coherence time of indoor LiFi channels directly uses the random

orientation model proposed in [Purwita, Soltani, et al., 2019], where the random orientation

model is modeled as an RP. This is in contrast to [Purwita, Dehghani Soltani, et al., 2018;

Soltani, Purwita, et al., 2019; Zeng et al., 2018] that models the random orientation as a random

variable (RV). As an RP, the random orientation model can be directly combined with the

random mobility of users and random blockage to investigate the coherence time of indoor LiFi

channels. There are not many works focusing on the study of coherence time in LiFi. The

most related studies, to the best of the authors’ knowledge, is the work in [Bykhovsky, 2018;

J. Chen et al., 2020]. The main difference with the works in [Bykhovsky, 2018; J. Chen et al.,

2020] is that the former assumes a simple scenario. That is, the random orientation, random

blockage, or random mobility models are not considered. This simplification leads to the wide-

sense stationary (WSS) assumption. It will be shown later that if more realistic assumptions are

considered, non-WSS assumption should be used instead.
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3.4 Data Collection and Assumptions

Our studies on random orientation models are based on real measurements. Forty participants

were asked to sit and walk while browsing articles and watching streaming videos from the

Internet. These activities will be referred to as either the sitting or walking activities. For the

walking activity, the participants were asked to walk around a 40 × 15 m2 straight corridor in

the Alexander Graham Building at the University of Edinburgh. The orientation of a mobile

device is denoted by nu, which is a normal vector of the device’s screen. The normal vector nu

is represented by its spherical coordinates, namely a polar angle, denoted by θ, and an azimuth

angle, denoted by ω. These descriptions are depicted in Figure 3.2.

Figure 3.2. Definitions of orientation of a mobile device using spherical coordinates, and activities that are carried
out by the participants.

While participants conducted the series of experiments, samples of the measurements were col-

lected by using an application called the Physics Toolbox Sensor Suite [Vieyra Software, 2020],

which was installed on a Samsung Galaxy S5. There were a total of 222 measurements that

were collected. This data comprises 148 measurements for the sitting activity and 74 measure-

ments for the walking activity. From each experiment, two noisy measurements are observed,

namely mθ(t) and mω(t), which correspond to the spherical coordinates θ and ω, respectively.

It is worth noting that a WSS RP is assumed for each noisy measurement. Therefore, these
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noisy measurements can be defined by:

mθ(t) = µθ + θ0(t) + nθ(t), and (3.1)

mω(t) = µω + ω0(t) + nω(t). (3.2)

θ0(t) and ω0(t) are zero-mean RPs, which denote the fluctuation of θ and ω around a constant

value µθ and µω, respectively. nθ(t) and nω(t) denote the noise of the measurements. Fig-

ure 3.3 show a visualization of mθ(t) when it is decomposed into its individual terms, i.e., µθ,

θ0(t), and nθ(t). The term µθ shows the mean of the polar angle over time. The term θ0(t)

denotes a zero-mean change with respect to the polar angle. The term nθ(t) denotes an additive

zero-mean noise to the polar angle. Therefore, the term µθ denotes the orientation of a mobile

device if a user’s hand is steady, and there is no noise. The term θ0(t) denotes a fluctuation with

respect to the polar angle if the mobile device is not tilted, and there is no noise. Samples of the

noisy measurements from the sitting and walking activities are shown in Figure 3.4. By briefly

observing the samples, results for the sitting activity have less fluctuations and are less noisy.

­30
Figure 3.3. An illustration of the componenets of the noisy measurement mθ(t), i.e., µθ , θ0(t), and nθ(t).

There are 5 terms that need to be estimated from the random orientation model as expressed in

(3.1) and (3.2), i.e., µθ, θ0, nθ, ω0, and nω. Note that µω depends on the direction of a user as

illustrated in Figure 3.2. That is, µω is the opposite direction of a user. Therefore, suppose a

random waypoint (RWP) are used to model the random mobility of a user [Johnson & Maltz,

1996], then µω will be determined by the direction of the user in each realization. Therefore,

µω does not need to be estimated, and it will be defined based on to which direction a user

faces. Estimations of µθ, θ0, nθ, ω0, and nω are discussed in the next section.
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(a) (b)

(c) (d)

Figure 3.4. Samples of noisy measurement: (a) mθ(t) and (b) mω|ω̃(t) for the sitting activity, (c) mθ(t) and (d)
mω|ω̃(t) for the walking activity.

3.5 Random Orientation Model

The random orientation model of mobile stations is discussed in this section. Based on (3.1)

and (3.2), five variables, i.e., µθ, θ0, nθ, ω0, and nω, need to be estimated. The variables nθ and

nω will be discussed first, and it will be followed with the discussion on variable µθ. The last

subsection will discuss θ0 and ω0.

3.5.1 Noise Estimation: nθ and nω

In order to estimate nθ and nω, a separate measurement was carried out. By using the same

device application, 15 data measurements were collected without performing any activity. Sam-

ples of nθ(t) and nω(t) can be found in Figure 3.5. It is obvious from the figure that the noise

variance of ω is greater than that of θ. A more important observation here is that the samples

are not equally spaced as shown in the inset of Figure 3.5(a). Consequently, the conventional

Fourier analysis, which assumes equally-spaced samples, cannot be used. Instead, an analyt-

ical tool that supports unevenly-spaced sampled data, e.g., the Lomb-Scargle periodograms

[Scargle, 1982; VanderPlas, 2018], should be used.
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(a) (b)

Figure 3.5. A sample of noise measurements for (a) nθ(t) and for (b) nω(t).

The power spectral densities (PSD) of samples given in Figure 3.5 are shown in Figure 3.6. Note

that the PSDs of the samples are estimated by using the Lomb-Scargle periodograms. (A brief

overview of the Lomb-Scargle periodogram can be found in Appendix B.) The PSDs resemble

that of white noises. Therefore, many realizations of zero-mean white noises are generated, and

their PSDs are estimated in order to show the similarity. The PSDs of artificial white noise are

shown in red curves, where white noises with the variance of 0.0011 is used in Figure 3.6(a),

and the variance of 1.0257 is used in Figure 3.6(b). These values are obtained by considering

all 15 noise measurements. Therefore, nθ(t) and nω(t) are assumed to be zero-mean white

noise processes with the variances of 0.0011 and 1.0257, respectively.

(a) (b)

Figure 3.6. (a) PSD of the sample shown in Figure 3.5(a), and (b) PSD of the sample shown in Figure 3.5(b). The
red curves are generated by taking the averages of periodograms of many zero-mean white noises with
the variances of 0.0011 and 1.0257, respectively.

3.5.2 Tilted Angle Estimation: µθ

The term µθ from (3.1) is estimated by calculating sample average from each measurement.

The probability density functions (PDFs) of µθ can be seen in Figure 3.7. The best distribution
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fitting based on their Kolmogorov-Smirnov distances (KSDs) is shown for each activity. It is

shown that the distribution of µθ from the sitting activity measurement can be closely approx-

imated with a Laplace distribution. Meanwhile, a Gaussian distribution is more fitted for that

of the walking activity. In terms of the mean values µ, the tilted angle for the sitting activity

shows that the mobile devices face more towards the ceiling than that of the walking activity. In

terms of the standard deviations σ, the tilted angle for the sitting activity shows less fluctuation

compared to that of the walking activity.

(a) Sitting activity. (b) Walking activity.

Figure 3.7. PDFs of µθ for each activity, where µ and σ denote the mean and the standard deviation, respectively.

3.5.3 Small-Signal Estimation: θ0 and ω0

In this subsection, the terms θ0 and ω0 in (3.1) and (3.2) are estimated. First, the effect of

random sampling will be discussed. Letwθ(t) be a window function formθ(t), which is defined

as:

wθ(t) =

1, t = tk

0, t 6= tk

, (3.3)

where {tk}N−1k=0 is an arbitrary time sampling. If {tk}N−1k=0 is evenly-spaced, and tk− tk−1 = T ,

then wθ(t) is a Dirac comb with the interval of T s. The corresponding spectrum of the evenly

spaced Dirac comb is another Dirac comb with the interval of 1/T Hz. Therefore, sampling

a signal with the evenly-spaced time sampling results in a periodic spectrum every 1/T Hz.

In the frequency domain, this is equivalent to taking a convolution with the Dirac comb that

has the interval of 1/T Hz. Analogously, the same thing also occurs with unevenly-spaced

time sampling. Figure 3.8(a) shows the power spectrum of the window function from one of

the mθ(t) measurements from the sitting activity. The regular spikes shown in Figure 3.8(a)

are known as partial-aliasing [VanderPlas, 2018]. The partial-aliasing can be mistaken as
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harmonics, as shown in Figure 3.8(b). Notice that the harmonics seen in Figure 3.8(b) are

aligned with the spikes shown in Figure 3.8(a). Figure 3.8(b) also shows the Nyquist frequency

of 500 Hz due to the minimum sampling time of the Physics Toolbox Sensor Suite application

[Vieyra Software, 2020] is 1 ms.

(a) (b)

Figure 3.8. (a) The power spectrum of a window function taken from one of the mθ(t) measurements from the
sitting activity. (b) The power spectrum of the corresponding data.

In order to estimate θ0 and ω0, the effects of µθ and µω should be eliminated first by subtracting

the measurement samples with the estimated µθ and µω, respectively. Then, the effects of

the noises nθ(t) and nω(t) should be removed too. This is carried out by using a first-order

Wiener filter and the results from the noise estimation in Section 3.5.1. Lastly, the partial

aliasing should be removed. A typical approach to remove the spurious peaks from the power

spectrum is by using the iterative CLEAN1 algorithm [Baisch & Bokelmann, 1999; Roberts

et al., 1987]. Figure 3.9(a) shows the filtering result of the measurement whose power spectrum

(PS) is shown in Figure 3.8(b).

(a) (b)

Figure 3.9. (a) A PS of the measurement whose PS is shown in Figure 3.8(b) after being filtered. (b) Its correspond-
ing autocorrelation function.

The PS shown in Figure 3.9(a) resembles that of a harmonic RP, a sinusoid with random phases

1To the best of author’s knowledge, it is not an abbreviation and first introduced as CLEAN algorithm.
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Parameters
Sitting Activity Walking Activity
θ0(t) ω0(t) θ0(t) ω0(t)

A (◦) 1.88 1.31 3.22 3.15
f (Hz) 0.67 1.46 1.86 1.71
σv (◦) 5.91 3.22 7.59 9.48

Table 3.1. Average values of the estimated parameters {A, f, σv} in (3.4) and (3.5).

in white noise. This fact is in line with the finding in [Gresty & Buckwell, 1990]. That is, θ0(t)

and ω0(t) can be modeled by harmonic RPs and defined as:

θ0(t) = Aθ sin (2πfθt+ φ) + vθ(t) and (3.4)

ω0(t) = Aω sin (2πfωt+ φ) + vω(t) (3.5)

where:

• φ is a random phase following a uniform distribution with the support of [0, 2π),

• v(t) is a zero-mean white noise with the variance of σ2v , and

• the set {A, f, σv} is the set of parameters that need to be estimated.

The parametersA and f can be estimated from the PS. For example,Aθ = 3.56◦ and fθ = 1.32

Hz based on the PS shown in Figure 3.9(a). The amplitude is obtained from the fact that the

value of the peak is A2/2, and the frequency is determined by the location of the peak. The

parameter σv can be estimated by calculating the autocorrelation function (ACF) from the PS.

By taking the inverse discrete Fourier transform (IDFT) of the PS, the corresponding ACF is

shown in Figure 3.9(b). The normalized ACF of θ0(t) is:

Rθ(τ) = E [θ0(t)θ0(t+ τ)] =

A2
θ
2 cos(2πfθτ) + σ2vθδ(τ)

A2
θ
2 + σ2vθ

. (3.6)

The comparison of the ACFs based on the measurement and the theoretical one is shown in

Figure 3.9(b). Then, σvθ can be approximated by solving (3.6) at τ = δ, where δ is a very

small number. Based on Figure 3.9(b), Rθ(δ) ≈ 0.4. Hence, σvθ ≈ 3.08◦. By repeating this

procedure to all measurement data and taking the average, the final estimated values are shown

in Table 3.1.
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3.6 Coherence Time of Indoor LiFi Channels

In this section, the proposed random orientation model is used to investigate the coherence time

of indoor LiFi channels by means of computer simulations. Computer simulations are chosen

due to the fact that we want to obtain a conclusion over many channel realizations in which

we consider randomly-oriented devices, random mobile users, and random blockage models.

A system model will be discussed first, and then followed by the descriptions of the simulation

environments. Then, a result from a realization of a small office environment is discussed

before presenting the final result of the coherence time over many realizations.

3.6.1 System Model

A discrete-time CIR model is defined in this subsection. Assume that an IM/DD system is used,

and xd[k] denotes a non-negative discrete-time input signal, i.e., xd[k] ≥ 0. The upsampling

factor is denoted by T , and the corresponding continuous-time signal is defined as:

xc(t) =
∑
k

xd[k]pt(t− kT ), (3.7)

where pt(t) is a pulse shaping function at a transmitter. Given a linear time-varying channel

hc(τ, t), the received signal can be expressed as:

yc(t) =

∞∫
−∞

hc(τ, t)xc(t− τ)dτ, (3.8)

where τ denotes a time delay. That is, hc(τ, t) denotes a response of the channel at time t to an

impulse input transmitted at t−τ . A matched filter pr(t) is used at the receiver, and the received

signal is denoted by yc(t). A discrete-time received signal yd[n] is obtained by downsampling

the convolution of yc(t) and pr)(t), i.e.,:

yd[n] = (yc ∗ pr)(t)
∣∣
t=nT

. (3.9)

Putting together the terms above, the relationship between yd[n] and xd[k] can be expressed as:

yd[n] =
∑
l

hd[l, n]xd[n− l], (3.10)
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where l = n−k. In a time-invariant case, hc(τ, t) and hd[l, n] are simplified to hc(τ) and hd[l].

The CIR hc(τ, t) will be obtained using simulations. Then, the discrete-time CIR hd[l, n] is

obtained by transmitting an impulse, i.e., xd[k] = δ[k].

The discrete-time CIR hd[l, n] is used to measure the coherence time. Unlike in [Tse &

Viswanath, 2005], where a coherence time is calculated based on the Doppler spread, a co-

herence time is defined as an interval over which hd[l, n] changes ‘significantly’ with respect

to n. The degree of significance will be measured by means of a local scattering function

(LSF) [Matz, 2005]. Studies of coherence time in [Matz, 2005] are more relevant to this thesis

because:

• the coherence time is evaluated based on the changes of amplitudes in hd[l, n] with re-

spect to n, which can be applied to IM/DD systems, and

• the study in [Matz, 2005] focuses on non-wide-sense stationary uncorrelated scattering

(WSSUS) cases, where it will be shown later that hd[l, n] is non-WSSUS with the as-

sumption of mobile users.

More details about this topic will be discussed in Chapter 3.6.4.1.

3.6.2 Simulation Environments

Two environments, i.e., the small office and open office environments, are described in this

subsection, respectively. These environments will be used in the subsequent subsections for

calculating the coherence time of the LiFi channel.

3.6.2.1 Small Office Environment

The small office environment in this chapter follows the illustrations described in Chapter 2.3.3.

In this scenario, the human model moves arbitrarily inside the room while using the mobile

device, for example, as they read Internet articles on their device, as shown in Figure 2.13(a).

Three different random mobilities are used in this chapter, i.e., random waypoint [Johnson &

Maltz, 1996], random direction [Royer et al., 2001], and the truncated Levy-walk model [Hong

et al., 2008]. The entire room is included in the region of mobility, excluding the corner where

the desk and the chair are located.
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Different activities are assumed here, i.e., the reading and calling activities. In addition, two dif-

ferent locations of the light emitter and receiver are assumed, i.e., on the front screen as shown

in Figure 3.10(a) and on top of the mobile device as shown in Figure 3.10(b). The vector nu

denotes the orientation of the active pair of light emitter and receiver. For the reading activity,

the active pairs of the light emitter and receiver are the ones on the front screen. Meanwhile,

the pairs of the light emitter and receiver on top of the mobile device are active for the calling

activity.

(a) (b)

Figure 3.10. (a) The reading activity and (b) the calling activity.

3.6.2.2 Open Office Environment

In addition to the small office environment, an open office environment is also considered in this

chapter. The open office environment is an extension of the small office environment, where

the room’s dimensions are 25× 10× 3 m3. The open layout is filled with 8 groups of 4 desks,

as shown in Figure 3.11. The number of people working at the desks (which are shown in

gray) follows a binomial distribution. There are two people walking around the office, and the

mobility area is shown in the pink shaded region in Figure 3.11(b). The user of interest with a

calling activity is shown in red.

In terms of materials, we keep the same assumptions as those of the small office environment

for simplicity. The distances between APs are 5 m in the x-axis and 4 m in the y-axis.
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(a)

(b)

Figure 3.11. (a) A geometry model for the open office environment. The red human model represents the user of
interest doing a calling activity. (b) The top view of the open office environment, where the pink area
illustrates the mobility area of people.

3.6.3 Specific Case: A Realization of A User’s Random Mobility

In this subsection, discussions on a realization of the channel in the small office environment

with the user carrying out the reading activity are provided. An uplink transmission is assumed

in this case. The main goal of this subsection is to show that, in general, LiFi indoor channels

are non-WSSUS.

A realization of the random mobility is shown in Figure 3.12(a). Its corresponding speeds are

shown in Figure 3.12(b). In this section, for the simplicity of our discussion, we will slightly

abuse the definition of v so that it also refers to its corresponding path. For example, when the

user moves from (1.97, 1.87), which is the start point, to (1.42, 1.79) with a speed of v0 = 0.52

m/s, we will refer to such mobility with the path v0.

Figure 3.12(c) depicts the LoS portion of the CIR, i.e., the DC channel gain as defined in (2.7).

In the end of path v1, there is a blocking event, which makes the received signal from the LoS

link zero. During the path v2, the gain of the LoS link increases as the user approaches the

AP, and it decreases as the user moves away from the AP. As a comparison Figure 3.13 shows

another set of realizations. The mean of the DC channel gain in Figure 3.13(c) is 1.9 × 10−4,

while the mean DC channel gain in Figure 3.12(c) is 0.8 × 10−4. It is obvious that hc(τ, t)
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(a)

(b)

(c)

Figure 3.12. (a) A realization of random mobility in the small office environment. (b) The corresponding speed vs.
time graph. (c) LoS of the CIR.

does not follow the WSS assumption, as the mean is not constant over different realizations.

This fact is also commonly found in RF cases when the shadowing assumption is incorporated

[Matz, 2005]. In the LiFi case with realistic assumptions, the non-WSS phenomenon can be

justified by the fact that there is a non-zero probability that the LoS link is blocked for mobile

users. In addition, a justification can be made based on the fact that the attenuation of the

channel decreases as the mobile device approaches the AP. Therefore, in general, the CIRs will

be assumed to be non-WSS.

The corresponding discrete-time CIRs of the realization shown in Figure 3.12(a) can be seen in

Figure 3.14 with different bandwidthB. It is obvious that the greater the bandwidth, the greater
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(a)

(b)

(c)

Figure 3.13. (a) Another realization for a comparison with Figure 3.12(a). (b) The corresponding speed vs. time
graph. (c) LoS of the CIR.

the number of channel taps l is. The main reason for this is that the typical delay spread of a

LiFi channel is in the order of 1 ns to 20 ns [Kahn & Barry, 1997, Fig. 13], while the symbol

period of a signal with B = 80 MHz is 6.25 ns. A more important observation is shown in the

insets of Figure 3.14(a) and Figure 3.14(b). That is, the amplitudes of the discrete-time CIRs

in the first tap (l = 1) highly correlate to those in the zeroth tap. This fact shows that indoor

LiFi channels do not follow the uncorrelated scatterers assumption, which is widely used in

RF studies [Bello, 1963]. Based on [Matz, 2005], if the scenario is made more realistic, the

uncorrelated scatterers assumption is violated, especially for cases where received signals can

come from the same reflecting objects. This justification is also relevant in the indoor LiFi

channels. Therefore, the non-WSSUS assumption will be used in the study of the coherence
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(a) (b)

Figure 3.14. The discrete-time CIRs (DTCIRs) w.r.t. the mobility sample shown in Figure 3.12(a) with (a) B = 20
MHz and (b) B = 80 MHz.

time of the indoor LiFi channels.

Bandwidth can also affect the coherence time, which will be discussed in Chapter 3.6.5. The

effect of bandwidth on the coherence time can be discussed by looking at the fluctuation of the

magnitude response of the wireless optical channels. It will be shown in Section 3.6.4.1 that

the magnitude response is the fundamental component to calculate the coherence time based

on the framework proposed in [Matz, 2005; Herdin et al., 2005; Paier et al., 2008; Bernadó

et al., 2012]. Figure 3.15 depicts the normalized magnitude response of samples shown in

Figure 3.14(a). Suppose H(f, t) is a frequency response of the channel, and the power spectral

density of transmitted signal is SX(f, t), then the average received power of the signal at time

t is
∫
|H(f, t)|2 SX(f, t) df . It can be seen from Figure 3.15(b) that the magnitude response

has more fluctuations with a wider bandwidth. Therefore, we can expect that as we increase the

bandwidth B, the average received power will fluctuate more as it is proportional to |H(f, t)|2.

Consequently, we will see later that the coherence time will be smaller.

3.6.4 Coherence Time of The Specific Case

In the previous subsection, the justification for the non-WSSUS is discussed. In order to calcu-

late the coherence time for non-WSSUS, an analytical tool from [Matz, 2005], which is based

on LSF, is used. Therefore, before presenting the result, a brief overview of LSF will be pro-

vided.

43



Random Orientation Model

(a) Zoom in. (b) Zoom out.

Figure 3.15. Normalized magnitude response of wireless optical channel corresponded to the mobility sample
shown in Figure 3.12(a).

3.6.4.1 Local Scattering Function and Collinearity

Based on [Matz, 2005; Herdin et al., 2005; Paier et al., 2008; Bernadó et al., 2012], the coher-

ence time is calculated based on the notion of local stationary regions. A stationarity region is

first found by defining a minimum stationarity region such that the WSSUS assumption holds.

Then, this region is gradually increased, and the neighboring LSFs are measured. This process

continues while the neighboring LSFs are similar, which is measured by its collinearity [Herdin

et al., 2005; Paier et al., 2008; Bernadó et al., 2012]. Finally, the coherence time is defined as

a time range where the corresponding collinearity exceeds a threshold [Paier et al., 2008].

A basic ingredient in estimating LSFs is the discrete version of the frequency response of

hd[l, n], i.e., H[q, n], where q ∈ {0, 1, · · · , Q − 1}, and Q is the number of frequency bins.

The frequency bins are chosen such that the frequency f is evenly partitioned. Similarly, let S

be the total number of samples in the time domain. The Q and S samples are partitioned into

multiple of U and P samples, respectively. The U×P under-tested stationary region is indexed

by (kf , kt), where:

kt ∈ {1, · · · , bS/P − 1c}

and

kf ∈ {1, · · · , bQ/U − 1c}.

The collinearity, which is denoted by γ[kt, kt + ∆kt], is bounded from 0 to 1, where the value
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of 1 indicates similarity. Based on [Paier et al., 2008], the collinearity is defined as:

γt[kt, kt + ∆kt] =

U−1∑
u=0

P/2−1∑
p=−P/2

bQ/U−1c∑
kf=1

L[kf , kt;u, p]L[kf , kt + ∆kt;u, p]

||L[kf , kt;u, p]||2||L[kf , kt + ∆kt;u, p]||2
, (3.11)

where L is the LSF estimator, and it is defined as:

L[kf , kt;u, p] =
1

IJ

IJ−1∑
w=0

|Hw[kf , kt;u, p]|2,where (3.12)

Hw[kf , kt;u, p] =

P/2−1∑
p′=−P/2

U/2−1∑
q′=−U/2

H[q, n]Ww[p′, q′]e−j2π(pp
′−uq′), (3.13)

where q = kfU + q′, n = ktP + p′, and I = J = 3 [Bernadó et al., 2012]. The term W is

a taper that typically employs a discrete prolate spheroidal sequences (DPSS) window [Paier

et al., 2008; Bernadó et al., 2012]. Let α[kt, kt+∆kt] be an indicator function, which is defined

as:

α[kt, kt + ∆kt] =

1, γ[kt, kt + ∆kt] > αth

0, otherwise
, (3.14)

where αth is a threshold, and as a rule-of-thumb, it is typically equal to 0.9 [Paier et al., 2008].

Then, the stationary time Tstat is defined as:

Tstat[kt] = T
∑
k′t∈K

α[kt, k
′
t], (3.15)

where:

K =
{
k + ∆kt|∆kt ∈

{
0, 1, · · · ,

⌊
S − P
P

⌋
− kt

}
and (3.16)

α[kt, kt + ∆kt] consecutively has value of 1
}
. (3.17)

For example, if kt = 0 and:

α[kt, kt + ∆kt] = [1, 1, 1, 1︸ ︷︷ ︸
K

, 0, 0, 1, 1, 0], (3.18)

then K = {0, 1, 2, 3}. The reason for this exclusion is that in this thesis we focus on a worst-
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case scenario, where the channel must be strictly similar within a coherence time.

Conversion: The index kt is discrete, and it is not straightforward to translate it into a time

instance t, which has a more meaningful physical interpretation. Recall that there are S

discrete-time CIRs, i.e., n ∈ {0, 1, · · · , S − 1}, which is obtained by sampling every T sec-

ond. S samples are then divided into multiple of P samples, and it is indexed by kt such

that kt ∈ {1, · · · , bS/P − 1c}. The relationship of kt and n is n = ktP + p′, where

p′ ∈ {−P/2, · · · , P/2 − 1}. Then, a corresponding time instance can be obtained by using

t(nT ) , t[n]. The same conversion also applies for ∆kt and ∆t.

3.6.4.2 Specific Case: Results and Discussions

Figure 3.16 shows the collinearity of the discrete-time CIRs shown in Figure 3.14(a) with B =

20 MHz. Note that kt and ∆kt are converted to time instance t so that we can easily compare

it with that in Figure 3.12. In addition, only results with ∆t > 0 are shown, which shows

the similarities shared with future samples. The collinearity at particular time instances gives

a better insight. The collinearities at t = 0.25 s and at t = 1.27 s are shown in Figure 3.17.

The coherence time at t = 0.25 s is 0.359 s, which means that the samples in Figure 3.14(a)

at t = 0.25 are similar for the next 0.359 s. Longer coherence time is shown at t = 1.27 s,

which is Tstat = 0.608 s. These results are intuitive as based on samples in Figure 3.14(a), the

amplitudes have more fluctuations at t < 1 s.

All stationary times and their CDF are shown in Figure 3.18. The minimum value of Tstat is 164

ms. The mean and the standard deviation of Tstat are 1.65 s and 1.17 s, respectively. The 5%

lower and upper confidence intervals are 0.232 s and 3.71 s, respectively. With these results and

this particular case, LiFi is suitable for applications with a delay requirement of less than 100

ms. For example, LiFi can be integrated into SDN-based HetNets, which are based on [He et al.,

2015], the delay requirement is around 40 ms. In the next subsection, comprehensive results

of general cases with various average speeds, random mobility models, signal bandwidths, and

scenarios are discussed.

3.6.5 Results and Discussions

The results of coherence time investigation are discussed separately according to each indi-

vidual environment. First, the results with respect to the small office environment will be
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Figure 3.16. Collinearity of the discrete-time CIRs shown in Figure 3.14(a), i.e., B = 20 MHz.

discussed. This is then followed by the results by the coherence time results in the open office

environment.

3.6.5.1 Small Office Environment

For the small office environment, 30,000 realizations for a target average speed of the user,

i.e., 0.5 m/s and 1 m/s, are generated. Different realizations are generated for downlink and

uplink transmissions. In this section, the downlink transmission is carried out over the 940 nm

wavelength spectrum, and the 850 nm wavelength spectrum is used for the uplink transmission.

These realizations are obtained from samples of three different random mobility models, i.e.,

random waypoint [Johnson & Maltz, 1996], random direction [Royer et al., 2001], the truncated

Levy-walk model [Hong et al., 2008] with a maximum waiting time of 1 s. Each realization of

these mobilities consists of one or more activities, i.e., the reading and calling activity, which

emulate different activities while walking.

All results for the small office environment are summarized in Table 3.2. Three different statis-

tics, which are the minimum value, the 5% lower confidence bound, and the mean value, are

presented. A general observation of the results is that all statistics are above 40 ms even with
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(a) (b)

Figure 3.17. Collinearities at different time instances, i.e., (a) t = 0.25 s and (b) t = 1.27 s. The shaded areas
denote Tstat, where Tstat = 0.359 s for (a) and Tstat = 0.608 s.

(a) (b)

Figure 3.18. (a) The stationary time, and (b) its CDF.

the average speed of 1 m/s and signal bandwidth of 80 MHz. The coherence time for the up-

link channel is better than that of the downlink channel. The main reason for this is that the

reflectivities at 940 nm are higher than those at 850 nm. Therefore, higher power signals are

received from different propagation paths [Al-Kinani, Wang, Zhou, & Zhang, 2018]. Con-

sequently, the CIRs have more fluctuations. Increasing the signal bandwidth also lowers the

coherence time. The intuition of this fact has been discussed previously, please see discussions

about Figure 3.15.

3.6.5.2 Open Office Environment

For the open office environment, instead of 30,000, 3,000 realizations for each scenario are

generated. Note that the number of APs is A = 10. Suppose a ∈ A = {0, 1, · · · , A − 1}

is the index of the AP, Pa is the average received power from or at the ath AP (depending

on the downlink or uplink transmissions), h(a)d [l, n] is the discrete-time CIR of the user that is
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Scenario UL Tstat DL Tstat

Avg. speed ≈ 0.5 m/s, B = 20 MHz
min 95 ms 92 ms
5% CB 145 ms 139 ms
mean 964 ms 950 ms

Avg. speed ≈ 1 m/s, B = 20 MHz
min 58 ms 53 ms
5% CB 67 ms 61 ms
mean 495 ms 489 ms

Avg. speed ≈ 0.5 m/s, B = 80 MHz
min 69 ms 63 ms
5% CB 82 ms 78 ms
mean 878 ms 871 ms

Avg. speed ≈ 1 m/s, B = 80 MHz
min 42 ms 41 ms
5% CB 49 ms 46 ms
mean 448 ms 439 ms

CB: confidence bound, DL: downlink, UL: uplink

Table 3.2. Coherence time of the small office environment.

associated with the ath AP, then:

hd[l, n] =

{
h
(x)
d [l, n]

∣∣∣∣x = arg maxa∈APa

}
,∀n, (3.19)

which at discrete-time instance n, the discrete-time CIR is chosen from the CIRs which have

the highest average received power.

Table 3.3 summarizes the results for the open office environment. Generally, the coherence

time is lower than that in the small office environment. It is worth noting here that with the

average speed of 1 m/s and the bandwidth of 80 MHz, in the worst case, the coherence time is

slightly below 40 ms. However, the 40 ms delay is also the worst case in the delay measurement

reported in [He et al., 2015]. The median value reported in [He et al., 2015] is in the range of 20

ms to 30 ms, which depends on what SDN rule is measured. In addition, based on the 5% lower

confidence bound, 95% of the measured coherence time has a coherence time greater than 43

ms. In this case, applying LiFi in very high bandwidth and with a moderate user’s speed is still

feasible.

3.7 Summary

In this chapter, a random orientation model was discussed. The random orientation model was

proposed based on measurement data. The emphasis was put on the fact that the sampled data

was not evenly-spaced, which violated the uniform sampling assumption of the conventional
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Scenario UL Tstat DL Tstat

Avg. speed ≈ 0.5 m/s, B = 20 MHz
min 91 ms 82 ms
5% CB 119 ms 111 ms
mean 928 ms 919 ms

Avg. speed ≈ 1 m/s, B = 20 MHz
min 46 ms 41 ms
5% CB 58 ms 55 ms
mean 467 ms 463 ms

Avg. speed ≈ 0.5 m/s, B = 80 MHz
min 66 ms 60 ms
5% CB 72 ms 71 ms
mean 688 ms 675 ms

Avg. speed ≈ 1 m/s, B = 80 MHz
min 34 ms 32 ms
5% CB 42 ms 40 ms
mean 401 ms 394 ms

CB: confidence bound, DL: downlink, UL: uplink, Φ1/2: half-power semiangle

Table 3.3. Coherence time of the open office environment.

Fourier analysis. The Lomb-Scargle method which could accommodate non-uniform sampling

was used instead. The proposed random orientation model was a harmonic RP, which is a

sinusoid with a random phase in white noise. Then, the random orientation model was com-

bined with the random mobility of a user and random blockage to study the coherence time

of indoor LiFi channels. It was shown that the non-WSSUS assumption should be used. The

key usage of the coherence time study is that LiFi could be a part of future HetNets which are

envisioned to utilize the SDN paradigm. The reason for this is that a delay requirement for the

SDN rules in existing SDN-enabled switches is 40 ms, and it has been shown in this chapter

that the coherence time of indoor LiFi channels is greater than 40 ms.
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Chapter 4
Modulation: Single-Carrier and

Multi-Carrier

4.1 Introduction

In the previous chapters, the channel model and its characteristics have been presented. In

this chapter, both single and multi-carrier modulation techniques will be discussed. There are

different motivations why this thesis considers both modulation techniques. A single-carrier

modulation is mainly considered due to its power efficiency [Proakis, 2007]. Meanwhile, multi-

carrier one is superior in terms of its spectral efficiency [Proakis, 2007]. An important conclu-

sion of the comparison between the two modulation techniques for OWC can be drawn from

[Nuwanpriya et al., 2015] as shown in Figure 4.1. The general conclusion is that PAM-SCFDE,

which is a single-carrier modulation, is better than enhanced unipolar (eU)-OFDM [Tsonev &

Haas, 2014], which is a multi-carrier modulation, at a lower range of spectral efficiency. Mean-

while, multi-carrier modulations are better than single-carrier ones at a high range of spectral

efficiency. It means that both schemes do not always dominate each other. Therefore, in a

particular case where a system designer wants to take advantage of the power efficiency and

spectral efficiency traits of single-carrier and multi-carrier modulation methods, the system

designer can employ both approaches. For example, based on the IEEE 802.11ad technical

specification (WiGig), a single-carrier modulation technique is used to have a power-efficient

system, and an OFDM-based modulation technique is used to have a spectral-efficient system

[IEEE P802.11 TGad, 2012]. The same motivation is also applied in this thesis. This thesis

discusses different modulation techniques that excel either at lower or higher spectral efficien-

cies. Therefore, depending on the spectral efficiency region, systems designers can choose from

various modulation techniques that have a better performance at the spectral efficiency region

of interest.

For completion purposes, it is worth discussing how comprehensive the comparisons are con-

ducted in [Nuwanpriya et al., 2015]. There are only four different techniques that are compared,

as shown in Figure 4.1, i.e., PAM-SCFDE [Nuwanpriya et al., 2015], decomposed quadrature
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Figure 4.1. The comparisons of different modulation techniques at different spectral efficiencies taken from
[Nuwanpriya et al., 2015].

optical (DQO)-SCFDE [Acolatse et al., 2011], asymmetrically clipped optical (ACO)-OFDM

[Armstrong & Lowery, 2006], and eU-OFDM [Tsonev & Haas, 2014]. The DQO-SCFDE

[Acolatse et al., 2011] is considered because it outperforms ACO [Armstrong & Lowery, 2006]

and repetition and clipping optical (RCO)-SCFDE [Acolatse et al., 2011]. Therefore, the latter

modulation techniques are not discussed in [Nuwanpriya et al., 2015]. The same reason also

applies to PAM-SCFDE. That is, PAM-SCFDE is a generalization of on-off-keying modula-

tion (OOK)-SCFDE, and it is superior compared to pulse position modulating (PPM)-SCFDE

[Hsieh & Shiu, 2006]. Moreover, ACO-OFDM has a similar performance compared to unipo-

lar (U)-OFDM, Flip-OFDM, and position modulating (PM)-OFDM. In addition, eU-OFDM

is shown to be better than DC-OFDM. Hence, U-OFDM [Tsonev et al., 2012], Flip-OFDM

[Fernando et al., 2011], PM-OFDM [Nuwanpriya et al., 2012], and DC-OFDM [Carruthers

& Kahn, 1994] are not considered in [Nuwanpriya et al., 2015]. Therefore, it is sufficient to

compare PAM-SCFDE, DQO-SCFDE, ACO-OFDM, and eU-OFDM in [Nuwanpriya et al.,

2015].

4.2 Contributions of This Chapter

The primary contribution of this chapter is the improvements made for existing modulations

techniques. That is, PAM-SCFDE is used as a foundation for the study of single-carrier mod-

ulations. First, non-linear equalizers, e.g., DFE and THP, are used to improve PAM-SCFDE.

Then, PAM-SCFDE is enhanced by adopting IM, namely SC-GTIM. Regarding the multi car-

rier modulation, the common mode PHY is improved by using a proposed system that is re-

ferred to as IQ-WDM. Lastly, both single carrier and multi carrier modulations are compared

in Section 4.7.
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4.3 Related Works

There are two foci in this chapter. Firstly, enhanced versions of PAM-SCFDE will be discussed.

Secondly, an agreed OFDM system in the TGbb is elaborated. The reason for explaining the

enhanced versions of PAM-SCFDE is because of the lack of further studies on PAM-SCFDE,

which is in contrast to the number of studies of the IM/DD-based OFDM systems. For example,

the use of bit-and-power allocation algorithms for the OFDM systems has been discussed in

[Vučič et al., 2010; Zhengguo et al., 2012; Khalid et al., 2012; Bykhovsky & Arnon, 2014;

Lu et al., 2014; Wei et al., 2016]. Using the same reason, there are also not many studies

that investigate the TGbb-agreed OFDM systems that reuse an RF-based OFDM chipset for

LiFi. Specifically, TGbb agreed to use the OFDM waveform from IEEE 802.11ax for the

common mode of the IEEE 802.11bb [Serafimovski, Han, Weszely, et al., 2019]. (Note that

a brief overview of the IEEE 802.11ax standard is provided in the Appendix C.) There is also

a discussion on the use of a single-carrier modulation technique for the IEEE 802.11bb, but it

might be left for one of the optional modes [Kim et al., 2019].

A direct approach to improve PAM-SCFDE is to first look at it from a general perspective based

on [Scaglione et al., 1999]. That is, PAM-SCFDE is a block transmission system with a CP and

a linear feed-forward equalizer filter at the receiver, which is optimized based on the MMSE

criterion. The LE can be further improved by combining it with a non-linear equalizer, such as a

DFE [Xu et al., 2006], or a precoder, such as a THP [Tomlinson, 1971; Harashima & Miyakawa,

1972]. The study of PAM-SCFDE with an LE, a DFE, and a THP under a redundant filter-bank

framework [Scaglione et al., 1999] is discussed in [Purwita, Chen, et al., 2019]. Other than

[Purwita, Chen, et al., 2019], there are not many studies on DFE and THP. Even if there is

such a study, it only considers them separately, i.e., they are not discussed under a framework

as in [Purwita, Chen, et al., 2019]. An example of such a study can be found in [Komine et al.,

2009], where a DFE is compared with an LE in different scenarios. Therefore, in order to get

a comprehensive view of PAM-SCFDE, the results from [Purwita, Chen, et al., 2019] will be

discussed first. Then, using the redundant filter-bank framework, the IM [Abu-alhiga & Haas,

2009] can be adopted to improve the PAM-SCFDE as proposed in [Purwita, Yesilkaya, et al.,

2019; Purwita et al., 2020]. The combination of IM and PAM-SCFDE will be referred to as

SC-GTIM. An important issue that is not discussed in [Nuwanpriya et al., 2015] is the effect of

DC wander. However, based on [Grobe et al., 2016], the effect of DC wander is negligible if

the ratio of bitrate and the HPF’s cut-off frequency is greater than 50% for OOK and 150% for
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8-PAM. It is obvious from Figure 2.7 that the ratio with a 20 MHz bandwidth is 77% for OOK

and 230% for 8-PAM. Therefore, the effect of the DC wander can be ignored in this thesis.

As previously mentioned, in addition to the single-carrier modulation, TGbb-agreed OFDM

systems [Serafimovski, Han, Weszely, et al., 2019] are discussed in this thesis. Discussions

of OFDM systems dominate the majority of sessions during TGbb meetings. Specifically, the

discussions are mostly about the use of PHY of IEEE 802.11ax [IEEE P802.11 TGax, 2018] or

International Telecommunication Union - Telecommunication Standardization Sector (ITU-T)

G.9991 (also known as G.vlc) [ITU-T G.9991, 2019] for IEEE 802.11bb. The latter approach

supports DC-OFDM and ACO-OFDM with the bit-and-power allocation. However, it has been

agreed that these techniques will be used for the optional mode [Serafimovski, Han, Weszely,

et al., 2019]. The main reason for this is that the bit-and-power allocation introduces an addi-

tional complexity, it is not always required in most LiFi scenarios, as discussed in the study of

the flatness of LiFi channels [Purwita & Haas, 2020b; Purwita et al., 2019]. Note that the bit-

and-power allocation of OFDM-based OWC has been discussed in many studies, e.g., [Vučič

et al., 2010; Zhengguo et al., 2012; Khalid et al., 2012; Bykhovsky & Arnon, 2014; Lu et al.,

2014; Wei et al., 2016]. Therefore, this thesis only discusses the use of IEEE 802.11ax’s PHY

to IEEE 802.11bb. Specifically, the comparison between the common mode and the proposed

method in [Purwita & Haas, 2020a] is presented in this chapter. The proposed technique, which

is referred to as IQ-WDM, takes advantage of the fact that the diffuse link of LiFi channels has

a low pass filter characteristic [Jungnickel et al., 2002]. Hence, instead of working in the pass-

band region, the output waveform is converted into baseband, and the IQ signals are transmitted

over different wavelengths. A similar technique has been discussed in [Chen et al., 2017]. The

main difference with the discussion in [Purwita & Haas, 2020a] is that it is not tailored to the

PHY of IEEE 802.11ax.

4.4 Improving PAM-SCFDE with Non-Linear Equalizers

One of the contributions of this thesis in studies of single-carrier modulations is the incorpo-

ration of the light emitter’s linear region. First, a subsection will be dedicated to discussing

the linear region. Then, PAM-SCFDE will be rewritten under the framework of the redundant

filter-bank framework [Scaglione et al., 1999] and the linear region. Next, DFE and THP are

individually added into PAM-SCFDE.
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Figure 4.2. An abstraction of linear region, where the black line with a shaded region denotes the linear region, and
the red lines denotes the non-linear curves.

4.4.1 Linear Region of Light Emitters

Throughout this thesis, the transmitted signal is assumed to be DC-biased such that it fits a

linear region of a light emitter. The primary justification for this is based on the common

practice for conducting experiments. Before carrying out an experiment, an optimal peak-to-

peak current or voltage and an optimal DC bias are predetermined. One of the methods is

described in [Chun et al., 2018, Fig. 2]. A sinusoidal signal is transmitted, and an optimal

peak-to-peak and an optimal DC bias are tuned such that the received signal has the maximum

peak-to-peak value, and the signal is not distorted. Using the same approach, an experiment in

[Bian et al., 2019], which uses off-the-shelf LEDs, reports that the DC bias is in the order of 3

V, and the maximum peak-to-peak voltage is 300 mV. In another sample from custom-designed

series-biased micro-LEDs consisting of 9 micro-LEDs, the DC bias is around 26 V, and the

maximum peak-to-peak voltage is in the order of 7 V [Xie et al., 2019]. The linear region can

also be found based on a datasheet. An example of linear regions obtained from a datasheet has

been shown in Figure 2.10 in Ch. 2. Therefore based on the above arguments, an abstraction of

the linear region of a P − I curve, as shown in Figure 4.2, will be used throughout this section.

That is, the range [Ia, Ib] is referred to as a linear region of a light emitter. It is worth noting

that the linear region is temperature dependent [Turan & Ucar, 2017]. Throughout this thesis, a

cooling system, e.g., a heat sink, is assumed such that the linear region is fixed [Ghassemlooy

et al., 2018].

4.4.2 PAM-SCFDE with LE

A high-level description of PAM-SCFDE with LE will be first discussed before going into de-

tails in the next paragraph. Figure 4.3 depicts a PAM-SCFDE with a feed-forward LE, denoted
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Figure 4.3. PAM-SCFDE with LE.

by a matrix F. The input information vector coming from the finite alphabet is denoted by d.

Then, the input information vector d is mapped into a symbol vector s based on a mapping set

PM . Elements of PM are PAM symbols representing a driving current of a light emitter. A

channel matrix H represents an equivalent channel model comprising analog front-ends of an

optical transceiver system and a LiFi CIR. A thermal and shot noise at the receiver are modeled

by a vector w [Kahn & Barry, 1997]. Hence, the received symbol is denoted by r = Hs + w.

Then, a linear equalization is carried out by multiplying r with a linear matrix F. A decision

process is performed to estimate the symbol vector s, namely ŝ. Lastly, a demapper is used to

estimate the information vector d, namely d̂.

A block transmission with an input sequence d is assumed, where d = [d0, d1, · · · , dN−1]T ∈

DN×1, D = {0, 1, . . . ,M − 1}, N is the block length, and M is the constellation size. This

information data is then mapped into a symbol vector s ∈ PN×1M . Then, the mapping set PM is

defined based on a light emitter’s linear region [Ia, Ib] as follows:

PM =

{
Ia +

Ib − Ia

M − 1
i

∣∣∣∣∣ i ∈ {0, 1 · · · ,M − 1}, [Ia, Ib] ⊂ R+

}
, (4.1)

where [Ia, Ib] is assumed to be strictly positive as discussed previously. For a unit energy

transmit pulse, the energy per symbol is denoted as:

Es =
1

|PM |
∑
s∈PM

|s|2 =
1

6

(
2
(
I2a + IaIb + I2b

)
+

(Ib − Ia)
2

M − 1

)
. (4.2)

Energy per bit is denoted by Eb = Es/ log2M . The mean of s is defined as:

µs , E[s] =
Ia + Ib

2
. (4.3)

Figure 4.4 shows an equivalent channel matrix H, which models:

• a CP addition block,
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• a P/S conversion,

• a transmitter’s frontend (htxfe(t)) as described in Chapter 2,

• an LD (hld(t)),

• a LiFi CIR (hwoc(t)),

• a PD (hpd(t)),

• a TIA (htia(t)),

• a receiver’s frontend (hrxfe(t)) as described in Chapter 2,

• an S/P conversion, and

• a CP removal block.

The input of the channel matrix is denoted by the symbol vector s. First, a CP is added to the

symbol vector s with the CP length Lcp, which is assumed to be Lcp < N . The CP addition

operation is denoted by Ts, where T is defined as:

T(N+Lcp)×N =


0Lcp×(N−Lcp) ILcp

IN−Lcp 0(N−Lcp)×Lcp

0Lcp×(N−Lcp) ILcp

 . (4.4)

Accordingly, a CP removal matrix at the receiver R is defined as:

RN×(N+Lcp) =
[
0N×Lcp IN

]
. (4.5)

Prior to the digital-to-analog converter (DAC), the output of the CP addition is transformed into

a discrete-time symbol sequence x(n) by the P/S conversion.

A concatenation of the CIRs of a transmitter’s frontend, LD, wireless optical channel (WOC),

PD, TIA and a receiver’s frontend is denoted by cc(t), which is defined as:

cc(t) = htxfe(t) ~ hld(t) ~ hwoc(t) ~ hpd(t) ~ htia(t) ~ hrxfe(t). (4.6)

The models of the transceiver’s frontends, LD, WOC, PD, TIA follow the model that is dis-

cussed in Chapter 2. Additionally, a discrete-time model comprising an FIR filter C(z) and an

additive white noise w(n) with a zero mean and a variance of σ2w = RsN0/2 is used in this

thesis, where N0/2 is the double-sided power spectral density of the thermal noise. The FIR
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Figure 4.4. The block diagram of the channel matrix H, which models: a CP addition block, a P/S conversion,
a CIR of a transmitter’s frontend htxfe(t), an LD (hld(t)), a LiFi CIR (hwoc(t)), a PD (hpd(t)), a TIA
(htia(t)), a CIR of a receivers’s frontend (hrxfe(t)), an S/P conversion, and a CP removal block.

filter C(z) is defined as:

C(z) =

Lcp∑
n=0

c(n)z−n, (4.7)

where c(n) , cc(nTs) and Ts = 1/Rs.

The concatenation of the matrix T, P/S, the channel C(z), S/P and the matrix R can be repre-

sented by an N ×N circulant matrix H whose first column vector is:

[
c(0), c(1), . . . , c(Lcp),01×(N−Lcp−1)

]T
,

where N > Lcp. A circulant matrix is diagonalizable by a normalized discrete Fourier trans-

form (DFT) matrix denoted by W, i.e.,:

H = WHΓW, (4.8)

where Γ is a N ×N diagonal matrix whose diagonal entry is the N -point DFT of the channel

tap c(n).

The received symbol vector r can be written as:

r = Hs + w. (4.9)

Then, the received symbol vector r is equalized by a feedforward filter F under a linear opera-
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tion Fr. The estimated symbol vector of s is defined as:

ŝ = arg min
s∈PNM

||Fr− s|| .

The error vector is defined as e = ŝ − s = FHs + Fw − s = (FH − I)s + Fw. Then, an

MSE matrix is defined as:

Re , E
[
eeH] =FHRsH

HFH + Rs − FHRs −RsH
HFH + σ2wFFH, (4.10)

where Rs , E
[
ssH
]

= EsI + µ2s Ĩ, and Ĩ is a matrix whose elements are all one except at all

main diagonal entries, which are zero.

4.4.3 PAM-SCFDE with LE and DFE

Figure 4.5 shows the PAM-SCFDE with a DFE at the receiver. For a DFE system, a feedback

loop is added after the linear equalization. The loop consists of a feedback matrix B and a

decision block to limit the output value of the feedback filter. The vector symbol Fr is further

processed by a feedback loop consisting of a feedback matrix B. To impose a strict causality

on the feedback filter, the matrix B is assumed to be a strictly lower triangular matrix. That is,

to estimate the nth symbol, only the current input symbol and the previously estimated symbols

are used. Note that the decision block is included in the feedback loop to limit the value and

maintain the stability (bounded-input, bounded-output stability) of the filter.

Let B̄ = I + B. The ideal error vector for the DFE system is e = (FH − B̄)s + Fw, where

it is assumed where no error propagation is assumed, i.e., Bŝ at the receiver is replaced by Bs.

Then, the MSE matrix can be readily verified as:

Re =FHRsH
HFH + B̄RsB̄

H − FHRsB̄
H − B̄RsH

HFH + σ2wFFH. (4.11)

This MSE matrix will be used to find the optimal filter B.

4.4.4 PAM-SCFDE with LE and THP

Figure 4.6 shows the PAM-SCFDE with a THP at the transmitter. In addition to a feedback

matrix B at the transmitter, a THP also has a modulo operation, which is used to limit the value
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Figure 4.5. PAM-SCFDE with LE and DFE.

Figure 4.6. PAM-SCFDE with LE and THP.

of the output symbol of the THP. The output of THP is denoted by sth. To fit the value of sth

into a linear dynamic range of a light emitter, the modulo operation is defined as:

mod(x) , x− (Ib − Ia)

⌊
x− Ia

(Ib − Ia)

⌋
. (4.12)

The input-output relationship of the modulo operation is shown in Figure 4.7. The black and

white circles in Figure 4.7 emphasize the half-open interval of the modulation operation, which

can be written as:

Ith , [Ia, Ib) . (4.13)

The exclusion of Ib in (4.13) implies that an ambiguity can occur if the mapping set PM in (4.1)

is used. The reason for this is that the output of the symbol Ib is Ia, which cannot be correctly

recovered at the receiver.

Figure 4.7. The modulo operation for the THP system.
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Figure 4.8. An equivalent model for THP.

In order to avoid the ambiguity caused by the half-open interval Ith, let’s define an interval for

s as:

Is = [Ia + ε, Ib − ε], 0 < ε <
Ib − Ia

2
. (4.14)

The variable ε denotes the width reduction of the linear region of an LED that the symbol s

occupies. The mapping set for a THP is now defined as:

PTHP
M =

{
Ia + ε+

Ib − Ia − 2ε

M − 1
i

∣∣∣∣∣ i ∈ {0, 1 · · · ,M − 1}

}
.

The energy per symbol can be written as:

ETHP
s =

1∣∣PTHP
M

∣∣ ∑
s∈PTHP

M

|s|2 =
1

6

(
2
(
I2a + Ia(Ib + ε) + I2b − Ibε+ ε2

)
+

(Ia − Ib + 2ε)2

M − 1

)
.

It is widely known that the output vector symbol, sth, is identically independently distributed

(IID). In addition, it follows a continuous uniform distribution [Fischer, 2002, p. 132]. Let Esth

be the energy per symbol after THP, which is given as:

Esth =
(Ib − Ia)

2

12
+

(Ib + Ia)
2

4
. (4.15)

Using (4.2) and (4.15), the precoding ratio is defined as [Fischer, 2002, p. 143]:

γth ,
Esth

Es
=

2
(
I2a + IaIb + I2b

)
2
(
I2a + Ia(Ib + ε) + I2b − Ibε+ ε2

)
+ (Ia−Ib+2ε)2

M−1

. (4.16)

It is easier to calculate the error vector using the equivalent model of THP as depicted in Fig-

ure 4.8, where the symbol vector s̃ is referred to as the effective symbol vector [Fischer, 2002,

p. 127]. A unique precoding vector z ∈ ZN×1 is added to s such that sth ∈ IN×1th based on

operation in (4.12). Therefore, we have sth = B̄−1s̃.
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It is generally considered difficult to directly work on the pair of vector symbols s and ŝ to

find the optimal filters. Instead, we can use the vector symbols s̃ and its estimation, which is

denoted by ˆ̃s. Hence, the error vector e can be approximated by:

e ≈ ˆ̃s− s̃ = FHB̄−1s̃ + Fw − s̃ =
(
FH− B̄

)
sth + Fw. (4.17)

This is equivalent to the case where the precoding vector z is perfectly known at the receiver.

Then, the MSE matrix is defined as:

Re =FHRsthH
HFH + Rsth − FHRsth −RsthH

HFH + σ2wFFH, (4.18)

where Rsth , E
[
sths

H
th

]
. As in the DFE case, this MSE matrix will be used to determine the

optimal filters.

4.4.5 MMSE-Based Equalizers

In this subsection, a joint optimal design for matrices F and B is discussed first, and it is

followed by its optimality discussion.

4.4.5.1 Joint Design

Based on (4.10), (4.11), and (4.18), the MSE matrices Re for LE, DFE and THP systems

have similar forms. Therefore, a general design problem based on MMSE can be formulated,

i.e., minimize E
[
eie

H
i

]
, ∀i. Equivalently, it is the same as minimizing tr(Re). Therefore, a

complete design problem can be stated as:

arg min
F,B

tr(Re)

subject to B is a strict lower triangular matrix. (4.19)

Note that both the peak and average transmitter power are already constrained by the linear

region of a light emitter, i.e., [Ia, Ib]; hence, it is not included in (4.19). The optimization

problem in (4.19) is known to be a nonlinear problem [Xu et al., 2006].

A typical approach to solve (4.19) is:
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(i) by treating B as fixed and finding the optimal F since there is no constraint imposed for

F, and

(ii) the matrix B is determined by using the expression for the optimal F and the constraint

on B.

To derive an optimal F, the orthogonality principle is used, i.e., E
[
erH
]

= 0. For this purpose,

it is easier to have the expression of e as e = Fr − B̄s. The optimal feedforward matrix F is

then:

F = B̄RsrRr
−1 = B̄RsH

H (HRsH
H + Rw

)−1
= B̄WH (ΓHΓ + σ2wΓ−1s

)−1
ΓHW = B̄WHΛW, (4.20)

where Rsr , E
[
srH
]
, Rr , E

[
rrH
]
, Rw , E

[
wwH

]
= σ2wI and Γs = WRsW

H as Rs is

a circulant matrix. Using the properties of the DFT matrix W, the N ×N Γs matrix can also

be defined as:

Γs = diag
(
Es + (N − 1)µ2s , Es − µ2s , · · · , Es − µ2s

)
. (4.21)

The matrix WHΛW in (4.20) is referred to as the frequency-domain equalization (FDE) since

the received symbol vector r is first transformed to the frequency domain by the DFT matrix W

and then multiplied by Λ. Furthermore, since Λ is a diagonal matrix, it is commonly referred

to as a single-tap FDE.

It is straightforward to see that if the channel tap is not zero, then Λ is not singular; hence, the

feedforward matrix F in (4.20) always exists. Using (4.20), the error vector can be written as:

e = B̄RsrRr
−1r− B̄s.

The MSE matrix with the optimal F is:

Re = B̄
(
Rs −RsrRr

−1Rrs

)
B̄H

= B̄
(
Rs −RsH

H (HRsH
H + Rw

)−1
HRs

)
B̄H

(a)
= B̄

(
Rs
−1 + HHRw

−1H
)−1

B̄H = B̄CB̄H, (4.22)
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F B Re

LE WHΛW 0 WH
(
Γ−1s + σ−2w ΓHΓ

)−1
W

DFE & THP B̄WHΛW L−1 − I D

Table 4.1. Optimal filters for PAM-SCFDE with LE, DFE, and THP.

where (a) uses the Woodbury matrix identity. Note that in order to have an optimal symbol

detection within a block, it is necessary to obtain Re = Σ, where Σ is a diagonal matrix with

positive entries. In other words, the input of the decision block is white, i.e., the remaining

error at each symbol is uncorrelated with the remaining error at the other symbols within the

same block. That is, if Re = Σ, then it is optimal in the sense of symbol-by-symbol detection

[Palomar et al., 2003].

Since C is non-singular and positive definite, there exists a unique lower triangular matrix L

with a unit diagonal entry, and it is obtained by using the Cholesky decomposition, i.e.,:

C = LDLH, (4.23)

where D is a diagonal matrix. Hence, from (4.22) and assigning Re = Σ, we have the follow-

ing relationship LDLH = B̄−1Σ
(
B̄H
)−1. For B 6= 0 (DFE and THP systems), the optimal

feedback matrix and the minimum MSE can now be determined as:

B = L−1 − I, and Re = D, (4.24)

respectively. Table. 4.1 provides a summary of the optimal filters and the minimum MSE

matrices.

4.4.5.2 Optimality Discussion

For an LE system, the MSE matrix is circulant; hence, the error variance at each symbol is

identical, i.e., E
[
|ei|2

]
= [Re]i = c,∀i, c ∈ R+. However, Re is not necessarily diagonal.

The correlation implies that the error detection at any symbol correlates to the error detection

at other symbols within a block. Therefore, the LE system is only optimal based on the MMSE

criterion. We also observe that as tr(Re
LE) = tr(C) > tr(Re

DFE) = tr(D) which implies

that the SINR of the LE system is upper bounded by that of the DFE system under the ideal

assumptions. Consequently, the average bit error ratio (BER) of the LE system is always higher
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than that of the ideal DFE system. For the THP system, the error performance of THP is not

generally better than an LE system, and it highly depends on the value of ε, which has been

shown in [Purwita, Chen, et al., 2019]. In addition, we want to emphasize that even though

µs 6= 0, Rs is still sometimes defined as Rs = EsI, such as in [Nuwanpriya et al., 2015]. It is

straightforward to see that in this case tr(Re) is higher; thus, it is suboptimal.

As the minimized MSE matrix is a diagonal matrix for the DFE and the THP systems, we know

that the matrices in (4.20) and (4.24) are optimal in the sense of symbol-by-symbol detection

within a block; equivalently, they maximize the SINR at each symbol. It can also be shown

that (4.20) and (4.24) achieve an error bound based on Weyl’s inequality [Weyl, 1949]. That

is, if we can write the MSE matrix as tr (Re) = tr
(
B̄L̄L̄HB̄H

)
= ||B̄L̄||2F =

∑
i σ

2
i , where

L̄ = LD1/2, and σi is the singular value of B̄L̄, then we have:

tr(Re) =
N∑
i=1

σ2i ≥
N∑
i=1

µ2i =
N∑
i=1

[
B̄L̄
]2
i
, (4.25)

where µi is the eigenvalue of B̄L̄, and the last equality uses the fact that B̄L̄ is a lower triangular

matrix, see [Weyl, 1949, (2)]. The equality in (4.25) is obtained when B̄L̄ is a normal matrix.

B̄L̄ is normal, if and only if, it is a diagonal matrix. Using (4.24), we know that B̄L̄ = D1/2,

which is diagonal.

To show the limitation of the current optimal filters, it is also important to investigate the opti-

mality in terms of minimizing the average BER. Based on [Palomar et al., 2003], for a moderate

to high SNR region, BER is minimized if eigenvalues of Re are identical, i.e., Re = αI for a

positive constant α as Re is a Hermitian matrix. However, the matrix D does not necessarily

have identical entries. Given that LDLH is unique, it is straightforward to see that the optimum

average BER is not always achieved. Another way to see this is by using the trace-determinant

inequality, which can be expressed as:

tr(Re) =
N∑
i=1

[D]i ≥ N
(
det
(
B̄CB̄H))1/N = N

(
N∏
i=1

[D]i

)1/N

. (4.26)

The equation in (4.26) achieves the equality if D has identical elements. The identical elements

of D can only be achieved if the CIR c(n) is a constant. This occurs when all the front-

end devices in Figure 4.4 are simply constant amplifiers with a flat gain, and the hwoc(t) is a

constant, i.e., there is no reflecting signal. This occurs when the bit rate is sufficiently low,
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such that the inter-symbol interference (ISI) can be ignored, i.e., when c(n) only has a single

tap. One way to achieve the BER optimality is by adding a linear precoder, e.g., P, before the

matrix H, i.e., H is replaced by HP.

To summarize this subsection, the optimal filters for PAM-SCFDE with LE, DFE, and THP

are designed based on the MMSE criterion. Throughout the investigation, an improvement can

be made based on [Palomar et al., 2003], where the MSE matrix can be further constrained so

that the error variance for all symbols is identical, and there is no correlation between symbols.

In other words, Re = σ2eI, where σ2e is the error variance at all symbols. Intuitively, achiev-

ing the criterion above means that the average BER is minimized [Palomar et al., 2003]. The

current optimal filter for PAM-SCFDE with LE only achieves the minimum MSE, where the

error detection in any symbol is correlated with other symbols. Meanwhile, the DFE and THP

systems yield uncorrelated error between symbols. However, the error variances are not iden-

tical. Therefore, it is interesting to improve the current systems with the additional constraint

introduced [Palomar et al., 2003] for future studies.

4.5 SC-GTIM: PAM-SCFDE with IM

This section begins by outlining the motivations to apply the IM to PAM-SCFDE. Then, details

of SC-GTIM are presented next in order to answer how PAM-SCFDE can benefit from IM. A

set partitioning algorithm is discussed to construct a codebook for SC-GTIM in the end.

4.5.1 Motivations

IM is inspired by spatial modulation (SM) [R. Mesleh et al., 2006; R. Y. Mesleh et al., 2008],

which simultaneously encodes both constellation symbols and transmit antenna index. The

term IM is first introduced in [Abu-alhiga & Haas, 2009]. Instead of the transmit antenna index,

subcarriers are used in [Abu-alhiga & Haas, 2009]. This method is referred to as subcarrier-IM

OFDM. These transmit entities, namely transmit index (space domain) and subcarrier index

(frequency domain), can be extended to other domains such as the time-domain [Nakao et al.,

2017; Choi, 2017] or combinations of these [Popoola et al., 2013; Haas & Abu-Alhiga, 2016].

In fact, IM is not only limited to these domains, and could, for example, include orbital angular

momentum (OAM) [Basar, 2018]. This section focuses on the adoption of TIM [Nakao et al.,

2017; Choi, 2017] to PAM-SCFDE. Recent survey papers in [Basar et al., 2017; Sugiura et al.,
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2017; Ishikawa et al., 2018] summarize that IM appears to be a potential candidate for future

wireless communication systems due to its spectral and energy efficiency as well as lower

hardware complexity. These advantages can also be adopted in LiFi.

As IM can modulate an off-state transmit index, such as an antenna index in SM, it can be

done with PAM-SCFDE having a strictly positive linear region. That is, the zero amplitude,

for example, I = 0 in Figure 4.2, can be used as the off-state. Then, while the off-state is

transmitted, PAM-SCFDE can benefit from a lower average transmit power. Also, having an

additional choice of constellation symbols means that PAM-SCFDE might benefit from a larger

Euclidean distance. These advantages will be demonstrated next.

4.5.2 Transmission Model

Figure 4.9 shows the block diagram of SC-GTIM, which is slightly modified from that of PAM-

SCFDE, whose block diagram is shown in Figure 4.3. Instead of the input sequence d, Bt-bit

binary vector b is used. A one-to-one mapping fS converts the binary vector b to a symbol vec-

tor s according to a codebook S. In this section, there are three codebooks that are considered,

i.e.,:

• SPAM for the original PAM-SCFDE, which will be referred to as SC-PAM,

• STIM for a direct adoption of TIM to PAM-SCFDE, which will be referred to as SC-TIM,

and

• SGTIM for a generalized version of STIM, which will be referred to as SC-GTIM.

Therefore, S is an element of
{
SPAM,STIM,SGTIM

}
, i.e., S ∈

{
SPAM,STIM,SGTIM

}
. At the

receiver, an inverse mapping is used to estimate the binary vector b, i.e., b̂.

The following is the mapping procedure of a binary vector b. Let J be a time-slot length. The

Bt-bit binary vector b is partitioned into L sub-blocks, i.e., b = [bT
0 ,b

T
1 , · · · ,bT

L−1]
T, such that

J = N/L. The length of each vector bl becomes, B = Bt/L bits. Then, each bl is mapped

onto a J−length symbol vector sl = [sl,0, sl,1, · · · , sl,J−1]T by a one-to-one mapping function

fS . Therefore, the symbol vector can be defined as s =
[
sT
0 , s

T
1 , · · · , sT

L−1
]T, whose length is

N symbols.
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Figure 4.9. The system model of SC-GTIM.

4.5.2.1 SC-PAM

For a block transmission with SC-PAM, the transmitted symbol vectors are chosen from the set

SPAM which is defined as:

SPAM =

{
sl = [sl,0, sl,1, · · · , sl,J−1]T

∣∣∣∣ sl,j ∈ PM} ,
where

∣∣SPAM
∣∣ = 2B is the cardinality of the set SPAM. Typically, SC-PAM is defined with

J = 1 and sl ∈ PM for l = {0, 1, 2, · · · , L − 1 = N − 1}. For example, with M = 2 and

B = 1, if bl,0 = 0, then sl,0 is mapped to sl,0 = Ia. Otherwise, sl,0 is mapped to sl,0 = Ib.

Equivalently with J = 2, the set SPAM can also be expressed as:

SPAM =


Ia

Ia


bl,0=[0]
bl,1=[0]

,

Ib

Ia


bl,0=[1]
bl,1=[0]

,

Ia

Ib


bl,0=[0]
bl,1=[1]

,

Ib

Ib


bl,0=[1]
bl,1=[1]

. (4.27)

Notice that the mapping remains the same as in the case when J = 1. This representation will

be used to relate SC-PAM to SC-TIM and SC-GTIM. For SC-PAM, the Gray code is always

used to ensure the optimality in the sense of error probability [Agrell et al., 2004].

4.5.2.2 SC-TIM

In SC-TIM, theB-bit vector bl contains aB1-bit and aB2-bit binary vectors, i.e.,B = B1+B2.

A B1-bit binary vector is used to modulate the index of the active time slots. Note that B1 is
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Figure 4.10. The working principle of fSSCTIM with (4.29).

defined such that K out of J are chosen from the set PM , and the others are set to be 0. It is

also worth noting that K out of J can be interpreted as choosing K out of J time slots to be

active. A B2-bit binary vector is used to modulate the M−PAM symbols from PM . Therefore,

B1 and B2 can be calculated as:

B1 =

⌊
log2

(
J

K

)⌋
, and B2 = K log2M. (4.28)

For example, with K = 1, J = 2 and P2 = {Ia, Ib}, we have the possible transmitted symbol

sl ∈ STIM, such that the mapping set STIM is:

STIM =


 0

Ia


bl,0=[0]
bl,1=[0]

,

 0

Ib


bl,0=[1]
bl,1=[0]

,

Ia

0


bl,0=[0]
bl,1=[1]

,

Ib

0


bl,0=[1]
bl,1=[1]

. (4.29)

In this case, bl,1 = 0 denotes the first time slot as inactive, while bl,1 = 1 denotes the second

time slot as inactive. In addition, bl,0 = 0 denotes that the PAM constellation symbol Ia is

chosen. Otherwise, the PAM constellation symbol Ib is chosen. A working principle of (4.29)

is shown in Figure 4.10. Suppose the binary input vector is b = [1, 0, 1, 1, 0, 1, 0, 0, 1, 0]T and

L = 5, then we have b0 = [b0,0, b0,1]
T = [1, 0]T, b1 = [b1,0, b1,1]

T = [1, 1]T, etc. Based on

(4.29), [1, 0]T maps to [0, Ib]T, and [1, 1]T maps to [Ib, 0]T consecutively.

Compared to the energy per symbol of the SC-PAM in (4.2), it is generally harder to obtain a

compact expression for Rs. A naive way is (i) to list all possible combinations of alphabets

ssH; (ii) count the frequency of each element of the alphabet for given parametersM , K and J ;

and (iii) calculate Rs = E
[
ssH
]

by taking the expectation value of all possible combinations.

However, for K = 1, Rs
TIM,K=1 can be found as shown in (4.30). The constants p and q can
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be calculated as:

p =
1

2B

∑
s∈PM

|s|2 =

((
I2a + I2b

)
(2M − 1) + 2IaIb(M − 2)

)
3
(
1− 1

M

)
2(B+1)

,

q =
1

2J2M

∑
x∈PM

∑
y∈PM

xy = M2(Ia + Ib)22−(J+M+2),

where the sum of the series formula is used to obtain these expressions. Note that Rs
TIM,K=1 is

not a circulant matrix. This is an example of a scenario when the simple single-tap equalization

cannot always be performed by a PAM-based SC-TIM. In this case, the PAM-based SC-TIM

has a higher computational complexity. Note that p is also the average energy per symbol for

the PAM-based SC-TIM which is lower than that without TIM, i.e., Es,TIM = p ≤ Es,PAM.

Rs
TIM,K=1
N×N =


PJ×J QJ×J · · · QJ×J

QJ×J PJ×J · · · QJ×J
...

...
. . .

...

QJ×J QJ×J · · · PJ×J

 , (4.30)

For an IM scheme, an average pairwise-error probability (PEP) over all possible pairs of sym-

bols is typically used as an upper bound. The average BER is upper bounded by the average

PEP (APEP), that is,:

Pb ≤
1

B2B

∑
si∈STIM

∑
sj∈STIM

sj 6=si

dH(si, sj)P (si → sj) = APEP. (4.31)

A Hamming distance between the bits associated with both si and sj is denoted by dH(si, sj).

The PEP is defined as:

P (si → sj) = Q

(
dE(si, sj)

2
√
σ2e

)
, (4.32)

where dE(si, sj) = ||si−sj || denotes the Euclidean distance between si and sj . Let the average

noise power of e be σ2e, which is defined as:

σ2e , tr (Re) /N.
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(a) SC-PAM (4.27) (b) SC-TIM (4.29) (c) SC-GTIM (4.33)

Figure 4.11. Vector representations: (a) SC-PAM with M = 2 and the Gray code and without IM (η = 1), (b)
SC-TIM with K = 1 and J = 2 (η = 1) and (c) SC-GTIM with J = 2 (η = 1). The circle markers
show the symbols that can be chosen and labeled with binary vectors. The other markers show the
chosen symbols.

4.5.2.3 SC-GTIM

The main difference between SC-TIM and SC-GTIM is that K does not have to be fixed. To

compare it with (4.29), we have, for example,:

SGTIM =


0

0


bl,0=[0]
bl,1=[0]

,

Ib

0


bl,0=[1]
bl,1=[0]

,

 0

Ib


bl,0=[0]
bl,1=[1]

,

Ib

Ib


bl,0=[1]
bl,1=[1]

, (4.33)

where the number of bits in SC-GTIM is defined asB = log2|SGTIM|. Notice thatK is not fixed

for all elements of SGTIM in the above example. In addition, SC-GTIM in (4.33) is reduced to

OOK with return-to-zero pulse or PPM, which is known to achieve the Shannon capacity in low

spectral efficiency regions [Verdu, 2002]. It is worth mentioning that SC-TIM cannot always

be reduced to OOK as SC-TIM is constrained by (4.28), which is less flexible than SC-GTIM.

To illustrate the set SGTIM based on (4.33) and compare it with other examples in (4.27) and

(4.29), the vector representations of [sl,0, sl,1, · · · , sl,J−1]T are illustrated in Figure 4.11. The

index l is omitted as it is not relevant. Figure 4.11 uses circles to show all possible sl that

can be chosen and the colored markers to show the chosen sl. In this way, we have a classic

constellation diagram representation. Figure 4.11(c) clearly illustrates a more flexible constel-

lation design of SC-GTIM compared to the others. If this can be cultivated fully, a significant

performance gain can be achieved.

We now compare SC-GTIM with SC-TIM in (4.29). It is obvious to see that the BER of

SC-TIM with STIM expressed in (4.29) will be limited by the vectors [0, Ia]
T and [Ia, 0]T if
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|Ia − 0| < |Ib − Ia|. Consequently, the BER of SC-TIM is worse than that of the conventional

SC-PAM. In this case, a codebook with more possible constellation points is required. This is

where SC-GTIM has the advantage by means of freeing the number of active time slots.

A collection of possible codewords Ss is defined as:

Ss =
{
sl = [sl,0, sl,1, · · · , sl,J−1]T

∣∣ sl,j ∈ {PM , {0}}} . (4.34)

The indexing and grouping of all possible [sl,0, sl,1, · · · , sl,J−1]T ∈ SGTIM ⊆ Ss will affect the

BER. There are:

G =
(M + 1)J !

((M + 1)J − 2B)!
(4.35)

ways of indexing and grouping in the construction of the set SGTIM. Based on (4.32) and the

upper bound in (4.31), the design problem can be formulated as:

arg max
SGTIM

C =
∑

si∈SGTIM

∑
sj∈SGTIM

sj 6=si

dH(si, sj)dE(si, sj) (4.36)

subject to: |SGTIM| = 2B.

The problem (4.36) can be seen as the problem of choosing 2B vectors of [sl,0, sl,1, · · · , sl,J−1]T

and labeling them with a B-bit vector. As (4.36) is a combinatoric problem which has G many

possible combinations, a meta-heuristic solution for a permutation-based combinatorial opti-

mization problem can be used. However, we will illustrate that a simpler way can be used by

using the knowledge of the Gray encoding.

4.5.3 Construction of a Good Set SGTIM

In this subsection, the construction of a good set SGTIM is provided. A simple example in two

dimensions (2-D), i.e., J = 2, will be presented first, and this is followed by an introduction

of several notations. Then, a more detailed algorithm having higher dimensions, i.e., J > 2 is

given next.
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4.5.3.1 Simple Example in 2-D (J = 2)

For a better enumeration and illustration, PM is redefined as:

PM = {m0,m1, · · · ,mM−1| Ia = m0 < m1 < · · · < mM−1 = Ib} ,

Now, assume that a uniform M -PAM constellation is used, i.e., |mi − mj | = c,∀i 6= j ∈

{0, 1, · · · ,M − 1} and a positive constant c. In this example, we use the following collection

of possible codewords:

Ss =


0

0

,
m0

0

,
m1

0

,
 0

m0

,
m0

m0

,
m1

m0

,
 0

m1

,
m0

m1

,
m1

m1


,

which represents the case where M = 2 and J = 2. Suppose that we define B = 3 bits, then

we should pick 23 = 8 of |Ss| = 9. Now that we have defined Ss, the design problem can be

summarized as follows:

given: M,B, J

choose 2Bof sl ∈ Ss and label them with binary vector

such that the 2B sl have as large C (see (4.36)) as possible.

The basic operation of the construction algorithm is the set partitioning algorithm denoted by

SP. Simple illustrations of the heuristic steps taken in the SP operation are described below.

I) The first step:

Choose 2 sets of
⌊
(M + 1)J /2

⌋
= 4 vectors of sl such that the Euclidean distance of the

center of the mass of two sets are maximum. Then, label each set with a binary value and

denote the sets with PM=2,J̃=2
b0

, where b0 ∈ {0, 1} and J̃ is the number of elements of

sl which are taken into account. In this case, all elements of sl are taken into account at

once as J̃ = J . The result is illustrated in Figure 4.12(a). The chosen symbol vectors are

shown by squares, and the cross marker shows the unchosen symbol vector. It is worth

noting here that the elements in the set P2,2
b0

will be labeled as [b0XX], whereX ∈ {0, 1}

denotes a binary digit that is not assigned yet. That is, elements in P2,2
1 will be labeled as

[100], [101], [110] or [111] in the final step.
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II) The second step:

Partition each P2,2
b0

as in the first step. The outputs are now denoted as P2,2
b0,b1

, where b0

is followed by b1 ∈ {0, 1} in the subscripts. Now, each set P2,2
b0,b1

contains two vectors.

The binary mapping of P2,2
b0,b1

is carried out such that it forms the Gray mapping with its

neighbors. For example:

P2,2
1,0 =


 0

m0

,
 0

m1


 and P2,2

1,1 =


m0

m1

,
m1

m1




are neighbors to each other, and [10] and [11] forms the Gray mapping. The complete

mapping is shown in Figure 4.12(b).

III) The third step:

As only 1 remaining bit needs to be assigned, the final step is to make sure that each

element and its neighbors form a Gray mapping. As depicted in Figure 4.12(c), the final

chosen constellation symbols and their mappings are denoted as:

P̃2,2 =


0

0


000

,

m0

0


001

,

m1

m0


010

,

m1

0


011

,

 0

m0


100

,

 0

m1


101

,

m1

m1


110

,

m0

m1


111

 , (4.37)

where each vector corresponds to the binary vectors written below it.

4.5.3.2 Notations

The main goal of this subsection is to generalize the previous notations before formalizing the

proposed algorithm for all J . We start by generalizing the notation P. A set of J̃-length vectors

whose elements are taken from {PM , {0}} is defined as:

PM,J̃ =
{

p =
[
p0, p1, · · · , pJ̃−1

]T}
, where pj ∈ {PM , {0}} .

The set PM,J̃ can be partitioned into PM,J̃ = PM,J̃
xB−1 ∪ PM,J̃

yB−1 ∪ PM,J̃
dc , where xB−1 6= yB−1 ∈

{0, 1} and they are disjointed from each other. The set PM,J̃
dc is a set that is not processed for

the next step. With respect to our previous example, this set is labeled as a cross marker in
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(a)

(b)

(c)

Figure 4.12. (a) The first, (b) the second and (c) the third steps of the set partitioning algorithm.
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Figure 4.12(a). Now, a mean or ‘center of mass’ vector of a subset PM,J̃
xB−1 is defined as:

dS

(
PM,J̃
xB−1

)
=

1

|PM,J̃
xB−1 |

∑
p∈PM,J̃xB−1

p, (4.38)

which is used to measure the distance between two subsets of PM,J̃ . The subset PM,J̃
xB can

be further partitioned into PM,J̃
xB−1 ⊃ PM,J̃

xB−1,xB−2 ∪ PM,J̃
xB−1,yB−2 . This partition can be done

until the array [xB−1, xB−2, · · · , x0] is obtained. The subset of PM,J̃ has a binary vector as-

sociated with it, for example with B = 3, PM,J̃
xB−1,xB−2,xB−3 associates with a binary vector

[xB−1, xB−2, xB−3].

An ordered set BB is a collection of B-bit binary vectors that are arranged based on the Gray

code, i.e.,:

BB =
(
b̃0, b̃1, · · · , b̃2B−1

)
, (4.39)

where b̃i =
[
b̃i,0, b̃i,1, · · · , b̃i,B−1

]T
, b̃i,j ∈ {0, 1}, b̃i,0 and b̃i,B−1 are the least significant

bit (LSB) and the most significant bit (MSB), respectively. A common way to construct

BB is the iterative and mirroring method from BB−1 [Agrell et al., 2004]. It follows that[
b̃i,0, b̃i,1, · · · , b̃i,B−2

]T
=
[
b̃2B−1−i,0, b̃2B−1−i,1, · · · , b̃2B−1−i,B−2

]T
for 0 ≤ i ≤

⌊
2B−1

2

⌋
,

see following examples:

B2 =

0

0

 ,
1

0

 ,
1

1

 ,
0

1

 , or

B3 =




0

0

0

 ,


1

0

0

 ,


1

1

0

 ,


0

1

0

 ,


0

1

1

 ,


1

1

1

 ,


1

0

1

 ,


0

0

1


 .

This inspires us to change the construction of the set SGTIM by means of partitioning the set

BB .1 That is, the MSB can be assigned first by following the Gray code without worrying about

the other bits. In fact, it can be shown that the bit mapping shown in Figure 4.12 follows the

1Note that the name set partitioning is also used in [Ungerboeck, 1982], but ours is different in the terms of
the method used to partition and label the set. In addition, the algorithm in [Ungerboeck, 1982] does not discuss
a method on how to choose a set of constellation symbols whose cardinality is smaller than the set of all possible
constellation symbols. Joint Euclidean-distance and Hamming-distance search is also not discussed in [Ungerboeck,
1982].
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iterative method discussed in [Agrell et al., 2004].

Generally for J > 2, we need a container set denoting the elements that have been chosen

and labeled. Let the set S be an ordered set whose elements are indexed by the binary digit

bl. As an example, see (4.27), where bl = [bl,0, bl,1]
T = [0, 0]T indexes the 0th element, and

[bl,0, bl,1]
T = [1, 0]T indexes the 1st element. An ordered set SMJ−j is defined as:

SMJ−j =





x

sJ−j
...

sJ−2

sJ−1




, sJ−j ∈ {PM , {0}} , for j ∈ {0, 1, · · · , J − 1},

where x is the (J − j)-length column vector denoting the elements that have not been defined

yet. In other words, SMJ−j defines an ordered set where the (J − j)th to the (J − 1)th elements

have been ordered and labeled. For example with M = 3, B = 6 , J = 3, j = 1 and:

S33−1 =


x

0


00XXXX

,

 x

m0


01XXXX

,

 x

m2


10XXXX

,

 x

m1


11XXXX

 . (4.40)

means that 2-length column vector x has not been defined; moreover, the 2nd to the 3rd elements

have been ordered and labeled accordingly. The set S will be assigned as S = SM0 if all

elements have been ordered and labeled. We use a convention that if no element has been

assigned, then it is denoted by SMJ .

4.5.3.3 The Proposed Set Partitioning Algorithm

A complete pseudocode for the proposed set partitioning algorithm is given in Algorithm 1 for a

givenM,B and J . The main difference with the previous simple example is that for J > 2, the

operation SP can be invoked multiple times. In addition, J̃ of J elements can be processed at

once. The advantage of doing this is that it is more modular and more computationally efficient

as the previously-defined mapping set can be reused.

In line 3, Jb denotes a parameter to control the number of steps, so that they are upper bounded

by J − Jb + 1. The statement Jbη = bJbηc is used to avoid rounding the number of allocated
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Algorithm 1 The proposed set partitioning algorithm parameterized by (M,B, J, Jb)

1. Set M,B and J .
2. Calculate η = B/J .
3. Set Jb such that Jbη = bJbηc and Jb ∈ {1, 2, · · · , J}.
4. Calculate Jit = inf ({k| k ∈ {1, 2, · · · , J}, kη = bkηc}).
5. Initialize SMJ and assign j = 0.
6. (a) do

(b) if J − j 6= Jb

(c) J̃ = Jit;

(d) else

(e) J̃ = Jb;

(f) end

(g) j = j + J̃ ;

(h) Bsp = J̃η;

(i) SMJ−j = SP
(
J̃ , Bsp,SMJ−(j−J̃)

)
; // partition SM

J−(j−J̃)

(j) while j < J

7. Output SGTIM = SM0 .

bits to label SM0 . The variable Jit is used as a step size for the loop process in line 6 in Al-

gorithm 1. In line 6(h), Bsp denotes the number of bits required for labeling the set SM
J−(j−J̃)

during the partitioning and labeling process, which is named as SP(·) in line 6(i). Specifically,

SP
(
J̃ , Bsp,SMJ−(j−J̃)

)
reads so that the J̃ elements of the vector in the set SM

J−(j−J̃) will be

labeled with Bsp bits, and the output is denoted as SMJ−j . The function SP will be formalized in

the next subsection (at the first step of the first example). The steps detailed in lines 6(b-i) are

repeated until j = J . Therefore, if Jb = J , then only 1 step is required. Generally, Jb can be

interpreted as the number of elements of a vector in SM that will be labeled at once in one step.

Finally, the algorithm outputs SGTIM as SGTIM = SM0 .

4.5.3.4 More Examples

I) The algorithm with (M = 2, B = 3, J = 2, Jb = 2):

This configuration refers to the example that is previously discussed and illustrated in

Figure 4.12. In this example, the number of loops is one as Jb = 2. Algorithm 1 reduces

to SGTIM = S20 = SP
(
2, 3,S22

)
. The steps taken in Figures 4.12(a-c) are formalized as

following.

78



Modulation: Single-Carrier and Multi-Carrier

The 1st step (Figure 4.12(a)): The first step is to partition P2,2 into P2,2
0 and P2,2

1 such

that:

(
P2,2
0 ,P2,2

1

)
= arg max

P2,2
0 ,P2,2

1

∣∣∣∣∣∣dS

(
P2,2
0

)
− dS

(
P2,2
1

)∣∣∣∣∣∣ (4.41)

subject to:∣∣∣P2,2
0

∣∣∣ =
∣∣∣P2,2

1

∣∣∣ =
⌊
(M + 1)J/2

⌋
, (4.42)

P2,2
0 6= P2,2

1 6= ∅,P
2,2
0 ,P2,2

1 ⊂ P2,2 and P2,2
0 ∩ P2,2

0 = ∅. (4.43)

The expression in (4.41) guarantees that P2,2
0 and P2,2

1 have the farthest distance with the

constraints (4.42) and (4.43). The expression in (4.42) indicates that both set P2,2
0 and

P2,2
1 must contain

⌊
(M + 1)J/2

⌋
elements. This is equivalent to:

blog2|P
2,2
0 |c = blog2|P

2,2
1 |c ≥ Bsp − 1,

which means that the partitioned sets P2,2
0 and P2,2

1 can be at least represented byBsp − 1

bits. The vectors in P2,2
0 and P2,2

1 will be assigned with the same 2Bsp−1 binary vectors,

which will be each appended by a new binary bit as the MSB. It is intuitive that (4.41)

can be found in the outer layer of P2,2, see Figure 4.13 for more examples and observe

the positions of a collection of binary vectors that differs only at the MSB. This can be

seen in the red and blue markers.

The 2nd step (Figure 4.12(b)): At the 2nd step, the sets P2,2
0 and P2,2

1 can be further

partitioned into P2,2
0,0, P2,2

0,1, P2,2
1,0 and P2,2

1,1. The arrangement of all the sets is done such

that P2,2
0,1 is the neighbor of P2,2

1,1 as the Hamming distance of the bits associated with both

sets is 1. Doing this ensures that the MSB and the next bit position of binary vectors of

sl ∈ P2,2
0,1 and sl ∈ P2,2

1,1 have the Hamming distance of 1.

The 3rd step (Figure 4.12(c)): The same procedures in the 2nd step can be repeated in

the 3rd step. Alternatively, we can assign the LSB of the elements of Ss and arrange it

such that it differs only at 1-bit position with their neighbors. The output of the third step

is the ordered set P̃2,2 as shown in Figure 4.12(c). Notice that the Hamming distance

between two neighboring binary vectors is 1; moreover, the Hamming distance with the

next neighbors is 2 and so on. Translating these processes with respect to (4.36), the

function SP ensures that the farther constellation point has a larger Hamming distance.

Other examples with J = 2 and different values ofM andB can be found in Figure 4.13.
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(a) (b)

(c) (d)

Figure 4.13. SP(·) with: (a) M = 3, B = 3 and η = 1.5; (b) M = 3, B = 4 and η = 2; (c) M = 4, B = 4 and
η = 2; (d) M = 5, B = 5 and η = 2.5.
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II) The algorithm with (M = 2, B = 6, J = 4, Jb = 2):

Instead of J = 2, now we extend the previous example to J = 4. In this example,

it can be shown that the already-defined codebook can be used to design another code-

book with higher dimensions. Furthermore, there are 2 iterations, and at each iteration

SP
(

2, 3,SMJ−(j−2)
)

is performed, which is already illustrated in Figure 4.12. The output

of the first iteration, i.e., SM4−2 = SP
(
2, 3,SM4−0

)
, is given as:

S24−2 =




x

0

0


000XXX

,


x

m0

0


001XXX

,


x

m1

m0


010XXX

,


x

m1

0


011XXX

,


x

0

m0


100XXX

,


x

0

m1


101XXX

,


x

m1

m1


110XXX

,


x

m0

m1


111XXX

.

In this case, the length of the vector x is two. At the last iteration, we have Jb = 2 and

the output is SGTIM = SM4−4 as expressed as:

S24−4 =




0

0

0

0


000000

,


m0

0

0

0


000001

,


m1

m0

0

0


000010

,


m1

0

0

0


000011

,


0

m0

0

0


000100

,


0

m1

0

0


000101

,


m1

m1

0

0


000110

,


m0

m1

0

0


000111

,


0

0

m0

0


001000

,


m0

0

m0

0


001001

,


m1

m0

m0

0


001010

,


m1

0

m0

0


001011

,


0

m0

m0

0


001100

,


0

m1

m0

0


001101

,


m1

m1

m0

0


001110

,


m0

m1

m0

0


001111

, · · ·

.

Notice that the vector x is replaced with the result as depicted in Figure 4.12(c), and

the binary representation is appended by replacing the LSBs with new ordered binary

vectors.

III) The algorithm with (M = 3, B = 6, J = 3, Jb = 2):

The main purpose of this example is to visualize the modularity of the algorithm. At

the first iteration, the process S33−1 = SP
(
1, 2, S33−0

)
is carried out. The output can be

expressed as in (4.40). Visually, it is equivalent to the order and label the symbol s2

in SGTIM, which can be shown in Figure 4.14 along s2-axis. Then, on each plane with

respect to the s2-axis, SGTIM = S33−3 = SP
(
2, 4,S33−1

)
is performed. Notice that the
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Figure 4.14. An illustration for the proposed algorithm with (3, 6, 3, 2).

constellation for SP
(
2, 4,S33−1

)
is shown in Figure 4.13(b). Therefore, the final result

can be seen in Figure 4.14, which shows the arrangement of Figure 4.13(b) on each plane.

The location of each plane is denoted by (4.40), which is carried out in the first iteration,

i.e., SP
(
1, 2,S33−0

)
.

4.5.3.5 Miscellaneous

First, the effect of Jb, which parameterizes Algorithm 1, will be discussed. Recall that the

arrangement in Figure 4.13(c) has Jb = 2. Alternatively, we can also set Jb = 1 for the

same problem. The result is shown in Figure 4.15(a). It is obvious that the arrangement in

Figure 4.15(a) has a worse BER compared to Figure 4.13(c). This can be seen easily by looking

at pairs of symbols that have the Hamming distance of 2. There are pairs with a Hamming

distance of 2 in Figure 4.15(a) that have a smaller Euclidean distance than that of Figure 4.13(c).

Furthermore, we can also find the same observation with Jb = 3 and Jb = 2.

It is also worth discussing here that if |m0 − I0| < |mi−mj |,∀i 6= j ∈ {0, 1, · · · ,M−1} then

the BER is limited by |m0 − I0|. Therefore, in order to maintain the BER gain of SC-GTIM, a

minor modification for the function SP is required. The modification is carried out such that the

set PM,J̃
dc is predefined to include the vectors p ∈ PM,J̃ that contain the value m0. It means that

the vectors containing the value m0 are not used. Figure 4.15(b) illustrates the aforementioned

modification with the red cross, which denotes the unused vectors.
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(a) (b)

Figure 4.15. (a) An output of Algorithm 1 with (4,4,2,1) and (b) a modified construction of Figure 4.13(c) if
|m0 − I0| < |mi −mj |,∀i 6= j ∈ {0, 1, · · · ,M − 1}.

4.5.3.6 Performance Evaluation: Single-Carrier Modulation Systems

In this subsection, performance comparisons of single-carrier modulation systems are provided.

The assumptions and the system models are taken from the descriptions in Chapter 2. For

example, two scenarios depicted in Figure 2.15(a) and Figure 2.15(c) are used. Recall that

Figure 2.15(a) shows a realization of a simple office environment with a strong LoS signal, and

Figure 2.15(b) shows a link that does not have an LoS. In this subsection, we will focus on

these two extreme cases, while in Chapter 4.7, thousands of realizations are used to evaluate

the performances. Similar to Chapter 3.6.3, an uplink scenario is assumed. The main reason

for this is due to the use of IR spectrum that might be useful for a general study of LiFi outside

this thesis because the typical assumption is that the downlink transmission is carried out over

the VL spectrum and uplink transmission is carried out over the IR spectrum [Haas et al.,

2016; Chen et al., n.d.]. The characteristics of the light emitter and receiver also follow the

descriptions in Chapter 2, which include frequency responses and the linear dynamic range.

The configuration of the THP system follows the rule of thumb from [Purwita, Chen, et al.,

2019], i.e., ε in (4.14) is chosen such that the gain of precoder is unity. This case can be

achieved if ε is set to be εth, where:

εth =
Ib − Ia

2

(√
M + 1

M − 1
− 1

)
. (4.44)

Figure 4.16 shows the BER results with different constellation size,M . Note that the CP length

is 64. The legend ’Theoretical AWGN’ refers to the BER of M -PAM of uncoded AWGN
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channels. Its value is taken from [Proakis, 2007], i.e.,:

PAWGN
b =

2

log2(M)

(
1− 1

M

)
Q

(√
6 log2M

M2 − 1

Eb

N0

)
, (4.45)

whereQ(·) denotes theQ-function. Analytical BERs are denoted by the legends ’theory’. BER

of PAM-SCFDE follows that from [Purwita et al., 2020]. That is,

P PAM-SCFDE
b ≈ 2

log2M

(
1− 1

M

)
Q

√√√√ 1.5(Ib − Ia)2 log2(M)

(M − 1)2
(

2
(
I2a + IaIb + I2b

)
+ (Ib−Ia)2

M−1

) Eb

N0

 .

(4.46)

Meanwhile, the analytical BER for SC-GTIM uses its average PEP as shown (4.31).

A general observation from Figure 4.16 is that, within the set of enhanced single carrier modu-

lation systems, there is no system that is dominant over the other. However, it is expected that

the vanilla version is generally inferior compared to the improved ones. Another observation

is that the degradation rate of the DFE system is faster than others as the constellation size

increases, which shows the effect of error propagations. By comparing the THP results to the

DFE results, notice that the relative performance is flipped. That is, the THP system is worse

at the low spectral efficiency region, but it is better at the medium spectral efficiency region.

It has been explained in [Purwita, Chen, et al., 2019] that this fact is due to the effect of ε

as introduced in (4.14). Based on (4.44), εth is monotonically decreasing with respect to M ,

which means that at a low M , εth is larger than that at a high M . Having a large εth causes

a smaller linear region at the output of precoder, which further reduces the error performance

[Purwita, Chen, et al., 2019]. Therefore, the advantage of THP systems can be obtained at a

moderate-to-high spectral efficiency region [Purwita, Chen, et al., 2019]. In this regard, we

can benefit from the additional symbol from SC-GTIM. Hence, it can be seen from Figure 4.16

that SC-GTIM outperforms the others at a lower spectral spectral efficiency region. Figure 4.16

also shows that the relative error performance of a single-carrier modulation system compared

to the others is consistent as the user moves away from the AP.
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PAM­SCFDE (LE), simPAM­SCFDE (LE+DFE), sim SC­GTIM, simTheoretical AWGN PAM­SCFDE (LE+THP), simPAM­SCFDE (LE), theorySC­GTIM, theory

(a) M = 2, refer to Fig. 2.15(a) (b) M = 2, refer to Fig. 2.15(c)

(c) M = 16, refer to Fig. 2.15(a) (d) M = 16, refer to Fig. 2.15(c)

Figure 4.16. BER comparisons of single carrier modulation systems with respect to the scenarios depicted in Fig-
ure 2.15(a) and Figure 2.15(c).
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4.6 IEEE 802.11bb-Compliant OFDM Systems

In this section, the discussion switches to multi carrier modulation systems. First, this section

begins with the common mode of IEEE 802.11bb [Serafimovski, Han, Weszely, et al., 2019].

Right after that, an improved version, which also utilizes the output waveform of an IEEE

802.11ax, called IQ-WDM [Purwita & Haas, 2020a], is discussed.

4.6.1 The Common Mode of IEEE 802.11bb

Prior to the decision of the common mode of IEEE 802.11bb, there were two main PHY pro-

posals, i.e.,:

1. the light communications (LC)-optimized PHY [Jungnickel et al., 2019], which is now

an optional mode of IEEE 802.11bb, and

2. the existing PHY for LC [Serafimovski, Han, Haas, et al., 2019], which is now the com-

mon mode of IEEE 802.11bb.

The latter is chosen as the common mode mainly due to the fact that the flatness test with a

signal bandwidth of 20 MHz conducted over the benchmarked TGbb reference channel models

[Uysal et al., 2018] show flat channels in most cases [Purwita et al., 2019; Purwita & Haas,

2020b]. Consequently, in most cases, computing resources will be wasted to run the adaptive

bit-and-power allocations. Another reason is that it is more straightforward to implement a LiFi

system, which should support multiple users, by reusing an existing WiFi chipset. Note that at

the time of the discussion of these PHY proposal being held, the LC-optimized PHY, which is

based on [ITU-T G.9991, 2019], does not support a multi-user communication. Hence, more

effort is required to map the 802.11 MAC frames to the G.vlc PHY packets. Therefore, one

of the important decisions made for the common mode is that the mandatory PHY of IEEE

802.11bb will use the high efficiency (HE) waveform of IEEE 802.11ax.

Another important decision is the wavelength for the mandatory, common mode of IEEE

802.11b. It has been decided that the wavelength range from 800 nm to 1,000 nm will be

used for transmission. The main reason for this is due to the responsivity of Silicon-based PDs

being higher in this range compared to that in the VL range as shown in Figure 2.1.

The block diagram of the mandatory PHY is shown in Figure 4.17. The IQ waveform that
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Figure 4.17. The mandatory PHY of IEEE 802.11bb: frequency up-and-down conversion method.

complies with that of IEEE 802.11ax [IEEE P802.11 TGax, 2018] is generated. In this the-

sis, in order to make sure that the waveform complies with the technical specification of IEEE

802.11ax [IEEE P802.11 TGax, 2018], the WLAN toolbox from MATLAB R© [MATLAB R©,

2020] is used. Then, the waveform is upsampled to 1 GSa/s. The upsampling ratio is chosen

based on the sampling time of the TGbb reference channel model [Uysal et al., 2018]. Then a

pulse shaping is added afterward. The frequency conversion is then conducted so that the base-

band IQ waveform is centered at fc. Both Tx and Rx frontend models are already described in

Ch 2. The upconverted signal is transmitted over a wireless optical channel impulse response

(WOCIR) with the sampling time of 1 ns. AWGN and shot noise models are added next. Fi-

nally, the downconversion, match filtering, and downsampling are conducted before recovering

the transmitted waveform.

Just recently, the center frequency fc has been agreed in TGbb, and the corresponding motion

is documented in [Purwita, Rossius, et al., 2020]. There have been a long discussion on it, e.g.,

[Purwita & Haas, 2020b; Purwita, Haas, Serafimovski, Afgani, et al., 2020; Purwita, Haas,

Serafimovski, & Berner, 2020; Rossius et al., 2020; Serafimovski et al., 2020]. Based on

[Purwita, Rossius, et al., 2020], given that the signal bandwidth is B, then the center frequency

is assumed to be fc = B/2 + 16 MHz for B ∈ {20, 40, 80, 160}MHz. The constant 16 MHz

is exhaustively searched over all realizations of TGbb reference channel models [Uysal et al.,

2018]. An important observation from the exhaustive search done in [Purwita & Haas, 2020b;

Purwita, Haas, Serafimovski, Afgani, et al., 2020; Purwita, Haas, Serafimovski, & Berner,

2020] is that fc cannot be too close to the DC frequency due to the spectral leakage. The center

frequency fc cannot be too far from DC frequency either due to the LPF characteristic of LiFi

channel [Jungnickel et al., 2002].

4.6.2 IQ-WDM

This subsection focuses on IQ-WDM, which will be initiated by discussing the problem with

the PHY of IEEE 802.11bb. Then, descriptions of IQ-WDM as a solution for the problem are
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Figure 4.18. The spectrum mask of the IEEE 802.11ax OFDM waveform [IEEE P802.11 TGax, 2018]. B denotes
the signal bandwidth, where B ∈ {20, 40, 80, 160}MHz.

presented next.

4.6.2.1 Motivation

In order to see the motivation of IQ-WDM, it is important to show a spectrum mask of the

IEEE 802.11ax OFDM waveform as depicted in Figure 4.18. In addition, it is imperative to

highlight the characteristics of the wireless optical channel. It has been concluded that the dif-

fuse channel (see (2.6) with k = 1) has an LPF characteristic. For example, Figure 4.19 shows

the normalized magnitude responses of channels shown in Figures 2.15 that are calculated by

using owcsimpy. The blue and red curves in Figure 4.19 associate to the scenario depicted in

Figure 2.15(b) and (c), respectively. Recall that the scenario depicted in Figure 2.15(b) has a

LoS link, while the scenario depicted in Figure 2.15(c) does not. It can be seen that the channel

has an LPF characteristic. Suppose the signal bandwidth is B = 20 MHz, fc = 26 MHz,

and an IEEE 802.11bb-compliant LiFi system is applied in those three cases, then the system

will perform badly in the third case, due to the high attenuation at the frequency range around

20 MHz. In order to support this argument, Figure 4.20 shows packet error ratios (PERs) by

using the packet length of 1,458 bytes that are transmitted over the channel Figure 4.19 for the

case 3. Note that the use of PER and the packet length follows the description in the TGbb

methodology document [Bober et al., 2019]. We can see that the error performance is much

worse compared to that when the center frequency is close to the DC region. It is worth noting

here that even in the region near DC, we can see a degradation of PER. The main reason for

this is due to the aliasing at that region, which is illustrated by Figure 4.21. The sidelobes are

intersecting at the region near DC.

88



Modulation: Single-Carrier and Multi-Carrier

Figure 4.19. The normalized magnitude responses of the CIRs shown in Figures 2.16(b), (d), and (f).

Figure 4.20. PERs of PHY of IEEE 802.11bb over the channel depicted in Figure 4.18 for case 3, 64-QAM, and
the coding rate of 3/4. Note that the PER performance of IQ-WDM is

Figure 4.21. Aliasing phenomenon of the PHY common mode IEEE 802.11bb.
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Figure 4.22. The block diagram of IQ-WDM.

4.6.2.2 Solution

IQ-WDM circumvents the above problem by keeping the waveform centered at the DC. The

IQ signal is transmitted over 2 different wavelengths, denoted by λ1 and λ2, as depicted in Fig-

ure 4.22. Other than using the frontends that operate at λ1 and λ2, other processing blocks are

kept the same as those shown in Figure 4.17. In [Purwita & Haas, 2020a], the issues with gain

and delay imbalances are discussed. The gain imbalance comes from the fact that the reflec-

tivities of the indoor surfaces are varied depending on the wavelength. Different responsivities

of PDs, for example as shown in Figure 2.1, also cause the gain imbalance. Other than a gain

imbalance, different distances between each pair of emitters and a PD yields the delay imbal-

ance. It is shown in [Purwita & Haas, 2020a] that if positions of the light emitters and PDs in

a mobile device are close to each other (e.g., around 5 cm), then the gain and delay imbalances

are negligible. This conclusion is taken by comparing PERs for different scenarios.

The PER is obtained by using two different wavelengths, i.e., λ1 = 850 nm and λ2 = 940 nm.

Notice that in this scenario, a 0.5 dB gain can be achieved with respect to the PHY common

mode of IEEE 802.11bb with fc = 11.5 MHz. More than 6 dB gain can be achieved compared

to the PHY common mode of IEEE 802.11bb with fc = 26 MHz, which suffers from a high

attenuation at the frequency around 30 MHz. In the next section, comparisons of both single

and multi carrier systems are provided.

4.7 Performance Comparison

Both single and multi carrier modulation schemes have been discussed in this chapter. Inspired

by [Nuwanpriya et al., 2015], both modulation techniques are simultaneously compared in this

section. Figure 4.23 depicts the comparisons. The simulation results, which are shown by

markers only, are obtained by averaging the BER results at 10−5 over 10,000 channel real-
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Figure 4.23. Performance comparisons of different modulation techniques at BER of 10−5.

izations in the simple office environment as discussed in Ch 2.3.3. The reason for taking the

average over many channel realizations is to draw a general conclusion and compare all mod-

ulation schemes. For this comparison, the BERs of the PHY of IEEE 802.11bb and IQ-WDM

are calculated without the use of forward error correction (FEC). The metric Eb/N0 is obtained

based on [Bober et al., 2019], i.e.,:

Eb

N0
= SNR +

fsamp

fsym
log2M, (4.47)

where fsamp denotes the sampling rate, which is 1 Gsamples/s, and fsym denotes a symbol rate.

The capacity limit in Figure 4.23 refers to [Proakis, 2007, 4.6-10]. Other assumptions, such as

the frequency responses of light emitter and receiver, use the models described in Chapter 2.

A general conclusion from Figure 4.23 is similar to that of [Nuwanpriya et al., 2015]. That

is, single-carrier modulation techniques are superior in the low-to-medium spectral efficiency.

Within this range, the improved versions of PAM-SCFDE are generally better (up to 4 dB)

than that of the conventional one. Adding a DFE improves PAM-SCFDE in a low spectral

efficiency. However, the improvement is diminishing as the spectral efficiency goes higher due

to the error propagation. This is where the THP systems perform best. For example, at the

spectral efficiency of 8 bps/Hz, the gain of the THP system is around 3.6 dB compared to 0.2

dB, which is the gain of the DFE system. As SC-GTIM benefits from larger Euclidean and

Hamming distances, it is better than the others up to the spectral efficiency of 6 bps/Hz. At the

spectral efficiency of 8 bps/Hz, the THP system is 0.1 dB better.

The performance comparisons of IQ-WDM and the common mode PHY show the superiority
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of IQ-WDM. That is, IQ-WDM is 2-dB better than that of the common mode, which suffers

from both the aliasing and the LPF characteristics of the LiFi channels. However, the IQ-WDM

still uses twice the transmitter chain.

4.8 Summary

In this chapter, both single and multi carrier modulation schemes are discussed. PAM-SCFDE

is used as a foundation for its enhanced versions, i.e., PAM-SCFDE with DFE and THP. While

the improved version can benefit from DFE at the low spectral efficiency region, it suffers from

the error propagation at the medium spectral efficiency region. At this range, the THP system

is robust against the error propagation. PAM-SCFDE is also enhanced by adopting IM, which

is referred to SC-GTIM. Due to larger Euclidean and Hamming distances, SC-GTIM has better

error performance compared to the others. At the medium-to-high spectral efficiency region,

the multi-carrier schemes outperform the single-carrier ones. In this chapter, the common mode

PHY of IEEE 802.11bb and its enhanced version, called IQ-WDM, are discussed. Due to the

aliasing at near DC frequency and the LPF characteristics of LiFi channels, IQ-WDM outper-

forms the common mode by 2 dB at the expense of doubling the transmitter chain.
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Chapter 5
Hybrid WiFi-LiFi: Determining the

LiFi Offloading Capability

5.1 Introduction

This chapter aims to answer the following question:

“What is the offload potential of a LiFi network in a hybrid WiFi-LiFi network

architecture?”

Indeed this question is very general, and the problem formulation will be provided in the fol-

lowing sections. The main motivation of this study is to quantize the complementary role of

LiFi to RF communications. WiFi is chosen as the RF communication because:

(i) based on [CommScope, 2018], an estimated 80% of mobile traffic originates and termi-

nates from/to indoors, and

(ii) WiFi plays a central role in the provision of indoor connectivity [CommScope, 2018].

The central role of WiFi is also supported by reports published in [Cisco, 2020]. It is predicted

that:

(i) by 2022, 59% of global mobile data traffic (cellular) will be offloaded to WiFi, which is

up from 54% in 2017, and

(ii) by 2022, 51% of total IP traffic will originate from WiFi, which is up from 43% in 2017.

It is obvious from these data that WiFi will carry a significant amount of mobile data traffic

in the future. Based on [Stefan et al., 2013], LiFi can have a higher area spectral efficiency

compared to that of WiFi. This means that if both technologies are combined, then LiFi can
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potentially help WiFi by offloading the traffic. Real-world deployment of hybrid WiFi and LiFi

networks in a school as presented [Haas et al., 2020] also show that the offloading advantage

of LiFi by the fact that there is a surge in WiFi data rate due to the reduced WiFi congestion.

Another real-world experiment is conducted in [Shao et al., 2015], where it is shown as the

number of users increases, the throughput of hybrid WiFi and LiFi system is, for example, 35

times higher (with 6 users) compared to that of the WiFi system. Therefore, this chapter seeks

to answer how much LiFi can help WiFi by calculating an offloading efficiency with different

near real-life scenarios.

In this chapter, contributions and related works of this chapter are presented in the following

sections. Detailed problem formulation regarding the offloading efficiency is discussed in Sec-

tion 5.4. Scenarios under evaluation are described in Section 5.5. Traffic models based on

which the offloading efficiency is calculated are elaborated in Section 5.6. Section 5.7 dis-

cussed an abstraction of the PHY layer processing block to enable large network emulations.

Finally, the offloading efficiency results are presented in Section 5.8. A summary of this chapter

is provided in the last section.

5.2 Contributions of This Chapter

The main contribution of this topic is to use the results from the previous chapters in order

to calculate the offloading efficiency. It means that that the offloading efficiency is evaluated

by using realistic assumptions, e.g., random mobility of users, random orientation of mobile

devices, and random blockages. Having a realistic assumption is also the primary motivation

to use the common mode PHY of IEEE 802.11bb. One of key novelty in this chapter is the

use of real TCP/IP stack to evaluate large networks to calculate the offloading efficiency. Next

section discusses related works with regards to the offloading capability of LiFi in hybrid WiFi

and LiFi networks.

5.3 Related Works

The latest survey paper of hybrid WiFi-LiFi systems can be found in [Wu et al., 2020]. Exten-

sive effort has been devoted to study the load balancing issues in hybrid WiFi and LiFi networks,

see [Li et al., 2015; Y. Wang & Haas, 2015; Ma & Zhang, 2018; Obeed et al., 2018]. The main
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motivation of these studies is similar. In indoor environments, coverage areas of WiFi and LiFi

overlap. WiFi typically has a wider coverage area. Therefore, in hybrid WiFi-LiFi networks,

WiFi might carry all mobile traffic as LiFi is vulnerable to blocking objects. Meanwhile, based

on [Stefan et al., 2013], LiFi has a higher area spectral efficiency. Therefore, LiFi can poten-

tially help to offload the data traffic from WiFi when LiFi signals are sufficiently strong. The

goals of load balancing algorithms vary from optimizing the resource allocation, maximizing

the throughput, or minimizing network congestion. Different assumptions, such as mobile or

static users and the existence of blocking objects, are also considered.

The studies above are all theoretical. Several other studies focus on the practical implementa-

tion of hybrid WiFi-LiFi systems, e.g., [Shao et al., 2014; Alshaer & Haas, 2016; Liu et al.,

2018; Haas et al., 2020]. Studies in [Shao et al., 2014; Alshaer & Haas, 2016; Haas et al., 2020]

use the SDN paradigm, where control and data planes are decoupled. Meanwhile, MPTCP is

used in [Liu et al., 2018] to enable multi-connectivity to both WiFi and LiFi networks simulta-

neously.

The approach taken in this chapter is in between theoretical and practical approaches. That is,

the scalability advantage of the theoretical approach in terms of the number of APs and STAs

is maintained. Also, the accuracy advantage of the practical approach is emulated by means

of Linux namespaces1. By using the Linux namespaces, multiple independent instances can

be generated, and each instance has full access to the Linux filesystems, such as access to the

TCP/IP stack and other Linux utilities, e.g., hostapd and dhcpd, which are used to emu-

late APs. The wireless channel is emulated by a Linux simulation tool called wmediumd2,

which can simulate a packet error rate and a transmission delay. The PHY layer is abstracted

by means of a link-to-system mapping [Brueninghaus et al., 2005]. This approach is similar to

that of Mininet-WiFi3. In this chapter, the Mininet-WiFi will be extended to include

LiFi and owcsimpy by adding the PHY layer abstraction of LiFi and modifying wmediumd.

With these additional features, the Mininet-WiFi is re-branded as Mininet-LiFi. This

emulation approach enables the use of MPTCP for multi-connectivity of WiFi and LiFi net-

works, horizontal handovers, and accessing real servers over the Internet. To the best of the

author’s knowledge, a similar approach has not been done before, and Mininet-LiFi can

be used as a platform to answer the question raised in Section 5.1.

1http://man7.org/linux/man-pages/man7/namespaces.7.html
2https://github.com/bcopeland/wmediumd
3https://github.com/intrig-unicamp/mininet-wifi
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Other than MPTCP, there are a few other multi-connectivity technologies, such as fast session

transfer (FST), which is used in the IEEE 802.11ad (milimeter wave) [IEEE P802.11 TGad,

2012]. FST is used when the 60 GHz link is disrupted, for example, due to a blockage event.

In that case, on-going communications are migrated to the 2.4 GHz or 5 GHz band. How-

ever, the negotiation causes the on-going data transfer to be held temporarily. Hence, FST does

not support a seamless handover. Another downside of FST that is related to the study in this

chapter is that FST is a MAC layer feature, which is implemented in a hardware. This adds an-

other complexity for the emulation approach in this chapter. There are other multi-connectivity

technologies other than MPTCP and FST, such as multipath virtual private network (VPN).

However, MPTCP will be used in this chapter mainly due to the recommendation that was al-

ready made by the 3rd generation partnership project (3GPP) in [3GPP, 2020]. More details on

this will be discussed next.

5.4 Problem Formulation

Before detailing the question in Section 5.1, a future scenario will be described. In the future,

mobile devices are predicted to support a multi-connectivity feature, see visions of 6G in [Saad

et al., 2019; Giordani et al., 2020]. In the recent release (release 16) of the 3GPP architecture

[3GPP, 2020], a 5G core network is envisioned to be connected with an untrusted non-3GPP

access network via a non-3GPP interworking function. WiFi and LiFi can be parts of the

untrusted non-3GPP access network. A functionality called access traffic steering, switching

and splitting (ATSSS) is also standardized in the same release. The ATSSS allows a concurrent

use of different access technologies (wired and wireless) to support seamless handover and

data aggregation. An implementation of the ATSSS is MPTCP [Tessares, 2019]. Therefore, a

mobile device in this chapter is assumed to be MPTCP-enabled. It is worth noting here that

there is already a commercial mobile device that supports MPTCP, e.g., Apple iPhones with

iOS 7 and above [Apple, 2017].

The contribution of LiFi is measured by a metric called an offloading efficiency [Lee et al.,

2013], which is defined as:

offloading efficiency =
the total bytes transmitted through LiFi

the total bytes generated
.

Furthermore, only mobile data traffic is emulated in this chapter. In addition, only on-the-spot
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offloading is considered here due to the nature of MPTCP that supports multi-connectivity and

seamless handover between wireless access technologies. Another offloading is the delayed

offloading [Lee et al., 2013], which is not considered in this thesis because of the use of PHY

IEEE 802.11bb, which adopts that of IEEE 802.11ax. Therefore, from the point of view of

carriers, the users utilize the WiFi technology, and the users will not be charged with additional

cost from cellular operators. It is stated in [Lee et al., 2013] that this extra cost typically

motivates users to choose the delayed offloading.

Lastly, the size of bytes that are measured is obtained by probing the TCP segment’s data field.

Then, the portion of data that goes through a LiFi channel can be differentiated from the source

IP address that binds the LiFi interface. Note that we do not distinguish segments that need

to be retransmitted due to congestions. In addition, only TCP traffic is measured in this thesis

since it represents 85% of the total Internet traffic [McCreary, 2020].

5.5 Channel Model

In this section, the channel model that will be used to calculate the offloading efficiency is

described. First, scenarios that are used to calculate the offloading efficiency need to be in-

troduced. Both residential and enterprise scenarios are detailed. Then, WiFi and LiFi channel

models are given for each scenario.

5.5.1 Scenario

In this chapter, the scenarios will be based on the descriptions specified in TGax [Merlin et al.,

2015]. This is because many organizations within the task group have agreed on scenarios

defined in [Merlin et al., 2015], and they can be easily adopted with additional LiFi APs. Note

that TGbb also publishes many reference channel models for LiFi in [Uysal et al., 2018], but it

is difficult to include WiFi APs as the scenarios in [Uysal et al., 2018] only consider an indoor

room. Meanwhile, scenarios in [Merlin et al., 2015] consider multiple rooms in a building.

In this chapter, two scenarios from TGax described in [Merlin et al., 2015] are adopted, namely

the residential and the enterprise scenarios. In the residential scenario, a five-story building

with 2 × 10 apartments on each floor, and each apartment’s dimensions are 10 m × 10 m

× 3 m is assumed. While in the enterprise scenario, eight offices with the dimensions are
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20 m×20 m×3 m per office are assumed. Figure 5.1 shows the illustrations of both scenarios.

10 m 10 m 3 m
(a)

20 m 20 m 3 m
(b)

Figure 5.1. (a) The residential scenario: a five-story building with 2 × 10 apartments in each floor, and the dimen-
sions of each apartment are 10 m × 10 m × 3 m. (b) The enterprise scenario that comprises 8 offices
whose dimensions are 20 m× 20 m× 3 m per office.

Based on the TGax document [Merlin et al., 2015], the number of APs is fixed, i.e., one AP

in an apartment in the residential scenario and four APs in an office in the enterprise scenario.

In addition, the APs are randomly located within a room located in the residential scenario,

while they are fixed in an office in the enterprise scenario. All STAs are assumed to employ

both the IEEE 802.11ax and the IEEE 802.11bb. In this chapter, the number and locations of

STAs are varied in order to incorporate random orientations, mobility, and blockage. Objects

in the rooms are randomly generated. For example, realizations of an apartment and an office

are shown in Figure 5.2. Both realizations illustrate a uniform placement of APs and random

generation of human models with different activities while using their mobile devices.

The number of people in the small room in the residential scenario is modeled as a Bernoulli

distribution. In the living room, the number of people follows the Poisson distribution with a

mean of 3. The activity of each person is modeled as a uniform distribution over a feasible

set of options. If a realization is not feasible, then a rejection sampling is used. The location

of each person also follows a uniform distribution over a set of feasible locations. For the

enterprise scenario, people are modeled at each desk and this follows the Bernoulli distribution.

The number of people who stand in an office room follows the Poisson distribution with a mean

of 5.

5.5.2 WiFi Channel Model

The channel model of WiFi follows [Merlin et al., 2015]. The transmit power of an STA is

assumed to be 15 dBm per antenna. The transmit power of an AP is 20 dBm per antenna. The

noise figure is 7 dB. When the 2.4 GHz band is used, 20 MHz channels are assumed, and the
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10 m
10 m

5 m3 m3 m
living room
WiFi APLiFi AP

(a)

20 m
20 m

2 m2 m 1 m 0.5 m

(b)

(c)

(d)

Figure 5.2. (a) A floor plan of a realization of the interior of an apartment in the residential scenario. (b)) A floor
plan of a realization of the interior of an office in the enterprise scenario. (c) The 3D realization of the
apartment using owcsimpy. (d) The 3D realization of the office using owcsimpy.
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carrier frequency is 2.4 GHz. Meanwhile, when the 5 GHz band is used, 80 MHz channels are

considered, and the carrier frequency is 5 GHz.

The pathloss model for the residential scenario is [Merlin et al., 2015]:

PL(d, fc) = 40.05 + 20 log10(fc/2.4 GHz) + 20 log10(min(d, 5)) + 1(d > 5)35 log10(d/5)+

18.3F
(F+2)
(F+1)

−0.46
+ 5W + 5Hfc/2.4 GHz,

(5.1)

where d is max(the Euclidean distance, 1) in m, fc is the carrier frequency, F is the number of

floors traversed, W is the number of wall traversed, and H is the number of humans traversed.

The term 5Hfc/2.4 GHz is added to replace the log-normal shadowing model in [Merlin et al.,

2015]. Also, it is added to provide a fair comparison with the LiFi channel. It provides a fair

comparison as both WiFi and LiFI channel models share the same human models, e.g., the

number of human models and their direction in the room. The 5 dB attenuation is based on the

measurements that are reported in [Januszkiewicz, 2018]. The pathloss model for the enterprise

scenario is [Merlin et al., 2015]:

PL(d, fc) = 40.05 + 20 log10(fc/2.4 GHz) + 20 log10(min(d, 10))+

1(d > 10)35 log10(d/10) + 7W + 5Hfc/2.4 GHz,
(5.2)

where the effects of the number of floors traversed are not included.

5.5.3 LiFi Channel Model

The LiFi channel model is implemented by using owcsimpy, which has been discussed exten-

sively in Chapter 2 and Appendix A. The transmit power of the STA follows the linear region

of the light emitter, which is from 25 mW (approximately 14 dBm) to 30 mW (approximately

15 dBm). The orientation model of STAs follows the RP model discussed in Chapter 3.

It is assumed that the output waveform of PHY is at the 5 GHz band due to the high performance

and the small coverage nature of LiFi. As the bandwidth is 80 MHz, then all LiFi APs use the

channel number 36, 40, 44, and 48 [IEEE P802.11 TGax, 2018]. Based on [Tsonev et al.,

2017], the PSD of the white noise is set to be 6.19× 10−14V2/Hz.
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ONState: OFF ON OFF

Figure 5.3. The ON-OFF model for modeling the web traffic.

5.6 Traffic Model

A conventional way to model traffic in a system-level simulation is by generating an artificial

application layer data that follows a certain traffic model. For example, TGbb that follows

the traffic model of IEEE 802.11 High Efficiency - Task Group “ax” (TGax) as specified in

the methodology document [Porat et al., 2016] defines a web browsing or hypertext transfer

protocol (HTTP) traffic model. The document uses the ON-OFF model which was initially

introduced in [Deng, 1996]. The ON state models a situation where a user requests a hypertext

markup language (HTML) page, while the OFF state models the reading time of a user. During

a request or in the ON state, various sizes of packets are received by a user. These different

sizes denote the different sizes of content that is being requested within an HTML page that

contains, for example, images, advertisements, JavaScript scripts, etc. The empirical model

of web traffic is detailed in [Porat et al., 2016]. However, this model was measured by using

the HTTP 1.0/1.1, while currently most browsers already add HTTP/2 [Deveri, 2020a] and

HTTP/3 [Deveri, 2020b]. In addition, the model describes an object size following a truncated

Log-normal distribution with fixed parameters. The contents of the current HTML pages are

probably richer, e.g., they contain embedded videos, higher-resolution images, etc. Therefore,

the model might not be valid. The same justification also applies to other traffic models, such

as the file transfer protocol (FTP), video streaming, and game traffic models. Hence, in this

thesis, we take a slightly different approach.

Owing to the Linux namespaces, instead of using all model descriptions in [Porat et al., 2016],

we can emulate some parts and use the model for the rest. This emulation method is depicted

in Figure 5.4. Given a scenario, e.g., a residential or an enterprise scenario, the WiFi and LiFi

networks at each room are emulated by Mininet-LiFi. This Mininet-LiFi is then con-
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A social mediawebsite server A video streamingwebsite serverA news websiteserver
eth0/wlan0 Linux namespaces

WiFi+LiFi networks @ room­1 WiFi+LiFi networks @ room­......
Figure 5.4. A description to emulate traffic models.

nected to a network interface card (NIC), e.g., an ethernet card or a WiFi card interfaces. Using

this method, all instances of the Linux namespaces can access the Internet. Therefore, with this

method, we might not need to use the traffic models defined in [Porat et al., 2016]. In order

to determine a file size of an HTML page, the top 50 websites in the Alexa list [Alexa, 2020]

are picked randomly. A geometric distribution with a mean of 2 is used. The top 50 websites

in the Alexa list contain search engines, video streaming, social networking, discussion, and

e-commerce websites. For the search engines, another top 50 most searched keywords can be

used based on, for example, Google Trend data4. The duration of the OFF states for each traffic

is determined based on the description that is defined in [Porat et al., 2016]. For example, the

reading time for the web traffic follows an exponential distribution with a mean of 30 s. Then, a

Bernoulli trial with the success probability of 0.5 is used to determine if a user requests another

additional content from the same server or other servers. The reason for this choice is that it has

not been defined in the methodology document. However, in the future, details on simulating

a mix of traffic in the document can include users’ behavior, such as a dwell time as studied

in [Liu et al., 2010], which is outside the scope of this thesis. The mean reading time of 30 s

and the success probability of 0.5 are only used for traffic other than those coming from video

streaming website servers. The exception will be defined next.

It is worth mentioning here that this emulation method is straightforward. The main challenge

comes from scenarios where a user requests a content from a video streaming website server,

4https://trends.google.com/trends/
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such as YouTube
TM

. The reason for this is that the access to the servers is emulated by means

of scripts or command-line interfaces (CLIs), such as curl5, which supports many protocols,

e.g., HTTP, FTP, real-time streaming protocol (RTSP), etc. However, modern video stream-

ing servers including YouTube
TM

run dynamic adaptive streaming over HTTP (DASH), where

the quality of video can be adaptively changed depending on the bandwidth of users. To the

best of the author’s knowledge, there is no tool that can near-realistically emulate such traffic.

Therefore, instead of streaming the contents, open source tools such as youtube-dl6 and

youtube-upload7 are used to download them. In this case, we set a success probability of

0.8. Using this method, we can roughly emulate the scenario where a user transitions between

different videos. These numbers reflect the experimental result reported in [Liu et al., 2010]

which states that a user tends to dwell in, for example, an entertainment website compared to

news or an educational website.

5.7 Link-to-System Mapping

As we will emulate large networks depicted in Figure 5.4, simulating full physical layer blocks

is time-consuming and computationally expensive. Hence, the physical layer needs to be ab-

stracted. One of the approaches is link-to-system mapping [Brueninghaus et al., 2005]. The

main goal of link-to-system mapping is to predict the instantaneous link performance of OFDM

systems. To be specific, the role of a PHY abstraction method is to predict the coded PER for

a given received channel realization. In order to predict the coded PER, the post-processing

SINR values (after equalization and before a forward error correction decoder) are used as the

input to the PHY abstraction mapping. The link-level PER is predicted by calculating an ef-

fective SINR, SINReff, which is a function of all post-processing SINR values. This mapping

process is termed as ESM. The ESM PHY abstraction compresses the vector of received SINR

values of all sub-carriers to a single effective SINR value, which can then be further mapped to

a PER. Based on the PER, a Bernoulli trial is carried out to determine if a packet is dropped or

not. This link-to-system mapping procedure is described in Figure 5.5.

Up to this point, some of the steps have been explained. For example, the channels H(f) are

generated using owcsimpy. The SINR per sub-carrier fn can be obtained by using two meth-

5https://curl.haxx.se/
6https://github.com/ytdl-org/youtube-dl
7https://github.com/tokland/youtube-upload/
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Figure 5.5. The PHY link-to-system mapping work flow.

ods. The first one is that we can use the output of the equalizer in the PHY layer blocks of IEEE

802.11ax, which is still relatively quick compared to the running time of a low-density parity-

check (LDPC) decoder. The second method is by using the following relationship. Suppose

x(t) is a random signal that is filtered by a linear time-invariant (LTI) filter having a frequency

response H(f), then the PSD of the output denoted by Py(f) is:

Py(f) = |H(f)|2Px(f),

where Px(f) is the PSD of x(t). In this thesis, the former method is used. The PER lookup

table over AWGN channels is available in the appendix of [Porat et al., 2016]. This lookup table

is stored in the wmediumd. Similarly, the Bernoulli trial is also carried in the wmediumd. The

rest of this section discusses the ESM for TGbb. Note that the ESM for TGax has been available

on [Porat et al., 2016].

In general, the ESM function can be defined as:

SINReff = α1f
−1

(
1

K

K∑
k=1

f(SINRn/α2)

)
, (5.3)

where SINRn denotes the SINR at nth sub-carrier, f is an invertible function, α1 and α2 are

two fitting parameters to be determined later. There are several types of ESM, but there are

two types that are mostly used, i.e., exponential effective SINR metric (EESM) [3GPP TR

25.892, 2004; Ericsson, 2003] and mutual information effective SINR metric (MIESM) [Jung-

Fu Cheng, 2004]. In this thesis, the MIESM will be used based on [Brueninghaus et al., 2005].

Based on [Jung-Fu Cheng, 2004], the mapping function for M -quadrature amplitude modula-

tion (QAM) with α1 = α2 = β is defined as:

f(SINRn;M) = log2M−

1

M

M∑
m=1

EU

log2

1 +
M∑

k=1,k 6=m
exp

(
−|Xk −Xm + U |2 − |U |2

β/SINRn

) ,

104



Hybrid WiFi-LiFi: Determining the LiFi Offloading Capability

where U is zero mean complex Gaussian with variance 1/(2SINRn) per component, and Xm

and Xk are the M -QAM constellation symbols. Then, SINReff can be calculated as:

SINReff(β) = βf−1

(
1

N

N∑
n=1

f(SINRn/β;M);M

)
.

Given a lookup table (LUT) of PERs calculated on AWGN channels for each modulation and

coding scheme (MCS), then an expected PER, denoted by PERE, is defined as:

PERE(β) = PERLUT(SINReff(β); MCS).

A measured PER is denoted by PERM. Then, the optimized β is determined as follows:

β∗ = arg min
β

C∑
c=1

|PERE,c(β)− PERM,c|2, (5.4)

where c denotes the cth channel realization.

An exhaustive search is carried out for each scenario. Twenty thousand packets are generated

for each channel realization with a packet length of 1,458 bytes [Porat et al., 2016]. The PHY

of IEEE 802.11ax supports two FECs. In this thesis, we assume the LDPC instead of the

binary convolutional codes due to the performance. The comparisons between the simulated

and the abstracted link-level simulations with B = 20 MHz can be seen in Figure 5.6 and

Figure 5.7. The optimal parameters are β∗ = 1.13 and β∗ = 1.07 for the residential and

enterprise scenarios, respectively. With these results, we should become confidence that the

PHY abstraction is sufficiently accurate.

Now, the question is ‘what if a packet has a length greater than 1,458 bytes? If that is the case,

how we decide whether the packet is dropped or not.’ In this case, the packet is partitioned

into multiple of 1,458 bytes, say K. Note that the maximum length of MAC protocol data unit

(MPDU) is 11,454 bytes. Then, the PER is calculated for each partition. Based on [Porat et al.,

2016], the packet is removed if there is at least a partition that is dropped based on a Bernoulli

trial applied to the corresponding partition. In the next subsection, we are ready to address the

question about the contribution of LiFi in hybrid WiFi and LiFi networks.
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Figure 5.6. Link level simulations for the residential scenario: simulated vs. abstracted. Note that the abstraction
scenario refers to the use of the ESM function.

Figure 5.7. Link level simulations for the enterprise scenario: simulated vs. abstracted. Note that the abstraction
scenario refers to the use of the ESM function.
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(a) (b)

Figure 5.8. (a) A sample of realizations in the residential scenario, where the legends of the mobility of the user
follows those of Figure 3.12 and Figure 5.2. The laptop and phone icons show the existence of other
users in the sample. (b) The measured data rate of the mobile user.

5.8 Performance Evaluation

A realization in the residential scenario is shown in Figure 5.8(a). It is assumed that the mobile

user moves according to the RWP while reading on the mobile device. The mobile user’s traffic

is made deterministic in this case, such that the mobile user downloads a large file while mov-

ing. The reason for this is to show the simultaneous connectivity of MPTCP. The corresponding

data rate is shown in Figure 5.8(b). Notice that at around 5 s, the LiFi link is disconnected due

to self blockage. Another observation that can be drawn from Figure 5.8(b) is that while con-

nected to a LiFi AP, the data rate of the LiFi interface is most likely higher than that of the

WiFi interface. Lastly, it should be noted here that in order to emulate hundreds of Mbps con-

nections, the emulation is carried out in compute instances of cloud providers that support up

to 25 Gbps network bandwidth, for example, the Amazon elastic compute cloud.

Figure 5.9 shows heatmaps of the average data rate for all scenarios and networks. Unlike the

previous specific result, the results are taken by averaging many samples that are generated from

different traffics and user movements. Following the description in Chapter 3, three random mo-

bility models are assumed, i.e., random waypoint [Johnson & Maltz, 1996], random direction

[Royer et al., 2001], the truncated Levy-walk model [Hong et al., 2008]. Note that the blank

spots show the infeasible region where the user never moves to the spots, which corresponds to

the locations of solid objects, e.g., desks, chairs, and walls. The small spots correspond to the

data rates that are measured when the users are sitting. From these figures, a ‘spatial coverage’
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(a) (b)

(c) (d)

Figure 5.9. Average data rate (Mbps) in: (a) the residential scenario for the LiFi networks, (b) the residential sce-
nario for the WiFi networks, (c) the enterprise scenario for the LiFi networks, and (d) the enterprise
scenario for the WiFi networks.

of each network can be estimated. Fitting the samples with the multivariate Gaussian mixture

distributions gives the standard deviation of around 1.2 m for LiFi networks, and 6.3 m for

WiFi networks. These results lead to the offloading efficiency as shown in Figure 5.10. The of-

floading efficiency means are 64.54% and 75.85% for the residential and enterprise scenarios,

respectively. Higher efficiency is obtained in the enterprise scenario due to the higher density

of LiFi APs. These efficiencies show that out of 59% of the global mobile traffic that will be

offloaded to WiFi based on [Cisco, 2020], up to 75% can be carried to LiFi.

If we compare the results above with results from other works considering ideal scenarios, for

example as discussed in [Stefan et al., 2013], the obtained offloading efficiencies, i.e., 64.54%

and 75.85%, are underperformed compared to the 90% of offloading efficiency based on [Stefan

et al., 2013]. Such a significant difference is due to the fact that mobile stations in [Stefan
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Figure 5.10. Offloading efficiency.

et al., 2013] are assumed to be static and directly facing an AP. By using this ideal scenario, the

result will benefit LiFi as, for example, there is not a blocking object. By further investigating

this matter, it is clear that there is a small probability that the offloading efficiency of 90% is

achievable. By taking a few samples from Figure 5.2, we notice that he offloading efficiency of

90% is achievable for the users who sit and are located in the corner of the room. The reason

for this is that the data rate coming from the WiFi interface is around 50 Mbps, while the data

rate coming from the LiFi interface is around 500 Mbps as can be seen in Figures 5.9(c) and

(d). The main cause of this difference is due to the difference in the distance of a user to a

WiFi AP and a LiFi AP. The real-work experiments from [Shao et al., 2015] can be used as

a benchmark to validate results that are obtained in this thesis even though the experiments

in [Shao et al., 2015] do not consider different scenarios and mobility models. It has been

shown in [Shao et al., 2015] that the offloading efficiency that ranges from 70% up to 90% is

achievable depending on the scenario. 90% of the offloading efficiency is achievable when the

number of users is high, e.g., 6. The main reason for this is that the connection from a WiFi

AP is congested, and parts of the traffic are offloaded to LiFi. Based on these results, LiFi is a

strong candidate to complement WiFi in the near future.

5.9 Summary

In this last technical chapter of this thesis, results from the previous chapters, i.e., the frontend

and channel models from Chapter 2, the random orientation model from Chapter 3, and the

common mode PHY of IEEE 802.11bb from Chapter 4, are used to investigate the contribution

of LiFi in hybrid WiFi and LiFi networks. To study the contribution of LiFi, hybrid WiFi and
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LiFi networks are emulated using Linux namespaces, where the TCP/IP stack can be used for

real data communications. First, the PHY of IEEE 802.11bb is abstracted by means of link-

to-system mapping. By using this abstraction, then given an SINR, the PER can be estimated

and used to decide whether a packet is dropped or not. Then, real data traffic by accessing

real website servers is also performed. The multi-connectivity of WiFi and LiFi interfaces is

handled using MPTCP, which also supports seamless handover if one of the links is broken.

Using this method, the hybrid WiFi and LiFi networks can be mimicked. In this chapter, we

quantize the contribution of LiFi in hybrid networks by measuring the offloading efficiency,

which is defined as the ratio of the number of bytes transferred over LiFi to the total number of

bytes. We conclude that the offloading efficiencies of 64.54% and 75.85% can be achieved for

both residential and enterprise scenarios, respectively. These results show the benefit of LiFi to

complement RF networks, e.g., WiFi, in the near future.

110



Chapter 6
Conclusions and Future Research

6.1 Conclusions

In this thesis, the offloading efficiency is used to measure the contribution of LiFi in hybrid WiFi

and LiFi networks. In order to compute this metric, near-realistic channel models, i.e., random

blockage and random orientation models, are needed. In addition, discussions on the LiFi

modulation techniques that may be used in future are required. Therefore, the contributions of

this thesis includes these near-realistic channel models, studies of LiFi modulation techniques,

and calculating the offloading efficiency. To this end, this thesis is organized such that chapters

are written based on the contributions.

In Chapter 2, in addition to the discussions of the LiFi system and channel models, one of

the contribution of this thesis, i.e., owcsimpy, is introduced. The primary contribution of

owcsimpy is that it can be used to easily generate random blocking objects. In owcsimpy, an

arbitrary 3D object is modeled as a collection of 2D faces, and each face holds a few attributes,

such as its Lambertian propagation mode, FoV, location, normal vector, and surface area. In ad-

dition, owcsimpy is designed to be lightweight and open (not commercially-licensed). There-

fore, owcsimpy can be easily deployed in many virtual servers across different regions pro-

vided by a cloud provider. Consequently, generating thousands of CIRs becomes straightfor-

ward. One of the main advantages is that, for example, the offloading efficiency and the error

performance of a LiFi modulation technique can be evaluated over many CIR realizations.

In Chapter 3, another contribution of this thesis is presented, i.e., a random orientation model

of mobile devices. The random orientation model is obtained based on real measurements.

It has been shown that the random orientation model resembles a harmonic RP. The random

orientation model from Chapter 3 and the random blockage model from Chapter 2 can be

combined with existing random mobility models, such as RWP or the truncated Levy-walk

model. A combination of these models is incorporated to evaluate a coherence time of LiFi

channel in indoor room scenarios. The coherence time is defined as a time interval over which

a CIR does not change significantly. Therefore, knowing this value can be important, such as
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in hybrid WiFi and LiFi networks employing the SDN paradigm. Specifically, the placement

of LiFi APs can be located such that the delay and the latency between a LiFi AP and an SDN

controller is less then the coherence time. The reason for this is to avoid an outdated rule from

the SDN controller to the LiFi AP. In Chapter 3, it was shown that the coherence time of a LiFi

channel in indoor room scenarios is most of the time greater than 40 ms, which is the average

delay of an SDN rule from the time that it is generated until it can be applied in existing SDN-

enabled switches. Therefore, system designers who are equipped with the knowledge of the

coherence time can properly deploy LiFi APs in hybrid WiFi-LiFi networks in the real world.

In Chapter 4, both single-carrier and multi-carrier modulation techniques are investigated.

PAM-SCFDE is used as a foundation for the single-carrier modulation. Improvements are

carried out by adding non-linear filters, i.e., DFE and THP. In addition, IM is applied to PAM-

SCFDE, which is referred to PAM-SCTIM. However, directly applying IM to PAM-SCFDE re-

sults in a sub-optimal performance. Then, a generalization of PAM-SCTIM is proposed by free-

ing the constraints of PAM-SCTIM. Regarding the multi-carrier modulation, it has been shown

that the common mode PHY of IEEE 802.11bb suffers from the low-pass filter characteristic

of the wireless optical channel, then IQ-WDM is proposed. Instead of applying frequency up-

conversion, IQ-WDM transmits the baseband waveform over two different wavelengths. Com-

parisons of both single-carrier and multi-carrier modulation techniques are presented at the end

of Chapter 4. Up to 3 dB gain is achieved by the improved versions of PAM-SCFDE in the

low-to-moderate spectral efficiency region. In the high spectral efficiency region, 2 dB gain can

be achieved by IQ-WDM with respect to the common mode PHY of IEEE 802.11bb.

In Chapter 5, the common mode PHY of IEEE 802.11bb is used to calculate the offloading

efficiency. As the PHY layer of IEEE 802.11bb is assumed to follow that of IEEE 802.11ax, the

current TCP/IP stack can be assumed to be compatible with the MAC and PHY layers of IEEE

802.11bb-based LiFi. Furthermore, MPTCP can be applied to emulate the multi-connectivity

of both WiFi and LiFi networks. Seamless handover can also be applied by using MPTCP.

Using a real TCP/IP stack can enable us to access many websites without directly modeling the

traffic. However, emulating such big networks is computationally expensive. Therefore, the

PHY layer needs to be abstracted by means of link-to-system mapping. By using this approach

and generating many samples, it has been found that the offloading efficiency can reach up to

64.54% and 75.85% for residential and enterprise scenarios, respectively.

To summarize, the most important finding of this thesis is that by combining both WiFi and
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LiFi, users can gain higher data rates as well as more reliable connections. That is, LiFi can

provide higher peak data rates compared to that of WiFi, and WiFi can provide a wider coverage

compared to that of LiFi. In addition, LiFi can potentially unburden WiFi, which is predicted to

handle more than 50% of the total mobile traffic by 2022. Specifically, this thesis estimates that

64.54% and 75.85% of offloading efficiencies for residential and enterprise scenarios can be

achieved respectively. Hence, LiFi is a powerful candidate to complement WiFi in the future.

6.2 Future Research

The following discusses the thesis’ limitations, as well as it’s limitations and how to resolve

these.

• owcsimpy

As the backend of owcsimpy currently depends on the deterministic approach, which

only supports the diffuse reflection, then owcsimpy can be improved by implementing

the ray-tracing method that can consider specular reflections. In addition, other than

indoor scenarios, the front-end modules of owcsimpy can also be used to model objects

in an aircraft cabin as depicted in Figure 6.1. Studies that need a dataset of images that

are captured by CCTVs can be simulated with the help of owcsimpy. An example

of such a scenario is fusion-based indoor positioning systems [Guo et al., 2020] when

WiFi, LiFi, and CCTVs are used. Figure 6.2 shows an example of the emulated images

from the enterprise scenario. Such blocky objects can be thought of as outputs of object-

recognition softwares.

• Random orientation model

A more accurate random orientation model is a model that can capture the dependency

of the orientation of a mobile device and the mobility pattern of a user. In reality, this

random behavior also depends on the locations of APs as well as the traffic size being re-

quested. For example, in order to provide high quality content, a content creator requires

a reliable Internet connection. One way to ensure such a connection is to have the creator

move close to an AP, e.g., a LiFi AP. In order to capture all these dependencies, LiFi

APs need to be widely deployed in many premises to conduct a large-scale experiment.

A smaller-scale, controlled experiment can also be conducted. However, LiFi APs are

still required.
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(a) (b)

Figure 6.1. An aircraft cabin model that can be modeled by owcsimpy.

Figure 6.2. The emulated image that is captured by one of the CCTVs.
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• Modulation systems

As PAM-SCFDE has been improved by enhancing the linear equalizer with non-linear

equalizers as well as optimizing the codebook, the next natural extension is to upgrade

the pulse shaping. Pulse shaping can also be used to shift the center frequency of

the common-mode PHY of IEEEE 802.11bb. Recall that, based on the discussions in

[Purwita & Haas, 2020b; Purwita, Haas, Serafimovski, Afgani, et al., 2020; Purwita,

Haas, Serafimovski, & Berner, 2020; Rossius et al., 2020; Serafimovski et al., 2020], the

main cause of the center frequency being far from DC is because of the use of a spectrum

mask in order to find the optimal center frequency. There is a high-end WiFi chipset,

for example from Qualcomm as discussed in [Purwita, Haas, Serafimovski, & Berner,

2020], that has a narrower spectrum compared to the spectrum mask, then analog pulse

shaping can be used to improve the waveform of the common-mode PHY.

• Hybrid WiFi-LiFi: Determining the LiFi Offloading Capability

The metric offloading efficiency has been widely adopted as it is very intuitive and

straightforward, see [Lee et al., 2013] and references therein. Other than the offload-

ing efficiency, other metrics such as offloading overhead, quality of experience, or power

saving can be also considered [Rebecchi et al., 2015]. In addition, the offloading effi-

ciency is calculated based on today’s IP-based networks, which are also known as ‘best-

effort’ networks. This assumption might not be true in the future due to, for example,

5G use cases, i.e., enhanced mobile-broadband, massive machine-type communications,

and ultra-reliable and low latency. Therefore, the current emulation method can be ex-

tended to include LiFi-enabled internet-of-things devices. Furthermore, the single-carrier

modulation systems, which are power-efficient, can be used. Once these use cases can

be emulated, machine learning algorithms and the SDN paradigm can be integrated to

emulate autonomous traffic management with the current setup.
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Appendix A
owcsimpy: A Library for Generating

Wireless Optical CIRs

A.1 Introduction

A popular software to generate wireless optical CIRs is Zemax R© [Zemax, 2020]. The main dis-

advantage of Zemax R© is that it is not portable due to its commercial license. This portability is

important in the case where many samples of CIRs need to be generated as in Chapter 3. Rely-

ing only on several Zemax R©-installed machines to generate many samples is time-consuming.

Other available softwares can be found in [Carruthers & Kannan, 2002a; Rahaim, 2018]. Both

of them are written in MATLAB R©, which is also commercially licensed. The other limitation

is boxes or planes in [Carruthers & Kannan, 2002a; Rahaim, 2018] can only be defined such

that they point to either x-or-y-axes, see [Carruthers & Kannan, 2002b, Figs 1 and 10]. This

can be problematic if a mobile user is assumed to be able to move in arbitrary directions on the

x-and-y plane. In addition, only the time-domain approach based on [Carruthers & Kannan,

2002b] is implemented.

owcsimpy is an open-source, lightweight library to generate CIRs. One of the advantages

of owcsimpy is that it can be easily deployed in many cloud computing instances of infras-

tructure as a service (IaaS), e.g., Amazon AWS, Microsoft Azure, or Google Cloud Platform.

Diverse applications of owcsimpy range from modeling complex indoor scenarios, the study

of LiFi channels (e.g., coherence time) with random mobility and random orientation assump-

tions, and the application of a machine learning to VLP with near-realistic scenarios. Near-

realistic scenarios with random blockages by arbitrary 3D objects (such as human models or

furniture) can be considered. Random mobility of users and randomly-oriented LiFi-enabled

devices can also be incorporated.

In the next section, key features of owcsimpy are discussed. Then, the use of owcsimpy

to generate some geometry models is presentend. The main purpose is to give an high-level

introduction of how geometry models, such as human models, are generated.
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A.2 Key Features of owcsimpy

Based on Section 2.2.2, we need the following features.

f.1 (creating 3D objects) Various 3D objects, such as humans, furniture, or indoor rooms,

are needed in order to have more realistic scenarios.

f.2 (partitioning) Based on (2.6), summing up to N indicates the partitioning of a bigger

object into smaller objects, which are denoted by the elemental objects εi as depicted in

Figure 2.4(a). For example, any arbitrary 3D object can also be partitioned into many 2D

planes or 3D meshes by means of, for example, the 3D Delaunay triangulation.

f.3 (attributing) Based on (2.3) and (2.4), each partitioned object from f.2 has a few at-

tributes, such as the position and normal vectors, the mode number, the detection areas,

etc, see Figure 2.4(b).

f.4 (geometric operations) Based on (2.3), (2.4), and (2.7), basic geometric operations, such

as calculating the Euclidean distance, irradiance and incidence angles, and checking if the

LoS of two elemental objects is blocked (i.e., Vij), are needed. In addition, a validation

function is also needed in order to check the feasibility if two objects are intersecting to

each other.

f.5 (CIR calculation) Equations (2.5), (2.6), and (2.7), show the need of high-speed compu-

tations for the numerical-intense functions.

Inspired by web developments, the above features are implemented in either frontend and back-

end modules, see Figure A.1 for an illustration. Features that are better visible to users and less

computationally intensive are implemented in the frontend. Examples of such features are f.1,

f.2, and f.3. Therefore, users can: (i) decide the scenario-under-test (f.1), e.g., dimensions of

a room, number of humans and furniture, etc.; (ii) set the attributes of objects (f.3), e.g., the

mode number, the FoV, or wavelength-dependent reflectivities of reflecting surfaces (such as

walls, floor, or ceiling); (iii) observe the partitioned objects (f.2). The outputs of the frontend

are objects such as small 2D planes, LEDs, and PDs with their attributes. Then, based on these

output objects, the features f.4 and f.5 are implemented in the backend.

In the current version of owcsimpy, i.e., v0.0.1, the frontend is implemented by using Python,

which supports the object-oriented programming (OOP) by default. The use of OOP eases the
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Figure A.1. Description of owcsimpy v0.0.1. Note: attr. is short for attributes, and geo. is short for geometry.

implementation of the frontend due to the fact that partitioned objects should inherit some of

the attributes from their parent objects. Moreover, using Python also helps to extend the func-

tionality of owcsimpy, for example, an integration with a machine learning library (which is

dominated by Python), system-level simulators (e.g., ns-3 or mininet), and a 3D computer-aided

design (CAD) (e.g., FreeCAD 3D or SketchUp). The frontend implementation of owcsimpy

is shown in Figure A.2. Figure A.2(a) shows an example of applying the Delaunay triangula-

tion to an arbitrary 3D object. Meanwhile, Figure A.2(b) shows a human model with blocky

and pixelated objects that are already partitioned. These blocky and pixelated objects are in-

spired by Minecraft1. The different transparency levels show that different parts of the human

are covered with differential materials that have different reflectivities. In addition, the red and

black arrows show the orientation of a mobile device and the direction the human is facing, re-

spectively. Throughout the thesis, we assume blocky and pixelated objects as in Figure A.2(b)

due to its low dependency to other libraries. The reason for this is that an early reason for

the development of owcsimpy was due to the requirement of an efficiently generating many

samples CIRs with different indoor scenarios. A lightweight approach helps the users to deploy

owcsimpy in many computing instances of IaaS.

The backend of owcsimpy is implemented in a low-level programming language due to its

computationally intensive requirement. owcsimpy uses C with additional libraries such as

OpenMP (for multi-threading), BLAS, and LAPACK (for linear algebra operations). Three dif-

ferent algorithms are implemented in owcsimpy, i.e., [Carruthers & Kannan, 2002b], [Schulze,

2016], and [Jungnickel et al., 2002].

Before explaining use cases of owcsimpy, we would like to emphasize that owcsimpy is de-

veloped with modularity in mind. In addition to the deterministic approaches as in [Carruthers

& Kannan, 2002b], [Schulze, 2016], and [Jungnickel et al., 2002], a stochastic approach, such

1https://www.minecraft.net/en-us/
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(a) (b)

Figure A.2. (a) An example of the Delaunay triangulation to an arbitrary 3D object, and (b) a blocky and pixelated
human model.

as the ray-tracing approach, can be implemented in the backend without affecting the frontend.

Specular reflection can also be included by modifying the backend. Moreover, 3D objects can

be created by means of a graphical user interface (GUI) instead of scripting with the expense of

dependency to other libraries. Lastly, owcsimpy is distributed as a set of libraries instead of a

standalone software for the sake of portability (‘write once run everywhere’). Another reason is

that users can collaborate with each other and flexibly integrate owcsimpy with other external

libraries to enable advanced studies of LiFi.

A.3 Generating Geometry Models

An example of a cuboid, which is a basic building block of arbitrary 3D objects in this thesis,

is shown in Figure A.3. Listing A.1 shows a Python snippet to generate the cuboid. As shown

in the Python snippet, the cuboid is tilted by 30◦ and has the dimensions of 2 × 1 × 1 m3.

Moreover, all sides of the cuboid have the reflectivity value of 0.5. The arrows on each side

in Figure A.3 show their orientations. From the combinations of planes and cuboids, a more

complicated scenario can be generated, for example as shown in Figure A.4. Figure A.4(a)

shows an illustration of a small indoor room, where a user sits while reading on a mobile

device. Figure A.4(b) shows its corresponding models by using owcsimpy. In this case, the

human’s body and head are models by using cuboids. A chair is also modeled by a cuboid.

A desk is simply modeled by a plane. Other objects, such as LEDs and PDs, are modeled by

vectors.
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Figure A.3. An example of a cuboid whose sides are partitioned into 2× 2 planes.

1 cube = Cube(
2 Vector(np.array([1,np.deg2rad(90),np.deg2rad(90)])),
3 ctrPoint = np.array([0.5,0.5,0.5]),
4 dimensions = [2,1,1],
5 RodriguesAngle = np.deg2rad(30),
6 reflectivities={’p0’:0.5,’p1’:0.5,’p2’:0.5,
7 ’p3’:0.5,’p4’:0.5,’p5’:0.5}
8 )
9 planes = cube.getPartition(2)

10 fig,ax = draw(planes=planes,alphas=0.2,
11 xlim=[-2,2],ylim=[-2,2],zlim=[-2,2],
12 azim=-34,elev=9
13 )
14

Listing A.1. A Python snippet to generate a cuboid shown in Figure A.3

(a) (b)

Figure A.4. (a) A 3D model of a small office environment, and (b) its corresponding model used in owcsimpy.
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Appendix B

Brief Overview of Lomb-Scargle
Periodograms

In this appendix, a brief overview of the Lomb-Scargle periodograms is presented. This overview

focuses on the difference between the conventional periodograms and the Lomb-Scargle peri-

odograms. More detailed discussions can be found in [Scargle, 1982; VanderPlas, 2018].

Suppose that a signal X(t) is sampled, and it is denoted by X(tj), where j ∈ {1, 2, · · · , N}.

Then, the conventional periodogram of X(tj) is defined by:

PX(ω) =
1

N

∣∣∣∣∣∣
N∑
j=1

X(tj)exp (−iωtj)

∣∣∣∣∣∣
=

1

N

 N∑
j=1

X(tj) cos (ωtj)

2

+

 N∑
j=1

X(tj) sin (ωtj)

2 . (B.1)

Scargle proposed a generalized form of the above expression with tj being arbitrary (not nec-

essarily evenly-spaced) as:

PX(ω) =
A2

2

 N∑
j=1

X(tj) cos (ω(tj − τ))

2

+
B2

2

 N∑
j=1

X(tj) sin (ω(tj − τ))

2

. (B.2)

The parameters A, B, and τ are determined such that (i) (B.2) reduces to (B.1) if tj is evenly

spaced, and (ii) the periodogram is time-translation invariance. The Lomb-Scargle periodogram

is defines as:

PX(ω) =
1

2



(
N∑
j=1

X(tj) cos (ω(tj − τ))

)2

N∑
j=1

cos2(w(tj − τ))

+

(
N∑
j=1

X(tj) sin (ω(tj − τ))

)2

N∑
j=1

sin2(w(tj − τ))


, (B.3)
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where:

τ =
1

2ω
tan−1


N∑
j=1

sin(2ωtj)

N∑
j=1

cos(2ωtj)

 .

By using elementary trigonometry and defining:

ωn =
2πn

T
,

where T is the time interval of X(t), if tj is evenly spaced, then:

N∑
j=1

sin(2ωntj) = 0 =⇒ τ = 0, and

N∑
j=1

cos2(w(tj)) =

N∑
j=1

sin2(w(tj)) = N/2.

Therefore, in this case (B.2) is equivalent (B.1).
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Appendix C
Brief Overview of the IEEE 802.11ax

C.1 Introduction

In this thesis, OFDM-based systems are used for multicarrier systems. Furthermore, the base-

band waveform is assumed to be compliant with the IEEE 802.11ax. For the sake of complete-

ness, this chapter mainly provides the important feature of the IEEE 802.11ax that is relevant

to this thesis.

C.2 Features

The IEEE 802.11ax operates in the 2.4 GHz and 5 GHz unlicensed bands. In the future, the 6

GHz unlicensed band can also be used for the IEEE 802.11ax. The IEEE 802.11ax supports the

bandwidths of 20 MHz, 40 MHz, 80 MHz, 80+80 MHz (two non-adjacent 80 MHz channels),

and 160 MHz. The fast fourier transform (FFT) sizes are either 256, 512, 1024, or 2048 with

the subcarrier spacing of 78.125 kHz. One of the main feature of the IEEE 802.11ax is the

use of orthogonal frequency-division multiple access (OFDMA), which mitigate the frequency

selectivity issue with the IEEE 802.11ac with the bandwidth greater than 40 MHz channels

[Khorov, Kiryanov, Lyakhov, & Bianchi, 2019]. The OFDMA in the IEEE 802.11ax is a

frame-based [Khorov et al., 2019]. That is, multiuser frames occupies different subcarriers

for the entire frame duration. In order to maintain the backward compatibility, the OFDMA

is applied on top of the carrier sense multiple access with collision avoidance (CSMA/CA).

It means that, for example, an AP has an access to the channel by means of CSMA/CA, then

the AP can employ the OFDMA. In addition, the IEEE 802.11ax also supports a multiuser

multiple-input, multiple-output (MIMO). The IEEE 802.11ax introduces a new MCS, with the

maximum constellation size of 1024-QAM. Forward error corrections that are used in the IEEE

802.11ax are convolutional coded or low-density parity-check codes with the highest coding

rate of 5/6. Moreover, the maximum number of spatial streams is 8. The IEEE 802.11ax offers

a theoretical maximum data rate of 9.6 Gbps.
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With regards to this thesis, a new feature of the IEEE 802.11ax is the use of multiuser MIMO

or OFDMA for uplink transmissions. This amendment is postponed in the previous IEEE

802.11ac amendment due to the need of further investigation on the tight synchronization of

uplink multiuser transmissions. The synchronization in the IEEE 802.11ax is carried out based

on a new type of control frame, namely trigger frame. That is, an AP sends a trigger frame,

which contains information such as MCS indexes, the guard interval or the number of allocated

tones, known as resource unit (RU), for the stations. Then, a short inter frame space (SIFS)

after that the stations transmits to the AP. The SIFS can be either 10 µs or 16 µs. Based on

[Naik, Bhattarai, & Park, 2018], an acceptable delay difference of the received frames for the

multiuser uplink transmissions is less than 3 µs. It is worth noting here that, the IEEE 802.11ax

targets both indoor and outdoor scenarios. In order to mitigate the Doppler effects that are

suffered by fast moving stations, e.g., cars, the IEEE 802.11ax introduces midambles, which

are placed between payload data. In addition, an MMSE-successive interference cancellation

(SIC) is employed in the AP to decode the received frame. Therefore, in terms of delay, there

should be no problem in terms of delay differences of received frames.

In the IEEE 802.11ax, there are other improvements on the length of the guard interval, the

symbol duration, the power management, and many others. Discussions of these improvements

are outside the scope of this thesis. A good summary of these new features can be found in

[Khorov et al., 2019].
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