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Abstract

This MSc Thesis presents the design, analysis and proof-of-concept implementation of
a Visible Light Communication (VLC)-based positioning systems that uses Software-
De ned Radios (SDRs) to take advantages of the unique properties of optical wireless
channels in indoor environments. This indoor positioning system uses Orthogonal
Frequency Division Multiplexing (OFDM) modulation in an indoor controlled envi-
ronment to provide jointly wireless data connectivity and determine the exact position
of a Photodetector (PD)-enabled VLC receiver. The proof-of-concept demonstration
that was implemented uses on purpose blue and white Light-Emitting-Diodes (LEDSs)
as transmitters and a PD as the receiver, emphasizing the in uence of the electrical
frequency response of the LEDs on the measurements of Channel State Information
(CSI). The experiment also demonstrates that the larger modulation bandwidth of the
blue LEDs gives cleaner and more accurate CSI estimation for the di erent subcarriers
when compared to white LEDs; the reason for this is the low-pass response of the
white LED resulting from the slow time response of the phosphor layer. A distributed
Multiple-Input Single-Output (MISO) con guration is also implemented to ensure
robustness relying on spatial diversity to grant accurate positioning estimation under
challenging ultra-densi cation conditions. The software-de ned proof-of-concept
implemented as part of this MSc Thesis integrates GNU Radio and Universal Soft-
ware Radio Peripheral (USRP) hardware into one scalable and exible platform for
generating, transmitting, receiving, reconstructing and analyzing OFDM-modulated
signals. The obtained results highlight the feasibility of VLC-based indoor positioning
systems and their application in smart environments with potentially high accuracy.
The obtained experimental results have the potential to pave the way for 2D/3D
indoor positioning and its integration with joint communication and sensing into the
6G landscape, thereby making it a very promising alternative for accurate indoor
positioning in a secure way.

Keywords Optical Wireless Communication, Visible Light Communication, Indoor
Positioning, Joint Communication and Positioning, OFDM-based VLC,
Software-De ned Radio, Proof-of-Concept, Multilateration, CSl-based
ranging
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1 Introduction

1.1 Background and Motivation

Indoor positioning systems have become increasingly important for transferring data
in a con ned space and have had a growing number of use cases across various elds,
including health, logistics, retail, and intelligent buildings. Applications requiring
accurate indoor positioning include patient monitoring in hospitals, navigation in
shopping malls, asset tracking in warehouses, and robot localization in factories.
These systems enable enhanced operational e ciency, better user experience, and
improved safety measures. While outdoor positioning is e ectively addressed by Global
Navigation Satellite Systems (GNSS3],[indoor environments pose unigue challenges
due to strong signal attenuation and multipath e ects when positioning reference
signals are provided from outdoors-to-indoors. This has spurred the need for innovative
indoor positioning solutions that are both accurate and cost-e ective, particularly in
public and private infrastructur€], [ 3]. Many works highlight the demand for scalable

and low-cost indoor positioning systems that will satisfy the requirements brought
about by urbanization and the proliferation of smart environments. For example, the
usage of light-based systems, such as Visible Light Communication (VLC), have
potential to eliminate the requirement for a dedicated RF licensed spectrum, thus
considerably reducing the implementation complexity and c@t$4], [3].

/ Applications for VLC N
/ Smart Home and loT \

Figure 1.1: Applications of VLC-based Indoor Positioning Systems adapted f@m [



The three most common areas of research in communication systems and indoor
navigation have focused on developing methods for positioning, sensing, and localiza-
tion. Even though all these methods interlink with each other, their purpose in wireless
systems and navigation frameworks is di erent from each other. Positioning is used for
indoor navigation to precisely estimate the 2D (x,y) or 3D (x,y,z) spatial coordinates
of either objects or users within a given reference system, based on the measurable
parameters of radio signals such as Received Signal Strength Indicator (RSSI), Time
of Arrival (ToA), and Channel State Information (CSE}[[6], [7]. Sensing is used
for environmental monitoring, activity detection, motion, or light intensity variations
in general, without necessarily providing spatial locatigj [n indoor navigation,
VLC-based sensing can detect the presence of a user and trigger lighting adjustments.
However, accurate positioning is necessary to execute navigation-related tasks e ec-
tively alongside these lighting changes. The process of localization integrates the
spatial location coordinates into a system that provides spatial awareness or navigation
functionalities P], [10], [11]. Localization generally combines information about
positioning with additional context, such as mapping of environments, understanding
object trajectories, and route guidance. For example, raw coordinate data can be
provided by positioning in indoor navigation systems, while localization based on
this data enables users to either navigate mapped spaces or interact with surrounding
objects.

Positioning is integral to enabling high-accuracy indoor location estimation,
as it provides precise spatial information that is necessary in applications such as
asset tracking and con ned space navigation, whereas sensing may involve indirect
environmental measuremeni®]. Furthermore, location is the principal technological
challenge, even though localization provides a broader operating context. This is
particularly true for VLC systems, which need to consider peculiar characteristics such
as line-of-sight requirements, LED low-pass response, and multi-point communication.
Positioning allows for a more focused investigation into the potential of VLC for
providing high-precision indoor location solutions with CSI as a key enaBlef13],
and [14].

Traditionally, indoor positioning systems have primarily utilized RF-based tech-
nologies. However, traditional RF-based positioning systems inherently su er from
intra-system (licensed spectrum) and inter-system (unlicensed spectrum) interference,
multipath propagation, and di culties of deploying many RF node within the same
con ned space due to strong Inter-cell Interference (ICI). The use of RF-based
positioning systems is very common with the use of commercial Radio Access Tech-
nologies (RATS) such as, Wi-Fi, Bluetooth, and Ultra-Wideband (UWB). These
methods have several major drawbacks in their way of reaching complete accuracy and
scalability in certain environments. One of the major problems with this technology is
interference. In dense deployments, the RF devices operate in a partially overlapping
frequency band. This causes interference among the devices and reduces the reliability
of positioning estimates, especially in those scenarios where multiple devices share
the same communication spectrum. As an example, Wi-Fi-based positioning systems
operate in both 2.4 GHz and 5 GHz Industrial, Scienti c and Medical (ISM) bands.
These licensed-exempt bands are quite prone to interference from other devices, such
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as Bluetooth, microwaves, and other Wi-Fi routel§][[19], [20]. This interference
could seriously impact positioning accuracy, rendering RF-based systems unreliable
with high node densities. Another concern is multipath propagation, where RF
signals re ect o walls, ceilings, furniture, and other objects in the environment.
These re ections create multiple signal paths to the receiver, causing constructive and
destructive interference, which makes range estimation methods like RSSI and ToA
inaccurate?21], [22]. These re ected signals signi cantly complicate accurate position
estimation, particularly indoors, where environmental complexities are immense.

The use of RF technologies for precise indoor positioning is further complicated by
the complexity of mitigating multipath e ects. These factors often lead to unreliable
Signal-to-Noise Ratio (SNR) based distance estimatiafs [24], [25]. Apart from
that, the feasibility of deploying dense RF-based positioning systems in con ned
spaces is also a major concern, as it is impossible to deploy a large number of RF
nodes in small indoor spaces due to the physical limitations of RF technology such
as interference and spectrum congestif).[As a result, spectrum allocation must
be carefully managed to avoid overlapping, which restricts the number of positioning
nodes that can be placed in a given region and, in turn, the scalability of RF-based
systems. Although UWB systems o er greater accuracy, their application is further
limited by their high cost and performance degradation in scenarios with dense node
deploymentsZ7].

One possible approach for indoor positioning is to use joint communication and
positioning systems, in which the same infrastructure used for communication can
also be used for positionin@]}, [16]. This dual-purpose strategy reduces deployment
costs and infrastructure complexiti/q, [16], which makes it especially appealing
in ultra-dense situation®]. For indoor locating, VLC o ers a creative substitute.
Utilizing the visible spectrum for communication, VLC systems employ Light-
Emitting-Diodes (LEDs) as transmitters and photodetectors as receivers. VLC has
many bene ts, including resilience to radio frequency interference, the ability to
deploy in extremely congested areas with no interference, and more importantly
stronger Line-of-Sight (LoS) signal propagation, which improves the accuracy of
SNR-based distance calculation. In addition, the high frequency of VLC transmissions
signi cantly lowers multipath e ects and re ections.

1.2 Problem Statement

Although VLC shows great promise for indoor positioning, it is associated with a
number of limitations in current communication technologies. First, the low-pass
behavior of commercial LEDs restricts the e ciency of narrow-band modulation
techniques such as Frequency Division Multiple Access (FDMA), hence making it
di cult to obtain reliable positioning performance, especially in multi-transmitter
deployments. Moreover, estimating precise power in speci c frequency bands is
a dicult task. These limitations could be overcome by utilizing sophisticated
modulation techniques, such as Orthogonal Frequency-Division Multiple Access
(OFDMA), which has been shown to be suitable for bandwidth-limited VLC systems
with accurate distance estimatioh5]. Although several studie<?], [28], [29]
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have attempted to use Orthogonal Frequency-Division Multiplexing (OFDM) based
waveforms for indoor positioning, they have had only limited success in implementing
joint communication and positionin@(]. Moreover, using CSI in VLC systems
remains underexploited despite its great potential in enhancing the accuracy of dense
deployment scenarios with multiple LEDs transmitting simultaneously.

Step 1: OFDM
P Signal Step 2: Signal Step 3: Step 4: Recention Step 5: Signal ES)IZESISIS;L
Generati Transmission via Transmission via P p Reception via
eneration USRP LED via P USRP Distance
(GNU Radm) Estimation

OFDM * Describes the f(’;est;uency response
* Divides data into multiple orthogonal of the VLC channel

subcarriers
* Reduces inter-symbol interference
(IST) and mitigates multipath effects
* Ensures high data rates and efficient
spectrum utilization

* Extracted using the OFDM
Channel Estimation block

* CSI amplitude reflects signal
strength, enabling distance
estimation

Figure 1.2: Flow diagram of VLC-based distance estimation using OFDM signals: OFDM signal generation in GNU Radio,
transmission via Universal Software Radio Peripheral (USRP) and LED, reception through Photodetector (PD) and USRP,
followed by CSI extraction for distance estimation. The left panel shows the advantages of OFDM in reducing inter-symbol
interference and improving spectrum usage, while the right panel elaborates on the contribution of CSl in frequency response
analysis and distance estimation.

1.3 Objectives of the Study

The main goal of this thesis is to develop and evaluate an OFDM-based indoor
positioning system using a multi-point VLC system. To overcome the limitations
of LED low-pass responses and narrow-band methods, this MSc thesis will design
a prototype of a VLC-based positioning system that exploits OFDM modulation,
determine the feasibility of using CSI for accurate distance estimation in VLC systems
with multiple transmission points, and evaluates the proposed indoor positioning
system simulate using GNU Radio in terms of its positioning accuracy. The results
of this work will be presented as a prototype for robust, low-cost indoor positioning
using existing VLC infrastructure for simultaneous communication and localization
services. In this study, major challenges will be addressed regarding LED hardware
constraints and interference mitigation to develop a scalable and accurate VLC-based
positioning system for modern smart environments.

1.4 Thesis Outline

The structure of this thesis is organized as follo@kapter 2 provides a theoretical
background, o ering an overview on Optical Wireless Communication (OWC),
insights into VLC technology, Indoor Positioning Systems (IPS), as well as Joint
Communication and Positioning systen@hapter 3 focuses on OFDM-based indoor
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positioning using VLC, detailing system design and the use of distributed Multiple-
Input-Single-Output (MISO) systems to enhance positioning accur@tapter

4 describes the GNU Radio implementation of the proposed system, covering the
software-de ned implementation, and distributed OFDM link desi@mnapter 5
presents the experimental setup and the results obtained to evaluate the performance
of the proposed system. Lastighapter 6 concludes the thesis by discussing the
performance of the proposed indoor positioning model and suggesting directions for
future work.
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2 Theoretical Background

2.1 Optical Wireless Communication
2.1.1 Overview on Optical Wireless Communication

Optical Wireless Communication (OWC) utilizes light waves in various optical regions
of the electromagnetic spectrum, including ultraviolet, visible, and infrared, for
wireless data transmission. The o ered vast bandwidths, high data rates, enhanced
security, and immunity against electromagnetic interference create a number of real
and emerging applications with regard to beyond 5G scenarios, making the concept
competitive with RF-based ones. These systems are deployed in various forms,
including Free Space Optical (FSO) communication, Visible Light Communication
(VLC), and Optical Camera Communication (OCG}Y][32] [33].

OWC systems o er complementary solution to RF technologies, particularly in
situations where the RF spectrum is scarce, or RF signals are not practical to use
because of regulations, interference, or security concerns. For example, FSO is highly
e ective for long-range point-to-point links, while VLC is ideal for wireless access
inindoor applications32] [ 34)].

Optical
Wireless
Channel

Figure 2.1: lllustration of the OWC system, showing LED and LASER transmitters transmitting signals through the optical
wireless channel. At the receiver end, photodetectors (PD) and a camera are employed to capture and process the transmitted
signals.

OWC systems can be categorized based on the light source as follows:

1. Laser-Based OWC SystemsThese systems, which are usually referred as
FSO, provide high directivity, power e ciency, and long-range communication
capabilities thanks to the use of laser-based OWC links. In situations where
Line-of-Sight (LoS) is practical, like satellite-to-ground communications and
inter-building communication, these systems are frequently utilized. Laser-based
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OWC systems must be precisely aligned, though, and are more susceptible to
atmospheric impairments such as turbulence or &§[[33].

2. LED-Based OWC SystemsThese systems, which are usually referred as VLC,
deploy Light-Emitting-Dioded (LED) based transceivers that can serve dual
purposes for lighting and data transmission. LEDs are low-cost, power-e cient,
and can easily be installed in most existing and new lighting arrangements. VLC
can be implemented indoor for high-speed data transfer along with simultaneous
illumination, nding its way into smart homes and o ces3p] [34].

2.1.2 LED-Based Optical Wireless Communication Systems

Extensive usage can be found in the VLC domain for OWC systems utilizing LEDs.
These systems are especially e ective using LEDs to manipulate their intensity for rapid
modulation in communication purposes. Applications of VLC enable communication
at relatively high speeds while retaining lighting performances. Hence, LED-based
VLC systems are becoming increasingly popular in smart light systems, house and
o0 ce buildings, public buildings, and in-home usagg?] [34] [31].

In VLC, white LEDs are typically used as they align with the visible spectrum
(400 700 nm). These LEDs can be broadly classi ed into two categories:

1. Phosphor-Converted White LEDs.These LEDs utilize a blue LED coated
with a phosphor layer that converts part of the blue light into yellow, creating
white light. Although cost-e ective they are, their modulation bandwidth is
limited by the slow phosphor decay time, which limits data raBa$ [34].

2. Tricolor Red-Green-Blue (RGB) LEDs. These LEDs generate white light
emission by mixing the light emitted by red, green, and blue LEDs together.
The modulation bandwidth for these single-color LEDs is higher compared
with phosphor-converted LEDs, allowing for faster data transmission. However,
higher complexity and cost may lead to limiting their wide us&§ [34].

2.1.3 Infrared LED-Based Optical Wireless Communication Systems

IR LEDs are another essential element in OWC, which has traditionally been used
in Infrared Communication Systems (IRC). The infrared systems operate within the
near-infrared spectrum of 700-1000 nm, which is applied in areas that require invisible
light, including remote controls, Machine-to-Machine (M2M) communication, and
industrial automationd4] [ 31].

IR-based OWC systems o er several advantages, including:

Immunity to visible light interference, ensuring consistent performance in
brightly lit environments.

Broader modulation bandwidth compared to visible light, leading to higher data
rates.

Flexibility for use in specialized applications like medical environments, where
visible light might cause interferencgd] [ 34].
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However, the use of IR LEDs is restricted in scenarios requiring simultaneous
illumination and communication, making them less suitable for general lighting
purposes33] [31].

2.1.4 VLC Systems Using Visible Light

VLC systems are primarily based on white LEDs, which provide dual functionality for
illumination and communication. VLC systems o er higher security and immunity to
RF interference due to the LoS requirement and are thus intended for indoor navigation,
augmented reality, and Vehicle-to-Everything (V2X) communicati&s [34].

Phosphor-Converted VLC Systems use commercially available white LEDs, which
make them economical to deploy in general lighting systems. These systems are
especially suited for applications where high-speed data rates are not crucial, such as
ambient lighting or basic Internet-of-Things (IoT) connectividy][[ 34].

On the other hand, the Tricolor VLC Systems are much better for high-performance
applications such as video streaming, virtual reality, and industrial automation since
they have superior bandwidth. However, they need advanced driving circuitry and
thermal management, hence increasing system complexity and&pgs4].

uv FSO & Fibre =~ Microwave & )
Communication VLC Optics RADAR  AM/FM/TV/WiFi
A A | | A
[ Y Y Y Y 1\ Frequency
30EHz  30PHz  790THz  430THz ~ 300GHz  300MHz 220 Hz

Gamma X-ray Ultraviolet Infrared | Microwave Radio Sound

10 pm 10nm 380 nm 780 nm 1mm 1m Wavelength

—
-
-
—~
-
~—

YELLOW

380-440 nm  440-485nm  485-510 nm 510-565 nm 565-590 nm 590-625 nm 625-740 nm

Figure 2.2: Overview of the electromagnetic spectrum. VLC systems utilize the optical portion of the spectrum that spans
approximately for wavelengths between 380-750 nm.

2.2 Visible Light Communication
2.2.1 Overview of Visible Light Communication Technology

Visible light communication is a wireless technique of communication that transmits
data by modulating the light waves in the visible spectrum, which ranges in approxi-
mately 380 nm to 750 nn8p]. In its easiest form, VLC makes use of visible light to

transmit information wirelessly, using the already available illumination infrastructure
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comprising LED lamps. Any such system that encodes data in non-visible light should
not be referred to as a VLC system.

The VLC uses LEDs, which serve as the transmitters. LEDs work through
modulation in their light intensity at very fast speeds that are well beyond human eye
detection, thus encoding digital information. The speed of modulation is such that
human eye sees it as one continuous light source, therefore guaranteeing its major
purpose-mechanism of illumination. Photodetectors (PD) or cameras on the receiver
capture and decode the modulated light into a stream of data. PDs, like photodiodes,
make use of Direct Detection (DD) to process the light intensity variations and convert
them into an electrical signaBf.

The huge bandwidth is one of the de ning attributes of VLC. Radio frequency
systems operate between 3 kHz and 300 GHz, whereas in visible light, it lies in
the range between 430 THz and 770 THz higher than the RF spectrum by 10,000
times. This huge frequency further leads to much greater data transmission rates and
enormous bandwidth capability for VLC with unlicensed u3dg.[ Nevertheless, to
capitalize these gains, LASER diodes and dense Wavelength Division Multiplexing
(WDM) schemes should be used.

In the beginning of this decade, VLC emerged as a potential solution for indoor
positioning systems, healthcare communications, and secure environments like nan-
cial institutions and military. Researchers demonstrated data transmission rates of
more than gigabits per second and showed the potential of VLC to be competitive or
complementary with Wi-Fi till B8]. Recent developments have tried to address some
of the key shortcomings of VLC: LoS requirements and sensitivity to ambient light.
Hybrid VLC-RF systems are under development in which the strength of visible light
for downlink communication can be combined with RF or infrared for uplB#.[ The
performance of VLC systems has gone a step further with the incorporation of neural
networks along with machine learning algorithms, especially in scenarios related
to indoor positioning and adaptive communicatid][ Later, the applications of
VLC went to smart cities, intelligent transportation, and underwater communication.
It has also been experimentally shown that high-speed secure data is possible to
transmit using exiting LED lighting and established VLC as one of the important
next-generation communication technologié$| [

Advantages of VLC

VLC o ers a range of bene ts that set it apart from traditional wireless commu-
nication technologies, particularly those based on RF. One of its most prominent
advantages is its immunity to electromagnetic interference. Unlike RF-based systems,
VLC operates in the visible light spectrum and is una ected by electromagnetic noise
from other electronic devices. This characteristic makes VLC particularly suitable
for environments like hospitals, where RF signals can disrupt medical equipment,
or in airplane cabins, where strict regulations limit the use of RF communication
[42]. The immense bandwidth of visible light is another key advantage. While RF
systems operate in frequencies up to 300 GHz, VLC utilizes the 430 790 THz range,
o ering bandwidth that is thousands of times larger. This vast spectrum allows VLC
to achieve exceptionally high data transmission rates, making it ideal for applications
requiring high-speed communicatiodi7]. Additionally, since the visible spectrum is
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unlicensed, VLC circumvents the regulatory restrictions associated with RF communi-
cation, enabling unrestricted deployments and cost savi&jsThe built-in security
of VLC is yet another important bene t. Since visible light signals are unable to pass
through walls or other opaque materials, data transmission will be limited to the region
that the light source illuminates. This guarantees that data stays con ned, thus lowering
the possibility of illegal access or eavesdropping. However, this is a crucial aspect for
data-sensitive applications and safe settings like government buildings and nancial
institutions @4]. VLC also provides dual functionality by combining illumination
and data communication. Leveraging the existing LED lighting infrastructure, VLC
delivers wireless communication without requiring additional energy or signi cant
hardware modi cations. This dual use not only reduces costs but also enhances the
sustainability and energy e ciency of lighting systems, aligning with global trends
toward smart and green technologié§|[

Disadvantages of VLC

Notwithstanding its bene ts, VLC has a number of drawbacks that impair its
functionality and usefulness. Its reliance on a LoS link between the transmitter and
receiver is one of the main obstacles. Since physical obstacles like walls, furniture,
or even human movement can block or deteriorate the signal, VLC systems need
direct or partial LoS for best performance. This restriction reduces the usefulness
of VLC in situations requiring mobility or in dynamic surrounding]. Another
constraint is sensitivity of VLC to ambient light conditions. Sunlight, uorescent
lights, and arti cial lighting sources may interfere with VLC signal reception by
overwhelming the detector and thus deteriorating data transmission. While mitigation
can be attempted through optical Itering and using more sophisticated receiving
designs, the added cost may be a deterring factor to its widespread addjtion |
The limited area of coverage is another big limitation of VLC. Unlike RF signals,
visible light does not propagate very far, and its inability to penetrate through opaque
objects limits the range of propagation within an illuminated area. While this provides
enhanced security, it limits the utility of VLC in big or obstructed spaces. However,
in general, expanding the coverage requires a dense network of LED transmitters,
which will increase the cost and complexity of the infrastructdi.[Apart from this,
VLC systems face some other di culties in maintaining continuous communication
in non-LoS situations. In an environment where there is a possibility of re ected or
scattered light due to di users or indirect lighting, signal quality can degrade due to
lower intensity and multipath. To overcome these, some innovative receiver designs
and sophisticated signal processing techniques have been developed, which are yet
active research topic4§].

VLC-based Applications

The applications of VLC are pretty varied, ranging from indoor navigation and
smart cities to healthcare and underwater communication. A promising area for VLC
applications involves indoor positioning systems. In the case of VLC-based Indoor
Positioning System (IPS), making use of existing LED lighting infrastructure could
mean high-precision localization is made possible using techniques such as Received
Signal Strength (RSS), Time of Arrival (ToA), and Angle of Arrival (AoA). It would
serve well in areas like shopping malls, airports, museums, and warehouses that require
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high accuracy in indoor navigation. Applications developed such as Epsilon and
Luxapose did pioneer the use of VLC in providing both positional and orientational
information with centimeter-order precisiofd].

VLC has the potential to completely transform the idea of urban infrastructure
in the context of smart cities, where tra c lights, billboards, and street lights all
become focal points. By o ering customers high-speed data, these LED-driven devices
free up the radio frequency spectrum for other, more crucial applications. VLC,
for example, may be used for intelligent tra c management, which optimizes tra c
ow and increases safety by enabling real-time data sharing between infrastructure
and cars $0]. Another signi cant area of application of VLC is healthcare. In
hospitals, the immunity of VLC to electromagnetic interference creates an ideal
platform for M2M communication, patient monitoring, and the safe transmission of
data in highly sensitive environments. Besides this, VLC systems may also o er
local-area communications in RF-restricted areas such as the Intensive Care Unit
(ICU) or operation theater, thus ensuring safety and reliab#ity. [The VLC working
in the blue-green spectrum is especially suited for underwater communications. RF
waves face high attenuation in water, and acoustic waves are good for distances,
which have low bandwidth and high latency. VLC thus provides a much faster and
reliable medium for subsea applications: underwater exploration, marine research, and
vehicle communicationd2]. In transportation systems, VLC can be crucial to V2X
communications. Through high-speed and low-latency data sharing, LED-based tra ¢
lights, street lighting, and car headlights can facilitate autonomous driving, tra c
management, and accident avoidance. Because of its accuracy and dependability,
VLC is perfect for improving e ciency and safety in crowded urban setting$]|
In addition to these elds, VLC is being investigated for use in advertising, retail,
and entertainment. The interactive experience at museums and theme parks may be
improved by using VLC-enabled LEDs to provide localized information to guests’
cellphones. VLC systems in supermarkets can direct customers to certain items
or provide them up-to-date information on sales. Big LED billboards, which are
frequently used for outdoor advertising, might potentially be hotspots that provide
high-intensity graphics and network acce$4]]

While the applications of VLC continue to increase, it is also important that
addressing its limitations through technological development will unlock its full
potential. VLC is well-placed to complement the existing wireless technologies
and enable novel applications in the evolving landscape of communication with its
combination of speed, security, and energy e ciency.

2.2.2 Components of Visible Light Communication Systems

A VLC system can be broadly divided into three main blocks, namely LED Transmitter,
Photodetector (PD) Receiver, and Optical Wireless Channel.

A. Transmitter (LEDS)

Within VLC systems, LEDs are popular transmitters due to the widespread use
of lighting coupled with their dual functionality to provide illumination and
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simultaneously carry data signals. LEDs can be very power-e ective since they
convert a large portion of electrical energy into visible light with very little being
lost as heat. This e ciency makes them ideal for VLC systems that need to
maintain low power consumption while e ectively transmitting dei&][ Their

fast switching capability allows them to turn on and o at high frequencies, thus
enabling the transmission of data without any perceivable icker, which makes
them suitable for real-time applications such as video streaming and interactive
communication$4]. Moreover, the wavelengths in LEDs used in VLC mostly
range from 400 nm to 700 nm-that is, the visible spectrum-which is not harmful
to human eyes and will not lead to health damage from UV and IR exposure.
Operating in the visible spectrum, VLC systems also enjoy less interference
with the existing RF communication systems since visible light cannot penetrate
through walls, enhancing security and reducing signal leakzgje[6)].

One of the most important strengths of LEDs in VLC systems is that they can
up-convert frequencies. Combining LEDs with acousto-optic transducers shifts
data signals to higher frequencies, which improves the quality by shifting it
out of the range of low-frequency noise. This technique provides a greater
SNR, hence improving overall transmission performance and allowing stronger
communication even in high interference conditiobg [ Another important
modulation capability involves high-e ciency modulation. This is realized by
several techniques, including outphasing. Outphasing works by using switching-
mode power ampli ers to combine multiple signals to increase the e ciency of
signal generation to 78% and overall system e ciency to 92%. This approach
reduces power dissipation while maintaining high data transmission rates,
which is particularly bene cial for VLC systems where energy consumption is
considered critical4g].

1. White LED Blue LED 2. Blue LED *  Emits a narrow-band short-wavelength light
i, + i, * High modulation bandwidth compared to
‘O— - Yellow -O- —> white LEDs (no phosphor layer)
= Phospher = * Provides a more accurate CSI

l Layer measurement for VLC applications

Blue LED emits short-wavelength light

Part of the blue light is absorbed and re- Photodetector

emitted as yellow light by the phosphor =3

Introduces a low-pass response due to the _ { ——> [ ¢ Converts the modulated light signals into
phosphor layer's delayed re-emission _ electrical signals

Limits the modulation bandwidth, causing *  More responsive to blue LED signals due
CSI measurements to differ from blue to their higher modulation bandwidth
LEDs » White LED signals experience attenuation

and distortion due to the phosphor's slow

response

Figure 2.3: Components used for the experimental demonstration in this thesis: White and Blue LEDs as Transmitters and a
Photodetector as Receiver, along with their respective charateristics.

Nevertheless, a number of limitations have arisen on the usage of LEDs within
VLC systems. One of the main constraints has to do with modulation bandwidth,
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intrinsically limited by carrier lifetime and parasitic capacitance in LEDs. This
makes itimpossible to modulate high-frequency signals and thus places a ceiling
on achievable data rates within VLC systems. Thus, the data throughput of
standard LED-based VLC systems is bound, especially for applications that
require high data rates, like video streaming or real-time communicaf#n [
Secondly, in adding communication capabilities to LED driver circuits, power
e ciency usually su ers. In particular, the introduction of modulation schemes,
especially in high-power LEDs, results in power dissipation that negatively
impacts overall e ciency. In spite of constant research into increasing the power
e ciency, it still is one of the major challenges in VLC systems, especially for
energy-aware application§(.

Another constraint is non-linearity: LEDs do not show a perfectly linear relation
between current and light output. This causes harmonic distortions that act
negatively to high-e cient modulation schemes like Orthogonal Frequency
Division Multiplexing (OFDM) and Pulse Amplitude Modulation (PAM). The
nonlinearity further increases the Peak-to-Average Power Ratio (PAPR), which
decreases the e ciency of modulation techniques developed under the principles
of e cientusage of the spectrun@[l]. In addition, advanced modulation schemes
like OFDM and PAM can be a cause of extra power consumption in both LED
and modulator circuits. This extra dissipation of power reduces the e ciency
of the system and makes it more di cult to achieve both goals of a high data
rate and low energy consumption simultaneou6B}.[Flicker and bandwidth
limitations also hinder the performance of LED-based VLC systems. The
residual ripple in the LED’s bias current can cause icker, which not only
impacts the user experience but also limits the e ective modulation depth,
reducing the achievable data rates. Many commercial LEDs also su er from
insu cient bandwidth, which restricts the maximum data throughput and further
exacerbates the challenges in high-speed communic&spnLastly, thermal

e ects also play a very important role in limiting the performance of LED
transmitters. The heat generated during operation can reduce the e cacy of
LEDs, lowering both the illumination and communication performance. With
the increase in temperature, the light output from the LED may be decreased,
which reduces the system e ciency and reliabilit§4].

One of the main challenges with VLC systems is the low-pass response char-
acteristic of LEDs, which a ects signal transmission. The low-pass response
is primarily due to the parasitic capacitance of the p-n junction of the LED,
which acts as a low-pass lter, attenuating higher frequency components of the
modulated signal. Consequently, the e ective bandwidth of commercial white
LEDs is con ned to a few megahertz (1-3 MHz), which in turn limits the maxi-
mum achievable data transmission rate. The phosphor layer in standard white
LEDs, used for converting blue light into white light, introduces additional delay,
further aggravating the bandwidth limitations and reducing the performance of
high-speed VLC system§%], [66]. This bandwidth constraint further causes
serious degradation in advanced modulation schemes, such as OFDM, where
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increased bit error rates are shown with the attenuation of higher frequency
sub-carriers. For compensation, VLC systems usually have techniques like
equalization at the receiver to compensate for signal loss at higher frequencies.
Additionally, adopting LEDs with lower capacitance or optimizing the driver
circuitry can improve the modulation bandwidth, which improves the system
performance as a wholéT)].

. Receiver (Photodetectors)

The receiver has been an important element in decoding such a modulated light
signal into meaningful data. For VLC, PDs are the major light-input devices
that receive the di erent amplitudes of intensity to be transmitted from a light
source. Such PDs would then transcribe the received optical signal into an
electrical current to carry out the retransmission of the data initially dispatched.
The PD selection and performance characteristics are the major points in the
overall e ciency and reliability of a VLC system.

Two primary categories of PDs are widely used in VLC systems:

(a) Photodiodes.Photodiodes are the most commonly used photodetec-
tors in VLC due to their high sensitivity, fast response times, and cost-
e ectiveness. These semiconducting devices operate on the principle of
the photoelectric e ect, where incident photons generate electron-hole
pairs, producing a current proportional to the light intensity. Photodiodes
can be classi ed into several types based on their material and structure,
including silicon photodiodes, avalanche photodiodes (APDs), and PIN
photodiodes.

Silicon Photodiodes.These are the most widely used due to their
compatibility with visible light wavelengths and low cost. Silicon
photodiodes o er moderate sensitivity and response speeds suitable

for standard VLC applications.
Avalanche Photodiodes (APDs)APDs provide higher sensitivity

compared to conventional photodiodes by amplifying the photocurrent
through an avalanche multiplication process. They are ideal for
detecting weak signals but require a high bias voltage and precise

control to avoid noise ampli cationdg.
PIN Photodiodes.PIN photodiodes o er faster response times com-

pared to silicon photodiodes. Their wide bandwidth makes them
suitable for high-speed VLC systems, particularly in applications
requiring gigabit-per-second data raté8][

(b) Image Sensors for OCCOther classes of PDs that are used in VLC in-
clude Complementary Metal-Oxide-Semiconductor (CMOS) and Charge-
Coupled Device (CCD) image sensors. Unlike photodiodes, which measure
the overall light intensity, image sensors capture spatial information and
are hence suited for applications such as indoor positioning and motion
tracking.
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CMOS SensorsCMOS sensors in smartphones and cameras provide
the real opportunity for VLC systems to achieve practical usage in
consumer devices. These sensors can decode the data by observing
modulated light signals in successive frames captured. Their relatively
slower response times, compared to the photodiodes, narrow down

the scenarios of using them in high-speed communication.
CCD SensorsWhile more sensitive and featuring a higher quality of

images, it has lower frame rates when compared to CMOS, besides
being more expensive to accommodate real-time VLCs.

The sensitivity and response characteristics of the PD are of prime importance
in a VLC system. Sensitivity is the relative capability of the PD to detect
very low-intensity light signals, while response time is its speed in reacting to
changing light intensities.

(a) Spectral Responsivity.PDs should have a spectral responsivity that ts
the emission spectrum of the light source, usually in the visible wavelength
range. Silicon-based photodiodes are suitable for visible light, for example,
since their responsivity is very high in this spectrufg][

(b) Response TimeThe response time of a PD de nes its potential to track
rapid changes in light intensity, which is very important in high-speed data
transmission. PIN photodiodes with fast response times are preferred for
VLC systems operating at gigabit data rates. However, slower PDs, such as
CMOS sensors, are more feasible in applications where high data rates are
not the key issue, such as indoor positioning or environmental monitoring.

(c) Signal-to-Noise Ratio (SNR).The performance of the PD will also
depend on its capability for distinguishing the modulated light signal
from background noise. High SNR is imperative for guaranteed data
transmission, especially when there is much ambient light interference.

While PDs are vital to VLC systems, they face several challenges that can hinder
their performance, particularly in detecting weak signals and mitigating noise
e ects.

(a) Ambient Light Interference. Ambient light from natural or arti cial
sources is a signi cant threat in VLC systems. It can easily saturate the
PD by strong background light or obscure the modulated signal and hence
reduce the e ective SNR. Sunlight has high-intensity components along
the whole visible spectrum; it may overpower the detector, especially for
VLC outdoor applications47]. Solutions to mitigate this include:

Using optical Iters to block out unwanted wavelengths.
Employing advanced signal processing techniques to extract the

modulated signal from the noise.
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(b) Multipath E ects. The term "multipath propagation” describes how light
signals can travel through numerous pathways to reach the receiver after
being re ected o of surfaces like walls, ceilings, and objects. Data
reconstruction becomes more di cult as a result of signal distortion and
Inter-symbol Interference (ISI). Research into creating reliable VLC
receivers that can manage multipath e ects using equalization or sophisti-
cated decoding algorithms is ongoirgfy.

(c) Detection of Weak Signalsin the case where the intensity of the trans-
mitter is very low or a receiver is far away from the source, the weak
signal detection becomes critical. APDs and highly sensitive photodiodes
improve such detection; however, as a rule, they increase the noise level,
therefore sensitivity versus noise reduction has to be balanced.

(d) Noise from Receiver Electronicsintrinsic noise from the PD’s electronics
includes thermal noise, shot noise, and dark current that can degrade the
guality of the received signal. These noise sources should be minimized
to have high-performance VLC systems using low-noise ampli ers and
optimization of circuit designg2].

2.2.3 Modulation Techniques in VLC

Modulation techniques represent a cornerstone for VLC systems since they de ne
how the information is encoded into optical signals transmitted via LEDs and further
decoded at the receiver end. Unlike traditional RF communication that uses amplitude,
frequency, or phase modulation, VLC relies on intensity modulation. This technique
modulates the brightness or intensity of light emitted by LEDs to encode data, while
keeping the main purpose of LEDs-illumination-intact. It is designed to work within
the constraints of human visual perception so that it does not cause any icker and
maintains consistent brightness to ensure comfort and usability in environments
illuminated by VLC systems4[3].

At the receiver, DD is used in the equivalent demodulation process, where a PD
measures uctuations in light intensity and transforms them into an electrical signal.
After then, the electrical output is analyzed in order to reassemble the data that was
communicated. Because of its ease of use and compatibility with a variety of PDs, DD
is the method of choice for VLC systems. In order to ensure that the quick intensity
changes needed to convey data do not cause obvious icker or detract from the visual
attractiveness of the lighting, modulation schemes must be designed to match the
needs of data transmission with the perceptual limitations of the human eye.

Most VLC modulation schemes are broadly categorized into single-carrier and
multi-carrier techniques. While single-carrier schemes such as On-O Keying (OOK)
and Pulse Position Modulation (PPM) are simple and of low power consumption, in
contrast, multi-carrier schemes like OFDM may be used for higher data rates and
robustness in di cult signal propagation environments.

Single carrier modulation techniques represent some of the most applied in VLC
systems for their simplicity, low computational requirements, and energy e ciency.
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These methods encode data by simple variations of the signhal and, hence, are
particularly suitable for cost-sensitive and power-constrained applications. Among
all single-carrier modulation schemes in VLC, the most important position belongs
to OOK and PPM. Each has its own characteristics, advantages, and limitations that
a ect the application of VLC in a scenario.

A. On-O Keying (OOK). OOK is the most basic modulation system, using the
on and o states of LED to represent binary data. It makes sense that a "1"
would stand for "on" (high intensity) and a "0" for "o " (low intensity). These
intensity variations are picked up by the PD, which then transforms them back
into electrical signals for decoding.

OOK has the advantages of energy e ciency and simplicity. This method is
particularly appropriate for applications requiring low complexity and expense
since it requires less processing at both the transmitter and the receiver. OOK,
for instance, is frequently utilized in low-power VLC systems and simple com-
munication con gurations, as those seen in simple data broadcast applications
or indoor loT sensors/[7]. Additionally, the energy e ciency is better since

it can turn the LED completely o during the transmission of "0," thus saving
power.

However, OOK has a number of disadvantages that limit its performance in
more demanding environments. One serious problem is its susceptibility to
interference from ambient light. Because the "o " state can be swamped by
background light, SNR can be degraded substantially, especially outdoors or
under strong arti cial lighting. Furthermore, the on-o transitions can cause
perceptible icker if the modulation frequency is not su ciently high. This
icker not only disturbs human comfort but also potentially violates VLC
standards such as IEEE 802.15.7, which specify methods for mitigating icker
[78].
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Figure 2.4: A conceptual representation of the OOK modulation process: binary input data is modulated by a carrier signal to
generate the modulated output signal. The presence of the carrier corresponds to a binary '1’, and the absence of the carrier
corresponds to a binary 0.

Moreover, the simplistic binary approach of OOK results in limited spectral
e ciency, restricting its utility in applications requiring high data rates.
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B. Pulse Position Modulation (PPM).PPM is an advanced single-carrier modu-
lation scheme that relies on the position change of a light pulse over a period of
time to represent the data. In PPM, the time period is divided into a number of
slots, and the presence of a pulse in any one of those slots represents a unique
data value. For example, in 4-PPM, two bits of information are represented by a
single pulse in any one of the four slots.

Intrinsic bene ts of PPM include synchronization and excellent energy e ciency.
PPM is the type which will be most appropriate to the low-power VLC systems
since it used less energy than continuous-modulated methods-only one pulse
is ever "on" at a particular instant. Also, it may be observed that a pulse itself
provides a convenient time reference, easing synchronization duty in the receiver.
Because PPM depends on the temporal placement of the pulse and not on its
absolute intensity levels, it is thus more resilient to noise and interference than
OOK. It would therefore work better in interior environments with changing
lighting schemes and variable ambient light levelg] |

Despite these advantages, PPM has certain downsides, particularly in terms
of spectrum e ciency and implementation complexity. PPM has a lower data
rate than other modulation techniques since the time frame must be split up
into many slots. Its use in situations demanding high-speed communication is
restricted by this trade-o . Furthermore, determining the precise location of the
pulse in the frame at the receiver necessitates a far more sophisticated system.
This might indicate further di culties in high-multipath settings, including
indoor re ecting areas, because to timing mistakes and signal distortions.

Analog
signal

Wil

Pulse Position Modulation (PPM)

1

Figure 2.5: lllustration of Pulse Position Modulation (PPM) process. An analog signal is sampled to generate a series of pulses.
The position of every pulse is varied according to the amplitude of the analog signal, resulting in a PPM wax@form [

One of the most promising modulation strategies for attaining large data rates in
VLC systems is orthogonal frequency division multiplexing, or OFDM. OFDM splits
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the data into many parallel streams, each modulated onto distinct orthogonal subcarri-
ers, in contrast to single-carrier modulation methods, which send data sequentially
over a single frequency. Multiple data streams may be transmitted simultaneously
thanks to this split, greatly enhancing spectral e ciency and facilitating high-speed
communicationT7].

OFDM using orthogonal subcarriers will not interfere with one another even
in the case of a very small spacing between them. This property maximizes the
available bandwidth and makes OFDM especially suitable for VLC, due to the critical
bandwidth constraint coming from the limited modulation speeds of commercial
LEDs. Furthermore, OFDM divides the information streams into smaller subchannels,
shrinking the data rate on each of the subcarriers, reducing ISl due to multipath
propagation, a common problem in VLC environments with re ective surfacgs [

OFDM becomes robust against noise and the multipath e ects, enhanced by the
inclusion of a cyclic pre x that will absorb any interferences due to signals with
delays, while the integrity of the received data is maintained. It means it is e ective in
di cult interior environments, such as indoor conditions, where signals re ecting o
buildings or encountering various obstacles weaken their intensity. In addition, OFDM
facilitates adaptive modulation: a method that dynamically alters the modulation
scheme and coding rate of every subcarrier with respect to the channel conditions.
Adaptability ensures optimal performance under various environments by striking a
balance between data rate and reliabil&Q)][

In fact, OFDM has demonstrated the ability to deliver gigabit-level data rates in
various experimental setups using phosphor-coated white LEDs and multi-wavelength
systems. For example, it has been shown that VLC systems using OFDM can deliver
datarates higherthan 1 Gbps by exploiting RGB LEDs along with advanced modulation
techniques, such as Quadrature Amplitude Modulation (QAM). Capabilities such as
these make OFDM a preferred solution for data-intensive VLC applications, including
ultra-high-de nition video streaming and high-speed internet access-smart home
connectivity p9).

One of the most promising VLC applications, indoor positioning allows it to
take advantage of already present LED lighting for accomplishing highly precise
location-based systems. In the case of the modulation technique, signi cant parameters
include accuracy, robustness, and e ciency in positioning.

A. OOK for Indoor Positioning. Due to its simplicity and compatibility with
standard lighting LEDs, OOK has also often been applied in indoor positioning
systems. By modulating the intensity of light, each LED can encode its unique
identi er, and thus a receiver can determine its position with respect to the
LEDs transmitting the signals. In complicated scenarios, however, noise and
interference may deteriorate the accuratyj[

B. PPM for Indoor Positioning. PPM is more robust against noise and provides
better synchronization compared to OOK, thus can be utilized in positioning
systems under intensive interference or multipath. Due to the inherent timing
information carried by PPM, determination of distances or angles from the
transmitter becomes rather easi&?|[
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C. OFDM for High-Precision Positioning. With the high data rate and its robust-
ness to multipath interference, OFDM has proved highly suitable for advanced
indoor positioning applications. Systems leveraging AOA and RSS together
using OFDM have demonstrated centimeter accuracy. This scenario complicates
the receiving signal in case of various re ections and obstacles in general
methods, such as in very large multi-room environme@ [

2.2.4 VLC Channel Characteristics

VLC systems work in very unique optical environments compared with the traditional
RF channels. The optimization in system design and performance must be based on
an understanding of the VLC channel characteristics. This section examines VLC
channel modeling in mathematics, the factors that in uence the propagation of signals,
interference and noise from ambient light, attenuation, and path loss characteristics,
with the help of theoretical fundamentals and practical considerations.

The VLC channel can be expressed mathematically as a composition of LoS
and NLoS component§]] . The LoS component is often dominant in most VLC
applications, providing direct optical paths between the transmitter (LED) and the
receiver (PD).

The received powedp in a LoS channel is given by

o= % 10° (2.1)
where
%is the transmitted optical power.
10° is the channel DC gain, representing the e ciency of signal transfer.

The DC gain 10° for the Line-of-Sight (LoS) component is expressed as

S cos i9) gtk %6tk Ocogk®— 0 k>

100 = (2.2)
0 k i 2
where
< = mlc(')”;%, is the Lambertian order, wherey.» is the half-intensity angle
of the LED.

is the photodetector’s active area.
3 is the distance between the transmitter and the receiver.
g andk are the angles of irradiance and incidence, respectively.
) 8k © is the gain of the optical lter.

61ko = Sm2+20 is the concentrator gain, wherdas the refractive index and
2

is the Field-of-View (FoV).
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Figure 2.6: Classi cation of basic IR links is based on the directionality of both the transmitter (T) and receiver (R), as well as
whether the link depends on the presence of a direct LOS path betweenatjem [

The propagation of VLC signals is in uenced by several critical factors that
determine the reliability and e ciency of communication.

A. Line-of-Sight (LoS). The LoS component represents the LoS path, which is
the primary and most reliable propagation path in VLC systems. It exhibits
minimum signal distortion and high power transfer e ciency. The performance
of an LoS channel depends on:

The alignment between the transmitter LED and photodetector.
Distance between transmitter and recei\Ie%’g).

Angle of irradiance ) and angle of incidencek{), both being large
deviations, decrease received power due to the cosine terms in the channel
gain formula [/ 2].

B. Re ections and Multipath E ects. The NLoS component of the VLC channel
is contributed by the re ections from walls, ceilings, and objects. While these
re ections extend the coverage, they introduce multipath interference, leading
to ISI. The severity of ISI depends on the delay spread of the channel and
re ectivity of surrounding surfaces. Smooth and highly re ective surfaces
enhance the signal propagation but may increase interference, while rough or
absorptive surfaces attenuate re ectior8|[

C. Receiver Orientation. The orientation of the PD depends on the angle of
incidence k). The best signal can be received when the receiver is aligned with
the transmitterk 0. Misalignments decrease the signal strength, especially
for highly directional VLC setups/4].
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Most challenges that VLC systems face deal with ambient light noise and interfer-
ence. These e ects, originating from natural light-emitting sources-sunlight-arti cial
sources include uorescent and incandescent lamps-operate and are used as light
carriers in the environment.

A. Shot Noise.This is generated through a receiver (PD) with amplitude related to
the intensity of incoming ambient light. With larger illumination, the shot noise
will be increased, making the SNR lower.

B. Thermal Noise.Thermal noise arises from the electronic circuitry of the receiver
itself and is independent of ambient light but adds a baseline noise oor.

C. Arti cial Light Interference. Fluorescent lamps and other arti cial sources
introduce periodic noise that overlaps with VLC signal frequencies, particularly
for simple modulation schemes such as OOK.

Ambient noise is mitigated in VLC systems by
Optical lters that block certain wavelengths.
Advanced modulation techniques such as OFDM for improved noise immunity.

Adaptive thresholding algorithms that may dynamically optimize the detection
of signals [/5].

Attenuation in VLC occurs due to geometric spreading, absorption, and scattering.
Path loss quanti es the reduction in signal power as it propagates from the transmitter
to the receiver and is expressed as

%
| ,= 10log, ; (2.3)
C

where,% and%are the received and transmitted optical powers, respectively.

2.3 Indoor Positioning Techniques
2.3.1 Overview of Indoor Positioning methods

Indoor positioning is fast-developing technology that provides unprecedented accu-
racy in the localization of objects or individuals within indoor environments where
traditional outdoor positioning systems, such as Global Positioning System (GPS),
are often inapplicable due to severe signal degradations and multipath. Due to its
high precision, intrinsic security, and reuse of existing lighting infrastructure, VLC
provides promising solutions for applications of indoor positioning. Here, indoor
positioning methods have been discussed, including but not limited to their respective
working principles and de nitions, important mathematical models.

Indoor positioning de nes the process that determines location of an object in the
con ned indoor space, often expressed with coordinates, for example, X, y, and z, given
a well-de ned reference frame. Unlike GPS, which relies on satellite signals, IPS
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employ alternative technologies such as VLC, Wi-Fi, Bluetooth, and Radio Frequency
Identi cation (RFID) to overcome the challenges of weak or blocked satellite signals
inside buildings 81].

Indoor positioning principle based on VLC consists of the use of LEDs as light
sources or transmitters and PDsS or image sensors as receivers. By modulating the
light signals coming out from LEDs with any particular identi er or data, by the
receiver, the decoded transmitted information will estimate its position relative to
LEDs. This process often relies on fundamental principles such as proximity detection,
multilateration, triangulation, or ngerprinting, each of which is tailored to speci c
application requirements and environmental constra8fis [

2.3.2 Indoor Positioning Principles

In indoor positioning, the position of the receiver is calculated based on known
distances (d) or angles relative to multiple transmitters. Below are the key principles
and mathematical formulations underlying various indoor positioning methods.

A. Proximity. Proximity-based positioning is the simplest method, relying on the
detection of the nearest transmitter. This method assumes that the receiver’s
position corresponds to the known location of the closest transmitter. Itis widely
used in applications where coarse-grained localization is su cient.

o

o D

o E;

o E;

Figure 2.7: lllustration of proximity-based positioning in indoor environments. A target device D and multiple reference points

E and E are presented. Reference points may correspond to xed infrastructure devices like Wi-Fi access points or Bluetooth
beacons. Here, it assumes that the target device, D, is within a coverage area of a particular reference point based on the detected
signal. In Figure, the reference point E lies inside the bounded area, whereas E lies outside the coverage area. As such, it
tries to depict the proximity estimation. In proximity-based schemes, known positions of reference points are used to estimate
the approximate location of a target device D by virtue of its association with one or more reference points; no exact distance
measurement is requirefl][

Principle
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The position of the receiver is approximated as the position of the closest
LED, typically determined by the highest RSS.

Mathematical Model
Yoeceiver o/‘ihearest_LED (2-4)

Advantages

Simple implementation.
Low computational overhead.

Disadvantages

Limited precision, as it does not provide continuous positioning.

Susceptible to errors in environments with overlapping signals from
multiple transmitters.

Proximity methods are e ective for applications such as asset tracking and
room-level localization but are less suitable for high-precision requirem@&nts [

B. Multilateration. Multilateration estimates the receiver’s position based on the
distancesJg) to multiple transmitters at known locations. These distances are
typically derived from the Time-of-Flight (ToF) or RSS of light signals.
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Figure 2.8: A multilateration operation diagram, with L1, L2, L3, and L4 representing the computed distances between
transmitters and receivers, and T1, T2, T3, T4, and R representing the LED transmitter and receiver, res@attively [

Principle

The distances between the receiver and multiple LEDs form spheres in a
3D space (or circles in 2D). The receiver’s position lies at the intersection
of these spheres.
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Mathematical Model
Given the positions of LEDs 1G- Ig- ¥ and their distances to the receiver
3s the equation is given as

1G GP?,1H HP? 1l 19%=35- 8 12-eee—= (25)

These equations are solved simultaneously to detera@ieHS; Ithe
position of the receiver.

Advantages

High accuracy with su cient LEDs.
Robust to environmental noise when using ToF-based measurements.

Disadvantages
Requires precise synchronization between transmitters and the receiver
for ToF.
Complexity increases with the number of transmitters.

C. Triangulation. Triangulation determines the receiver’s position using angular
measurements from multiple LEDs. It relies on the AoA of the signals at the
receiver.

Figure 2.9: Principle of positioning based on triangulation, using three reference points: A, B, and C. Assume that the known
coordinates aré- 1—.1°, 1- ,—.,°, and?!- 3—.3°, respectively, from the target point, where' 1,"' 2, and' 3 are respective
distances. Each circle designates the area within the measured radius from a reference node. The intersections oficircles at
yield an approximate position of the target in an indoor environnignt [

Principle

The angles between the receiver and at least two LEDs form a geometric
triangle. The receiver’s position is calculated by solving for the intersection
of angular lines of sight.
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Mathematical Model
If the LEDs are located &iG— kP and'G— K, and the measured angles
are\ 1 and\ »

o= HH o B 2
Solving these equations yields the coordindtes4bf the receiver.
Advantages
Does not require precise distance measurements.

E ective in environments with known angular reference points.

Disadvantages
Requires precise angular measurements, which may be a ected by
noise and receiver orientation.
Less robust in NLoS conditions.

D. Fingerprinting. Fingerprinting is a data-driven approach that maps environ-
mental signal characteristics to known locations through a training phase. It
uses RSS or Channel State Information (CSI) as ngerprints.

Tagging

()

Station A Station B

Figure 2.10: Diagram illustrating the principle of indoor positioning using ngerprinting. In this method, the position of the

two stations and is known. The target device (tagging) measures the angles of airivahd\ 7, at these two stations.

The angle measurements obtained are used to estimate the position of the target device by triangulation. Essentially, it is an
approach mainly based on angular measurements and known locations of reference points, which determines a position of a

target in indoor spacesfy.

Principle

During the training phase, a database of signal ngerprints and corre-
sponding locations is created. During positioning, the RSS or CSI of the
receiver is compared to the database to nd the closest match.
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Mathematical Model
The location is determined as

Weceiver= arg rrginkRSSeceiver RSSk (2.7)

where RSS represents the stored ngerprints, and the minimization
identi es the closest match.

Advantages

Highly accurate in complex environments.
E ective in NLOS scenarios.

Disadvantages

Requires extensive training and a well-maintained ngerprint database.
Computationally intensive for large-scale environments.

2.3.3 Ranging Approaches

Identifying the distanced) between the transmitter and receiver is the primary
objective of ranging, a basic procedure in indoor positioning systems. In VLC systems,
ranging may be based on examining signal characteristics, time-based measures, or
received signal intensity. Depending on accuracy, complexity, and environmental
considerations, each range technique has certain bene ts and is appropriate for
particular situations. The most popular range methodologies are covered in the
parts that follow, together with their underlying ideas, mathematical expressions, and
applications.

A. RSS-based ApproachesRReceived signal strength is one of the easiest methods
for estimating distance in VLC systems. The basic principle of RSS-based range
estimation is inspired by the inverse square law of light propagation, where the
received signal intensity decreases with the square of the distance away from
the source. Distance between the transmitter and receiver can thus be inferred
by measuring strength of the received light sigrid [

Mathematically, the received pow is related to the distanc®as

0, o

o = %cos< 19°) gtk °61k ° costk © (2.8)
where%is the transmitted power, and other terms represent factors like the
PD area (), angles of irradiance and incidenapg-(K), and optical Iter gain.
Rearranging this equation allows for the estimatior8BoMhile RSS-based
methods are simple to implement and require no additional hardware, they are
sensitive to environmental noise and multipath e ects, which can distort signal
strength measurements, especially in NLoS conditions.
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B. Time of Arrival (ToA). ToA is a more precise ranging approach that calculates
the distance based on the time taken by a signal to travel from the transmitter to
the receiver. Since the speed of ligh} {s a known constan8( 10°m/s), the
distance can be directly computed using the formula

3=2 C (2.9)

whereCis the propagation time. ToA requires synchronized clocks between the
transmitter and receiver to accurately measure the transmission and reception
times,Gand@, respectively, with

G G (2.10)

Itis a very accurate technique, especially in environments with little interference,
but at the cost of added complexity due to the need for precise synchronization.
In real-world applications, clock drift and noise further a ect the reliability of
ToA measurements.

C. Round-Trip-Time (RTT). RTT is a variant of ToA that does not require
synchronized clocks; it measures the total time taken for a signal to travel to the
receiver and back to the transmitter. This approach is based on the formula:

_2 G
2

where GrT Is the measured round-trip time. RTT is independent of clock
synchronization, so it results in a more simple and hence robust implementation
against inaccuracies in timing. This technique requires extra hardware at the
receiver for processing and sending the received signal back. Moreover, the
accuracy degrades as the distance becomes very small, due to the limitation in
hardware timing resolution.

3 (2.11)

D. Time Di erence of Arrival (TDoA). TDoA estimates the position of the
receiver based on the relative time di erences of signals received from multiple
transmitters. Unlike in TOA or RTT, which rely on measuring absolute times,
TDoA makes use of the di erences in arrival times between pairs of transmitters.
The basic principle can be expressed as

3=2 C (2.12)

where Cis the di erence in arrival times, and3 represents the di erence in
distances from the receiver to two transmitters. When combined with geometric
positioning techniques such as multilateration, TDoA provides highly accurate
localization in environments with multiple synchronized transmitters. This
method is particularly e ective in real-time tracking applications but requires
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precise synchronization among all transmitters to ensure accurate time di erence
measurements.

Each of the ranging methods has di erent trade-o s with respect to accuracy,
complexity, and adaptability in di erent environments. RSS-based methods are
simple and cheap but su er from poor performance in noisy environments. ToA
and RTT reach higher precision, especially for long-distance applications, but
they rely on high-level timing mechanisms. TDoA combines all the strengths of
time-based methods and geometric positioning techniques, thus being ideal in
high-precision systems; however, it requires a tight synchronization between
multiple transmitters. A ranging approach is chosen based on an application’s
speci ¢ needs relating to accuracy, real time, and system complexity.

Technology
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Figure 2.11: Classi cation of Indoor Positioning Technologies. The diagram categorizes technologies into Radio Wireless,
Optical Wireless, and Sound-based methods. Optical Wireless technologies are further subdivided into LED and LASER-based
systems, with a focus on Visible Light and LiDAR. Within Visible Light, key methods include Single Carrier and OFDM-based
techniques. The highlighted blocks represent the areas of focus for this thesis, speci cally Visible Light communication using
LED, OFDM-based approaches, multilateration, and RSS-based ranging.

A classi cation of indoor positioning technologies is shown in Figure 2.11 and
points to the main interests in this thesis. As opposed to the traditional RF-based
systems, the focus of interest here is on the OWC systems, speci cally on the LED-based
VLC, as described in Chapter 2. The detailed state-of-the-art review is discussed in this
chapter, which also introduced the latest status of VLC-based IPS. The chapter pointed
out that VLC systems have advantages over RF-based approaches in their immunity
to electromagnetic interference, the possibility of higher spatial resolution, and their
ability to send data in addition to lighting. Throughout the chapter, discussions on
principles of IPS and methodologies of ranging, including estimating distances through
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signal parameters, along with mathematical formulation to make a strong theoretical
backbone, were presented. The discussion showed some of the challenges confronted
in VLC-based positioning approaches with characteristics of the channel, interference
from ambient light, and attenuation of a signal. These approaches are selected that
could avail high accuracy and reliability in indoor environments. The study narrows
down to the highlighted areas to enable the addressing of certain challenges and
opportunities within the domain. The subsequent chapter discusses OFDM-based IPS
using VLC, with particular focus on CSI, impact of LED response on the CSI, and
distributed MISO system in VLC. These will be elaborated on further in the next
chapter, focused on the application of OFDM in VLC-based IPS. These technical
advancements are discussed with a view to enhance IPS precision and scalability
further to develop innovative solutions in this domain.
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3 VLC Indoor Positioning using OFDM-based Wave-
form

3.1 Overview of OFDM-based Communication Systems
3.1.1 Introduction to OFDM

Orthogonal Frequency-Division Multiplexing (OFDM) is a multicarrier modulation
technique that has been widely used in both Radio Frequency (RF) and Visible Light
Communication (VLC) wireless communication systems. One of the main advantages
of OFDM is the e cient use of the spectrum and the mitigation of frequency-selective
fading and Inter-symbol Interference (ISI). In OFDM, the available bandwidth
is divided into multiple orthogonal subcarriers, each modulated with a low data
rate stream, ensuring that each subcarrier experiences relatively at fading even in
frequency-selective channels.

The main characteristic feature of OFDM lies in its orthogonality between sub-
carriers, which prevents Inter-Carrier Interference (ICl) even when subcarriers are
closely spaced. This orthogonality is achieved in practice using the Inverse Fast
Fourier Transform (IFFT) at the transmitter side and the Fast Fourier Transform (FFT)
at the receiver side. The IFFT converts frequency-domain Quadrature Amplitude
Modulation (QAM) data symbols into a time-domain signal, enabling simultaneous
transmission of data on multiple subcarriers. At the receiver, the FFT operation
reverses this process, recovering the individual QAM data streams on each of the
orthogonal subcarriers.

The strong robustness that OFDM has against multipath propagation, as well as
its potential to provide high spectral e ciency, have made it the modulation scheme
of choice for applications such as Wi-Fi (IEEE 802.11), 4G/Long-Term Evolution
(LTE), and 5G/New Radio (NR) in radio wireless communication systems, as well
as emerging optical wireless communication systems. In VLC, OFDM addresses
challenges such as limited modulation bandwidth and low-pass response in LED
transmitters, enabling high-speed data transmission over light chaBggls [

3.1.2 Channel State Information

Channel State Information (CSI) describes the frequency-selective e ect that the
wireless (RF/VLC) channel adds to the transmitted signal, which characterizes the
amplitude and phase changes caused by the communication medium. In an OFDM
system, CSl is essential for correct demodulation of the transmitted QAM symbols on
the di erent orthogonal subcarriers. In the absence of knowledge about the frequency-
selective response of the wireless channel, the receiver cannot recover the data stream
with high accuracy.

Mathematically, the CSI can be viewed as a complex gain denoted By for
each subcarrier centered around frequeboy the OFDM system. This gain captures
the mean path loss and the frequency-selective multipath fading components of the
wireless channel. Then, the received signal for a subcarrier can be expressed as
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L1z 15 15 #1gp (3.1)

where:
. 15%is the received signal at subcarrigr
- 15° s the transmitted symbol at subcarrigr
1 5% is the CSI for subcarrieb,
# 1 5° is the noise component.

At the receiver side, CSI is estimated using known pilot symbols embedded
within the OFDM signal. These pilot symbols, which have prede ned values, are
transmitted alongside data symbols on speci ¢ subcarriers. The receiver compares the
received pilot symbols to their known values to estimateé® for each subcarrier.

Once the CSl is estimated, it is used to equalize the received signal and recover the
transmitted symbols. Pilot-based CSI estimation is widely used due to its simplicity
and e ectiveness in both RF- and VLC-based wireless communication systems.

CSil can be seen to form a precise snapshot of the characteristics of a channel, in
particular in those scenarios when the channel is frequency-selective due to multipath
propagation or low-pass response due to slow time response of phosphor-converted
white LEDs: di erent frequencies of the signal experience di erent attenuation and
phases. The response of a channel is, therefore, not uniform along the frequencies,
and the CSI forms this variability.

For OFDM, the gain of the channel* 5° for each subcarrier re ects the frequency-
selective behavior of the channel. In VLC systems, this information can be critical
due to potential channel degradation caused by sources such as:

1. Line-of-Sight (LoS) Dominance.There is a higher gain along direct paths
when compared with re ected paths. This distance-dependent e ect is modeled
as a constant value of CSlI gain for all the subcarriers.

2. Re ections and Multipath E ects. Re ected paths include additional gains
and delays, causing constructive or destructive interference at the receiver.
This multi-path fading component is not notable in LED-based optical wireless
communication systems, especially when the bandwidth of the transmitted
OFDM signal is not similar to the coherence time of the indoor wireless channel.

3. LED Bandwidth Limitations. The low-pass response of LEDs a ects higher-
frequency subcarriers more signi cantly, causing CSI values to vary across
the spectrum. This is the main e ect that we aim to tackle with the use of
OFDM-based waveforms, as di erent LED models will have a di erent kind of
low-pass response.
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In VLC-based indoor positioning, the CSI plays an important role in the location.
The unique frequency-selective response of the channel at di erent locations can be
mapped into particular positions of the photodetector relative to the LED transmitters.
For instance, changes in the amplitude and phase of CSI within subcarriers can indicate
distance and angular alignment between the transmitter and recgjer [

3.2 Distributed Multiple-Input Single-Output System
3.2.1 Introduction to Multiple-Input Single-Output

A communication system with several transmitters interacting with a single receiver

is represented by the Multiple-Input Single-Output (MISO) paradigm. This method
uses the separate pathways between transmitters and receivers to take advantage of
geographical diversity in order to improve system performance and reliability. MISO
employs just multiple transmitters, which simpli es receiver design while still o ering
notable performance bene ts, in contrast to Multiple-Input Multiple-Output (MIMO),
which makes use of multiple transmitters and receivers. Since the MISO idea is
widely used in a variety of contexts, including RF communication systems and optical
wireless systems, it has established a reputation as one of the most adaptable methods
in contemporary communication research and applicati®rs [

Transmitter N Receiver

Figure 3.1: An illustration of a Multiple-Input Single-Output (MISO) optical wireless communication system. While the receiver
utilizes a single antenna to gather and interpret incoming information, the transmitter uses several antennas to send optical signals.

In MISO systems, the received signal can be modeled as
G
H= &, = (3.2)

g1
where

# is the number of transmitters,

grepresents the channel gain from 8th transmitter to the receiver,
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Gis the transmitted signal from ti&th transmitter, and
=is the additive noise at the receiver.

This model enables the exploitation of spatial diversity, which is particularly
bene cial in VLC environments due to the dominant role that LoS propagation plays
in this situation 4], [87]. Path loss, fading, and other propagation factors unique to
the transmitter-receiver connection are considered by the channel gain,

Large-scale transmitter deployment would go a long way to reduce interference and
fading; thus, MISO is said to increase the dependability in signal transmission. Again,
the system gains increased data rates with improved spectral e ciency based on the
spatial diversity principle. The ability of a MISO system to provide communications
reliably in dynamic scenarios-a common indoor space or with any mobility-is achieved
as its ability to adapt to varying channel conditioBS][

MISO systems have widespread applications in RF communication, especially
when one is concerned with dependable downlink communications: cellular networks,
WiFi systems, and satellite links. In the context of RF applications, multiple input
single output techniques rely on antenna arrays to send independent data streams or
redundancy for improved signal reception and lower error r&@s [

3.2.2 Benefits of Distributed MISO for Positioning Accuracy

Major bene ts of the distributed MISO system could be the potentially improved
reliability of data transmission and positioning accuracy within communication
networks. These systems exploit multiple spatially distributed transmitters together
with a single receiver for achieving spatial diversity, which would further enhance
performance. Spatial diversity ensures that even when one path of the signal is blocked
or interfered with, the others can compensate and maintain robust communication
with accurate localization.

The most important advantage of the distributed MISO systems is the possibility
of taking advantage of the cooperation of several transmitters. These are typically
placed in strategic positions, and coordinated signals are transmitted by these that
reach the receiver due to constructive interference, hence improving signal quality.
Not only does this serve to improve the data rates and simultaneously reduce the bit
error rate, but it also allows reliable communication in dynamic environments caused
by obstacles and re ections that act on the signal’s propagation.

In the case of distributed MISO, positioning accuracies can be much higher
during positionings, by using methods such as multilateration and ngerprinting. In
multilateration, the receiver position is estimated based on the distances from each
transmitter, computed with parameters such as channel gain or signal strength. In
contrast, ngerprinting relies on a comparison of the pattern of observed signals with a
database of pre-recorded reference measurements, which allows highly accurate local-
ization even in obstructed or otherwise complicated environments. These combinations
in distributed MISO systems result in better robustness against Non-Line-of-Sight
(NLoS) and higher positioning accuracy.
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The application of advanced modulation schemes like OFDM or s Filter Bank
Multicarrier with O set Quadrature Amplitude Modulation (FBMC-OQAM) has
pushed even the limits of distributed MISO systems. These methods reduce ISI and
further permit e cient data transmission. In fact, distributed MISO arrangements
based on FBMC-OQAM have turned out to be very promising for increasing the
data rate while reducing the bit error rate in several applications, ranging from
communication networks to indoor positioning with high accurddy.|

Distributed MISO systems o er a strong basis for applications needing dependable
data transport and accurate localization by tackling typical issues including signal
blockage, multipath interference, and dynamic settings. They are a useful technology
in elds including industrial automation, wireless communication, and navigation
because of their versatility and adaptability.
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Figure 3.2: Proposed OFDMA-based indoor positioning system using a MISO VLC setup

3.2.3 System Architecture and Configuration

Generally, the MISO system comprises a number of transmitters and one receiver, prop-
erly designed in an attempt to attain very high performance both in data transmission
and positioning accuracy. This architecture begins with the transmitter being spatially
dispersed, for instance, antenna arrays that are operating to provide coherent signals.
These are the independently functioning but synchronized transmitters that supply
coherent signals. Synchronization involves aligning both the amplitude and phase
of transmitted signals so that they combine constructively at the receiver, enhancing
signal quality and robustnesg7].

All these assume that the transmitters are spatially distributed properly to realize
optimum system performance. Proper placement provides diverse propagation paths
and reduces the impact of blockage on signal coverage in either very large or complex
environments. Advanced modulation techniques like OFDM or On-O Keying (OOK)
use e cient data encoding for the system to provide capacity to cope with high data
rates and severe conditions.

On the receiving end, all the signals from the transmitters come together and
are processed through a single high-sensitivity receiver. This receiver changes the
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incoming signal into electrical data using advanced algorithms that determine the
information transmitted and the position of the receiver. CSlI plays a central role in
this process. Pilot symbols from each transmitter can enable the system to estimate the
channel gain for every transmitter-receiver pair. This makes the receiver dynamically
compensate for channel conditions to ensure a good enough data recovery necessary
for reliable position determination.
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Figure 3.3: lllustration of the pilot subcarriers, located within an Orthogonal Frequency Division Multiplexing (OFDM) frame

for a VLC-based indoor positioning system. The upper part indicates the positions of the pilot subcarriers (marked by arrows)
within the OFDM spectrum, ranging from subcarrier indices -26 to +26, while the corresponding amplitude spectrum is shown
below. Pilots help in channel estimation and synchroniza®&h [

Coherent transmission is among the cardinal characteristics of distributed MISO
systems. Temporal synchronization of signals transmitted in a spatially distributed
fashion is performed in a manner that they coherently align constructively at the
receiver through appropriate control algorithms which take into consideration spatial
and temporal system characteristics. Algorithms for processing CSI such that it may
allow robust communication and exact localisation even in occluded, re ected, or
non-line-of-sight environments are feasible.

It can be further improved by the combination of multilateration together with
ngerprinting. The former is based on the estimation of the distances from each
transmitter by using either CSI or signal strength in order to triangulate the position
of the receiver with high accuracy. The latter can give a very robust approach for
localization in an environment that has complex propagation characteristics. This big
combination of widely separated distributed transmitters with sophisticated algorithms
guarantees that in real conditions, a distributed MISO system would reach high
accuracy in positioningd9].

Another key feature of the distributed architecture in MISO systems is scalability.
Within a system, more transmitters can be added to extend the coverage area or
improve performance. It is this scalability that makes the distributed MISO systems
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excellent for applications ranging from smart home systems to industrial automation
and commercial navigation. Their applicability in a wide range of scenarios, while
keeping the robustness of communication and localization, is what makes them
valuable as a versatile and strong solution.

3.3 OFDM in VLC Systems

OFDM has recently been presented as a very promising technique for VLC systems,
o ering high bandwidth utilization e ciency and strong capability of mitigating
frequency-selective channels. However, signi cant di culties arise when trying to
apply OFDM to VLC because of unique characteristics related to the VLC channel
such as the low-pass response and constraints in the modulation bandwidth of LEDs
and its nonlinear response. Below, we go into detail on these aspects, emphasizing
how they impact system performance and provide practical examples to contextualize
the challenges.
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Figure 3.4: The block diagram illustrates a traditional OFDM transceiver model. In the transmitter part, the input signal passes
through a stream tagging module, followed by a Cyclic Redundancy Check (CRC) adder, packet header generation, OFDM carrier
allocation, cyclic pre x insertion, and transmission via a USRP with a blinking LED. On the receiving side, the signal is detected

by a photodetector and processed through some complementary operations: FFT, channel estimation, frame equalization, and
constellation decoding to recover the original signal. Key components involved in signal processing and ow when using an
optical OFDM communication system.

3.3.1 Estimation of the Low-Pass Response of the VLC Channel using CSI

The nature of the VLC channel is low-pass by nature due to optical components and
physical properties of LEDs, which will be described next. This low-pass response
attenuates high-frequency components more strongly; thus, maintaining high-speed
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data transmission without degradation remains challenging. CSI characterizes the
frequency-dependent response of the VLC channel, which carries amplitude and
phase variations across the subcarriers in the OFDM system. Mathematically, the
relationship between the transmitted and received signals in the frequency domain is
expressed same as in equation (3.1).

InVLC, 15°captures the attenuation and phase shifts imposed by the low-pass
nature of the channel. For example, a white LED with a modulation bandwidth of 2
MHz will exhibit signi cant attenuation for subcarriers above this cuto frequency. CSI
estimation enables the receiver to compensate for these distortions through equalization
techniques such as Zero-Forcing (ZF) or Minimum Mean Square Error (MMSE)
equalization, thereby reconstructing the transmitted signal with higher quadity [

3.3.2 Impact of LED Response on VLC Performance

Performance in VLC systems signi cantly depends on the dynamic response of
the LEDs used as the main source of illumination and simultaneously as a signal
transmission medium. The intrinsic characteristics of LEDs mean they act as low-pass
Iters, where their modulation bandwidth determines the upper range of frequencies
that can be conveyed e ectively. This limitation a ect the achievable data rates for
VLC systems, speci cally using white LEDs with phosphor layers for color conversion.
These layers introduce extra delays in the emitted light and reduce the ability of the
system to handle high-frequency modulations. For example, typical white LEDs have
a 3-dB modulation bandwidth of 2-3 MHz, limiting the possibility of supporting more
than a few Mega bits per second (Mbps).

Another critical issue is the non-linear e ciency of LEDs for higher-order driving
currents. Operating the LEDs at a higher level of current results in output optical power
that is non-linear, causing inter-modulation distortions that a ects the transmitted
signal. OFDM systems are especially intolerant to this kind of distortion, as many
di erent subcarriers are typically modulated simultaneously. This will, for instance,
produce an amplitude distortion for a white LED transmitting a 10 MHz OFDM
signal because of the nonlinear response, thus, degrading the received Signal-to-
Noise Ratio (SNR). To mitigate this impairment, precompensation techniques at the
transmitter are often employed to predistort the LED nonlinearities, while advanced
modulation schemes such as adaptive OFDM optimize system performance, taking
into consideration the frequency response of the LED. In addition, the use of blue
LEDs without phosphor layers, which have been showing broader bandwidths of up
to 20 MHz in some cases, is escalating for high-speed VLCs. The trade-o involves
illumination quality, and because of that, it remains con ned to certain scenarios of
data-centric application94].

3.3.3 Analysis of Bandwidth and Response Time of the LED

The bandwidth and response time are the basic parameters de ning the suitability
of LEDs in VLC systems. The modulation bandwidth of an LED de nes a range of
frequencies that may be e ectively modulated by an LED. White LEDs typically
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Figure 3.5: Nonlinear response of a LED, representing the dependence of the output optical power on the drive current. This
gure identi es the linear operating region, DC-biasing poiny¢— %c) and maximum output optical powe¥gax) at the
maximum drive current (hax). The DC-biasing point should be chosen within the linear region for e cient and distortion-free
signal modulation in optical communication syster®3][

exhibit a modulation bandwidth of 2 3 MHz, constrained by the slow time response
of their phosphor layers. These layers, which convert blue light to yellow in order to
produce white light, introduce delays that act like a low-pass Iter, which attenuates
high-frequency components of the signal. In contrast, blue LEDs, without phosphor
layers, can achieve much higher bandwidths of as much as 20 MHz, making them more
suitable for higher data speed VLC-enabled applications. Yet, the limited spectrum
compromises their quality of lighting, and therefore they can hardly tinto an area
where illumination is a signi cant factor.

The response time, which may be de ned as the transition time for an LED power
level, also plays an important role in determining the maximum data rate of the
VLC system. Correspondingly, with longer response time, there will be I1SI, due to
high modulation speed, where the LED has insu cient time to change completely to
di erentiate between consecutive symbols. For instance, a white LED with a response
time of 1 microsecond may not modulate signals beyond 1 MHz without signi cant
ISI, thus, degrading the performance of communication. To overcome this limitation,
researchers have developed advanced LED designs, such as micro-LEDs and organic
LEDs, that boast faster response times and broader bandwidths. Micro-LEDs have
achieved data rates of over 1 Gbps in certain experiments under ideal conditions,
and thus can be a hopeful candidate for next-generation VLC systems. These recent
improvements highlight that the LED technology needs optimization to overcome
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inherent bandwidth and response time limitations, especially if VLC is to ful Il the
requirements of modern communication netwoi$s [

3.4 Distributed MISO in VLC System
3.4.1 Multiple-Input Single-Output (MISO) in VLC

Multiple LEDs acting as transmitters and one photodetector serving as the receiver
constitute a MISO con guration. Geographical diversity has also been explored
to enhance signal reliability as it reduces interference and thereby can allow for
higher data rates. Indoor MISO con gurations are, therefore, very practical since
the LED lighting infrastructure is already available in most cases, and there can be
easy implementation of a dual-purpose system serving the purpose of illumination
as well as communication. The MISO drives several LEDs, obtaining signals with
or out-of-phase relations, making it strong at the system and acquiring constancy
in performance under di erent cases of obstruction of signal re ection. Bene ts of
Distributed MISO for Positioning Accuracy By the principle of distributed MISO
con gurations, where multiple LEDs spatially separated work cooperatively, the
positioning accuracy in VLC systems can obtain much improvengst [

3.4.2 Benefits of Distributed MISO in VLC for Positioning Accuracy

Spatially diverse distributed transmitters give rise to unique channel characteristics
for each link between transmitter and receiver. Precise localization can thus be
achieved through methods such as multi-lateration and ngerprinting. For example,
in a scenario where L0S is obstructed, the systems can use the NLOoS components
from re ections to help maintain accurate positioning. Advanced models, which
merge the prediction and ngerprinting algorithms, have shown enhanced positioning
in shadowed conditions and hence mitigate the e ects of LoS blockages. These
resiliencies make D-MISO systems ideal for complex indoor scenarios such as smart
homes and industrial automatic®].

3.4.3 System Architecture and Configuration

In a distributed MISO VLC system, LEDs are positioned around the space thoughtfully
to provide consistent coverage and reduce interference. Each LED can transmit either
identical signals or signals intended for constructive combination at the receiver,
increasing the total received power and lowering bit error rates. The receiving end of
such transmission will collect optical signals by using a sensitive photodetector and
thus will extract the sent data through proper demodulation. For more e cient data
transmission by e ectively using bandwidth, the modulation schemes in such systems
are usually complex, such as FBMC-OQAM.

The proposed 4x1 MISO VLC system using FBMC-OQAM represents aremarkable
improvement in terms of data rates and error performance, hence promising a good
candidate for prospective VLC applications. In addition, besides communication,
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the architecture of the system will grant accurate indoor positioning. It will run the
estimation of its position by operating an algorithm, for example, multilateration,
based on the link of the multi-transmitter-receiver CSI analysis. Its distributed nature
ensures high accuracy even in dynamic environments where obstacles or interference
may compromise individual link<p].
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Figure 3.6: Block diagram of the proposed multi-transmitter OFDM transceiver model: the transmitter section processes the
input in steps: stream tagging, addition of CRC, packet header generation, OFDM carrier allocation, and splitting for parallel
transmission via multiple LEDs-LED1 and LED2. Each transmitter path consists of IFFT, insertion of cyclic pre x, and
up-conversion before being transmitted via a USRP. The combined optical signals are captured by the photodetector on the
receiver side and are processed through the complementary operations, which include down-conversion, FFT, channel estimation,
frame equalization, and constellation decoding, in order to reconstruct the original signal. This architecture will enable enhanced
performance due to multiple transmit paths in optical OFDM communication systems.

To summarize, the use of OFDM signals for estimating the time varying channel
in reception is important for e ectively implementing VLC systems. Through the use
of OFDM, frequency selective channel impacts can be treated separately owing to
subcarrier's orthogonality and the frequency response of the channel can be described
accurately. In the proposed OFDM transceiver model with multiple transmitters for
this thesis, the OFDM frame is formed such that it has even and odd subcarriers which
are sent through two di erent LEDs. This division is important for accurate channel
estimation and helps in separating the contribution from each LED. Both the even
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and odd subcarriers act as pilots for estimating the channel gains corresponding to
each of the LEDs, enabling the receiver to capture the CSI corresponding to both the
transmission paths. To this end, precise equalization of the received signal in such a
way that distortion due to the VLC channel is compensated for can take place, which
usually depends on the response characteristic of LEDs, bandwidth, and the low-pass
nature of the optical channel.

It exploits the peculiarities of each LED by dividing the OFDM frame into these
two parts, such that the overall signal is robust and resilient to the imperfections of
the VLC channel. This will enhance positioning accuracy beyond the traditional
MISO con gurations where diversity and spatial multiplexing are mainly used. Thus,
OFDM combined with the division of subcarriers for transmission over multiple LEDs
provides a powerful mechanism in both communication and positioning for indoor
environments, o ering signi cant improvements in performance and accuracy for
VLC systems.
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4 GNU Radio and USRP

4.1 GNU Radio
4.1.1 Introduction

GNU Radio is a open (license-free) software toolkit that has been developed in order
to make the development, simulation, and testing of communication systems easier.
The major application of this is in Software-De ned Radio (SDR) implementations.
GNU Radio also allows easy formation of custom signal processing pathways as per
needs using its modular and exible framework that is highly adaptable for research,
education, and prototyping. Thanks to the complete suite of signal processing
blocks that it includes, GNU Radio has become a cornerstone in several advanced
communication studies, from the prototyping of traditional radio communication
systems to modern cutting-edge Visible Light Communication (VLC) systé8js [

Atits core, GNU Radio has the ability to create signal ow graphs that represent the
desired signal processing operations of the data-carrying signal, including modulation,
demodulation, Itering, and equalization, among others. These GNU Radio owgraphs
are constructed out of prebuilt or custom-designed signal processing blocks written
in C++ for computational e ciency, whereas Python bindings can also be used to
provide high-level control of the graphs. The GNU Radio architecture balances ease
of use and performance, making it a tool accessible to both beginners and advanced
users L07].

Probably, one of the greatest bene ts derived from GNU Radio is the environment
of graphical programming known as the GNU Radio Companion (GRC). The GRC
gives a friendly drag-and-drop interface in which the user may con gure di erent
signal processing blocks and interconnect them to form di erent owgraphs, lowering
system setup complexities and further reducing complicated code-based programming.
This is also much convenient in rapid prototyping and academic ca88&s [

4.1.2 Key Features of GNU Radio

The arguably most distinctive feature of GNU Radio is the ability to implement
baseband signal processing, which is a central feature for both SDR and VLC systems.
More generally, GNU Radio can either simulate signals entirely in software, or
operate in real time if it is connected to the hardware frontend that is needed for a fast
prototyping. GNU Radio works ne with hardware platforms, such as the Universal
Software Radio Peripheral (USRP), for real-world experimentation; it can also be
used as a pure software simulation platform to allow users to simulate communication
networks without additional hardware. The exibility of GNU Radio means thatitis in

a prime position for various applications, including system testing, channel modeling,
and spectrum sensing.

Another important feature of GNU Radio is that it includes a vast library of
modulation and demodulation signal processing blocks, such as Orthogonal Frequency
Division Multiplexing (OFDM), Phase-Shift Keying (PSK), and Quadrature Amplitude
Modulation (QAM).

50



The extensive library of signal processing blocks in GNU Radio is one of its key
aspects, which cater to tasks such as

Modulation and demodulation. GNU Radio supports modulation schemes
like OFDM, PSK, and QAM. These modulation schemes can be easily utilized
to estimate the performance of many commercial wireless communication
technologies, such as Wi- , 4G LTE and 5G NR.

Filtering. GNU Radio implements di erent Finite Impulse Response (FIR)
and In nite Impulse Response (lIR) Iter blocks, which can be used, e.g., to
compensate the low-pass response that VLC system frontends provide due to
the limited time response of LEDs with the aid of pre- and post-equalization in
transmission and reception, respectively.

Noise addition and channel modelingGNU Radio simulates realistic signal
conditions that may be relevant to estimate the communication range of di erent
wireless communication systems.

Data source and sink integration.GNU Radio supports les, sockets, and
hardware interfaced p3.

4.1.3 Applications of GNU Radio in Communication Systems

Many di erent areas of applications have been found by GNU Radio. In research,
this tool is utilized in the realization of high-end technologies, namely Multiple-Input
Multiple-Output (MIMO) systems, OFDM, and Cognitive Radio Network64).

In education, this can provide a real teaching aid in understanding the concepts of
Digital Signal Processing (DSP) and wireless communications. Due to its modular
and open-source nature, this helps both researchers and students alike because changes
in the program, coupled with extensions, can easily be done with much latitude.

The VLC system implementation in this MSc thesis employs GNU Radio to
model and analyze the properties of the optical wireless channel, OFDM modulation
implementation, and the estimation of CSI. The value of this tool for the developers of
the VLC system is simply priceless since it can be used to realize limitations imposed
by bandwidth LED, multipath e ects, and nois&(1].

4.2 Universal Software Radio Peripheral
4.2.1 Introduction

USRP stands for Universal Software Radio Peripheral, which is the hardware device
developed by Ettus Research. USRP is supposed to serve as a middle-range platform
for di erent SDR applications. The USRP connects the software with the physical
world, facilitating signals from the real world over a wide range of frequencies to
be sent and received. As explained above in Section 4.1.2, USRP is commonly in
use for research in industry and academia because it exhibits exibility, modularity,
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and is easily integrative using open-source software frameworks. It is an operating
open-source platform that facilitates communications system development and tests
but does not require substantial e ort in designing custom hardwid§.[

Inside the core, USRP integrates such advanced hardware components as Field-
Programmable Gate Arrays (FPGA), high-speed digital converters, combined with
modular RF front ends, the very factor that enables the modularity to let researchers
and engineers adapt this platform to cellular communications, satellite systems and
VLC, among other wireless technologies.

Signal Processing

\/ Datarate
CONVErSion @ +Zynchronization
t ] *Idodulation

TE. o GNU Radio
: FPGA
~TF Pl D

RF D7

i i | A *Timing :D emodulation
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Figure 4.1: Block diagram of SDR system utilizing the USRP N210 with CBX 1200-6000 MHz Rx/Tx daughterboards and
GNU Radio. The USRP hardware consists of RF frontends for transmit and receive signals, Analog-to-Digital (A/D) and
Digital-to-Analog (D/A) conversion on the motherboard, and an FPGA to handle data rate conversion and timing. The system
interfaces with GNU Radio through a Gigabit Ethernet connection that enables high-level signal processing tasks-synchronization,
modulation, and demodulation-on a personal computer. This example illustrates the versatile architecture of SDR systems for
various applications1j0€].

4.2.2 Key Features of USRP

USRP is a very sophisticated combination feature, and, hence, itrepresents an extremely
versatile solution for SDR system implementation. The operating frequency might
go from baseband to several GHz depending on the speci ¢ model of the employed
RF frontend, which in the USRP-related terminology is known as daughterboard.
Therefore, USRPs can be used for either low-frequency loT networks or high-frequency
mmWave applications.

Other unique characteristics of USRP are its ability to support very high-bandwidth
operations; some models provide bandwidth greater than 100 MHz and may act more
suitably for advanced systems like OFDM. Therefore, such bandwidths permit one to
transmit and receive, in real time, the developed high-data-rate signals that in VLC
research is very much sensitive to frequency respd@ge [

Modularity within the USRP architecture allows users to replace RF daughterboards
for di erent frequency ranges or con gurations; for example, the WBX daughterboard
is a general-purpose daughterboard, whereas the XCVR2450 targets Wi-Fi bands. This
greatly minimizes the need to have many pieces of hardware, since a single USRP can
cover a wide variety of use cases. In this MSc thesis, the LFTX/ LFRX daughterboards
have been used since they are designed for low-frequency applications, providing a
bandwidth range of 0 - 30 MHz and thus is appropriate for the implementation of
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the experimentation of VLC system in this MSc thesis. This choice ensures the best
possible performance in capturing and sending signals within the VLC frequency
range while using the versatility and modularity of the USRP platform.

4.2.3 Integration with GNU Radio

Most notably, USRP has complete, seamless integration with GNU Radio, which is an
open-source software toolkit for SDR. For that, in particular, GNU Radio provides a
framework for control and processing while USRP forms the physical hardware for
transmission and reception, hence together allowing very exible environments for
the prototyping of communication systems. Using the graphical interface GRC, users
can design and implement signal processing owgraphs, which are executed directly
on the USRP hardware. Putting these together allows for immediate experimentation
with algorithms, di erent modulation techniques, and even channel modeling in real
time in [107].

High-speed interfaces to USRP, like Gigabit Ethernet or USB 3.0, enable e cient
communication with the host computer running GNU Radio. The integration also
provides synchronized multi-device setups that enable applications like distributed
MIMO and studies of cooperative communication.

4.2.4 Applications of USRP in Communication Systems

The exibility of USRP makes it the foundation in a wide variety of applications

in wireless communications and beyond. In academia, it is applied in teaching the
basics in SDR and hands-on skills to students in designing and testing communication
systems. In research, USRP has been applied to many works in the following domains:

Prototyping of Wireless Communication.USRP is used in protocol testing
for 4G LTE, 5G NR, Wi-Fi (WLAN) and VLC. The exibility further provides

the ground to test in both the laboratory and eld with the purpose of ensuring a
robust performance analysis.

VLC. In LED-based Optical Wireless systems, a USRP is normally used along
with LEDs at the transmitter and photodetectors at the receiver. By generating
and processing OFDM signals, it allows for experiments on CSI estimation,
modulation optimization, and performance benchmarking.

Spectrum Sensing and Cognitive RadidJSRP is very well suited for cognitive
radio applications because it can sense dynamically the use of the RF spectrum
and adapt the transmit waveform to the bands that are found free of use in the
target service area. USRPs also allows for real-time monitoring of the spectrum,
interference detection, and adaptive transmission.

Multi-Antenna Systems.With synchronization capabilities, USRP supports
MIMO con gurations, thus enabling research in advanced topics such as
distributed communication and beamformirig§.
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4.3 System Design in GNU Radio

A system for VLC positioning can be designed in GNU Radio that involves the
development of an end-to-end signal processing pipeline, modeling data signal
transmission, channel characteristics, and reception. Such a system is accomplished
through a owgraph, showing the components of this system and how they interconnect.
This modular approach gives the possibility of easily changing and optimizing the
elements. Hence, represents a perfect t for iterative experiments on VLC-based
positioning.

The owgraph for VLC-based positioning is specially designed for simulating the
transmission of signals from LEDs, signal propagation through the VLC channel,
and their reception at a photodetector. The basic idea behind this modeling for
OFDM-based VLC is to conduct estimation of the position of a photodetector using
CsSl.

4.3.1 Implementation of the VLC Transmitter in GNU Radio

The transmitter rst initiates the generation of the signal through a Vector Source.
This block generates a payload data, which represents information in a form that needs
transmission. This payload is processed through the Stream to Tagged Stream Block,
which tags the data with metadata regarding frames identi cation. This step makes all
frames unique and, at any instance, identi able by the receiving end. Then, the Packet
Header Generator block adds headers to the data packets that carry the synchronization
information and metadata of packet alignment and further processing at the receiver.
In fact, these headers ensure robust synchronizations at transmission. The payload data
and headers are combined using the Tagged Stream Mux block. Following this, the
data are passed to the OFDM Carrier Allocator block, which | speci cally developed

as a critical component of this system. This block takes a center role in this process
since it performs the subcarrier allocation, splitting them into two parts: even and odd
subcarriers. This unique allocation approach | designed signi cantly enhances the
accuracy of CSl extraction at the receiver, helps portray the distributed MISO system
for this MSc thesis, and ensures superior system performance.

The signal then undergoes OFDM modulation. The FFT block changes the
signal from time domain to frequency domain, whereby subcarrier modulation can
be realized. A Cyclic Pre xer block adds redundancy to prevent ISI due to multipath
re ections, very frequent in wireless communication environments, which ensures that
even if delayed signals arrive, data can still be decoded correctly. The modulated signal
is then up-converted before transmission. The Float to Complex block converts the
real-valued signal into the complex format that is required for hardware transmission.
Finally, this signal is routed to the USRP Sink block, interfacing with the USRP
hardware, transmitting the signal via LEDs. The modularity of such blocks enables the
ne-tuning of parameters, such as FFT size, cyclic pre x length, and pilot allocation,
which may be tuned to suit a variety of conditions.

The VLC channel model is responsible for handling the medium over which the
signal propagates. Path loss, the e ective noisy signal, and multipath re ections
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are the real e ects of the channel model. In that sense, it will provide attenuation
and distortion all along its travel path to the input of the signal transmitted from a
transmitter to the receiver end. For VLC, the channel is also highly dependent on the
LoS propagation and the re ections that take place. The model includes parameters to
adjust the re ectivity of surfaces and add white Gaussian noise to better emulate real
indoor environments. This provides very good insight into how various environmental
factors will a ect both signal quality and positioning accuracy.
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Figure 4.2: (a) GNU Radio owgraph of the OFDM transmitter design developed for this study. This section illustrates the
generation and preparation of the payload data for transmission. The ow starts with the Vector Source block, where payload
data is created. It progresses through the Stream to Tagged Stream block for frame tagging, the Stream CRC32 block for CRC
generation, and the Packet Header Generator for adding synchronization headers. The data is further processed through the
Repack Bits block and combined with headers using the Tagged Stream Mux block. Symbol mapping is performed using the
Chunks to Symbols block, and pre-OFDM data is visualized through Virtual Sink blocks. This design showcases the custom
implementation of the transmission side in the OFDM system.

4.3.2 Implementation of the VLC Receiver in GNU Radio

This includes the USRP Source block, starts by reading the transmitted signal captured
from the USRP hardware and digitizes it. This digitized signal then passes through
the Low Pass Filters, eliminating high-frequency noise and interference and selecting
only the frequencies in the original signal of interest. The ltered signal is then
down-converted, which then passes through an FFT block to get it back to frequency
domain. This is the most critical stage, where individual subcarriers are extracted
and their respective spectral components analyzed. The receiver estimates CSI from
the subcarriers. The OFDM Channel Estimation block computes the Channel Gain
and Phase for every subcarrier, thus giving a detailed characterization of the VLC
channel. These CSI data are used by the OFDM Frame Equalizer block for correcting
the distortions at every instant of transmission.

The Packet header parser block ensures packet synchronization, whereas the
Cyclic Redundancy Check (CRC) block ensures the integrity of the payload data
that is transmitted. Therefore, the receiver synchronizes the packets accordingly and
checks for the accuracy of the received data. The Constellation Decoder block takes
the demodulated signal and maps the received constellation points back to binary
data. The owgraph also includes visual sinks to display the time-domain signal and
constellation diagram in real time, which is very helpful in debugging and verifying
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Figure 4.2: (b) GNU Radio owgraph of the second half of the OFDM transmitter design. This section highlights the
custom-designed multi-point processing stage (marked in red), which comes after the OFDM Carrier Allocator block. Here, the
subcarriers are divided into even and odd sets to enable the receiver to extract CSI e ectively. The uniqueness of the design
developed within this study follows the FFT, insertion of the cyclic pre x, and signal combining before it is transmitted through
the USRP Sink block. Red-marked area shows the advanced novelties of signal processing introduced in this transmitter.
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