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Abstract

Visible light communication (VLC) has gained attention recently as radio frequencies become increasingly
congested. VLC offers a promising alternative for wireless communication with several advantages:
It provides 10 times more bandwidth than traditional radio frequencies, is more energy-efficient and
secure, and can take advantage of the existing lighting infrastructure. However, VLC also has drawbacks,
such as its susceptibility to ambient light interference and its dependence on a clear line of sight
(LOS). When the receiver is obstructed, such as being placed in a pocket, the signal is blocked, and
communication fails.

We address one of the most important NLOS scenarios in VLC: when users place the receiver inside
the pocket. Our system places photodiodes on a 3D-printed vest to capture the optical data and then
forwards the information to the phone inside the pocket using near-field communication (NFC).

We introduce several optimizations to enhance the performance of LightVest. First, we develop a novel
method for optimizing photodiode placement on the vest using the Lambertian propagation model,
ensuring optimal angles for maximum signal reception. Additionally, we implement adaptive filtering
and threshold techniques to maintain reliable communication in dynamic environments, improving the
VLC system’s robustness against noise and movement. We also optimize the software to increase the
sampling rate, reducing processing times. These improvements result in a maximum data rate of 25
kbps and a range of 220 cm at a data rate of 5 kbps with a bit error rate of 0.025.

We enhanced the NFC link using techniques like Fast Transfer Mode and non-blocking 12C to achieve
a maximum data rate of 21 kbps. To facilitate user interaction with the LightVest, we developed an
Android application to control the microcontroller. In addition, it provides data visualization and
collection, significantly speeding up the debugging and experimentation processes.

Opverall, LightVest represents an advancement in extreme NLOS and wearable VLC, paving the way for
future innovations in secure and wearable VLC solutions. Future work could focus on improving the
performance of the VLC link by selecting a more powerful microcontroller, using enhanced filtering,
and adopting a more advanced modulation scheme. Future efforts could also include adding an uplink
to the system to complete the VLC setup and exploring alternative vest designs by using a vest or shirt
instead of a 3D model.
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Introduction

1.1. Introduction

Visible light communication (VLC) is a relatively new and upcoming wireless communication technique.
It uses visible light to communicate data wirelessly. A "spectrum deficit" in radio frequencies, especially
Wi-Fi, was expected because of the exponential growth of demand for wireless devices [18]. Because of
this, alternatives need to be researched to have reliable wireless communication in the future.

VLC can be a good alternative because of its many positive properties. It has 10x more bandwidth
compared to radio frequencies, from 430 MHz to 77 THz, more efficient energy consumption, more
security, no electromagnetic interference, and is not affected by Wi-Fi or cellular technologies (4G/5G/6G).
Furthermore, it can take advantage of the existing infrastructure, such as LED lighting, making it a
cost-effective solution.

However, VLC also has challenges. Issues such as light dimming, flickering, and the system’s
susceptibility to ambient light noise can decrease its performance. Additionally, VLC’s reliance on a
clear line of sight (LOS) between the transmitter and receiver is a significant limitation. When the LOS
is obstructed, whether by the environment or by something simple like a human body, communication
becomes very limited or non-existent. Examples of this are illustrated in figure 1.1.

=

Figure 1.1: NLOS in VLC: A: the body of the person blocks the LOS, B: Another person blocks the LOS, C: A structure blocks the
LOS, D: NLOS because the receiver is inside the pocket

Some papers have tried to find solutions for this problem, such as Cui et at., where they used the side
RF-channel created by the VLC [11]. Thus, they could still receive the data while the LOS is blocked.
However, this solution would not work if the transmitter is protected with electrical shielding. Beyens
et al. tried to solve the non-LOS problem by guiding users towards a direction where they obtain an
optimal VLC link, this is a good solution, but it needs a user-in-the-loop system [5].

However, none of these papers consider the problem that arises when users put the receiver in a pocket.
This thesis focuses on finding a solution to this extreme NLOS problem.
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1.2. Research questions

The main problem we want to solve is when VLC is ineffective because the receiver is in a pocket. The
main research question for this thesis is:

How to receive Visible Light Communication while having the receiver inside a
pocket?

Besides the main research question, there are other sub-research questions:

1. How can we design a solution to this problem?
2. Where do you place the receivers?
3. How do you design an efficient link?

4. How does the solution perform in a practical environment?

1.3. Contributions

The solution presented in this thesis is LightVest, a system that can streamline the data sent with
VLC to a phone while inside a pocket. This is achieved by using photodiodes placed strategically on
a 3D-printed vest to receive the data. A microcontroller then processes and transmits the data to the
phone using NFC. In figure 1.2 LightVest is visualized.

Figure 1.2: LightVest with its main components, including VLC link, NFC link, and a Android system with an app installed.
The LightVest consists of three main components: a VLC Link, an NFC link, and an Android App.

VLC Link

We apply multiple measures to find the optimal link. First, we use the Lambertian propagation model
to determine the best-performing angles of the photodiodes. Then, we optimize the link performance
with multiple techniques, such as filtering, adaptive and resetting threshold, and the MCU performance
is improved to reach a maximum sampling rate of 544 kHz.

NFC Link
For the NFC link, we improve the communication link by using Fast Transfer Mode, implementing a
non-blocking 12C, and buffering the received messages.
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Android System

Regarding the Android system, we have developed an application that can be installed on an Android
phone. With this Android App, LightVest can be controlled, speeding up the debugging process for
improving the VLC link and retrieving experiment results.

1.4. Environments

The LightVest has the potential to be used in a variety of indoor environments. For example, in settings
where the lighting infrastructure is already set up, it can be used as a transmitter for the system as the
downlink.

One important property of VLC is its inherent privacy. Light cannot penetrate walls, making VLC an
ideal option for environments that require secure wireless communication. This is particularly beneficial
in sensitive labs or military locations, where data security is important.

The LightVest is also useful to people who already have to wear work clothes, some examples can
be seen in figure 1.3. These clothing are already equipped with pockets for their phones, so an NFC
antenna could be placed behind the pocket to enable an NFC connection.

Figure 1.3: Examples for clothing with phone holders



Background

In this chapter, we provide background information about VLC to understand the choices we made
when implementing the NFC link.

2.1. VLC Transmitter

The transmitter in the VLC system modulates light to transmit information. We delve into different
transmitters, such as light-emitting diodes, screens, and passive light sources such as ambient light.

2.1.1. Light Emitting Diode

The most common type of transmitter in VLC is a Light-Emitting Diode (LED). LEDs are preferred due
to their ability to switch on and off at very high speeds, which is essential for fast data transmission.
There are multiple different kinds of LEDs, examples are Phosphor converted LEDs, Multi-Chip LEDs,
organic LEDs and Micro-LEDs [26]. Each has its unique properties and advantages. LEDs are widely
used in general lighting, which makes them a practical and cost-effective choice.

RGB LEDs are also frequently used in VLC systems. By modulating information across different colours,
they can transmit data through separate channels, increasing the data rate and enabling more complex
communication schemes.

2.1.2. Screens

Screens are another alternative for a VLC transmitter. They can transmit data by encoding data into the
screen’s pixels while making it invisible to the human eye [35, 23]. This technique can have a high data
rate, but it is often prone to noise and does not have a long range.

2.1.3. Passive light

Some research is done using passive light as a source for the VLC transmitter [36, 16]. Using sunlight,
those studies transmit data by modulating the polarization of the light. While this method is innovative,
it is still in the early stages of development and does not support high data rates.

In this thesis, we focus on using the existing lightning structure. Thus, LED is used as the transmitter
for our VLC system.

2.2. VLC Receiver

The receiver in a VLC system is a crucial component responsible for capturing the transmitted light and
converting it into an electrical signal for further processing. Various types of receivers can be employed,
each with advantages and limitations.
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2.2.1. Photodiode

A photodiode is one of the most commonly used receivers in VLC systems. It produces an electric
current when absorbing photon radiation, such as visible light or infrared. Due to its fast response
time, the photodiode is highly suitable for high-speed data communication applications, making it a
preferred choice in VLC systems [26]. The output signal can be retrieved using an Analogue-to-Digital
Converter (ADC) which can be further processed with a microcontroller or Field-Programmable Gate
Array (FPGA) to obtain the information being sent.

2.2.2. Camera

A camera can also function as a receiver by capturing frames of transmitted light. These frames can
be decoded using different methods to retrieve the transmitted data. However, the use of cameras as
receivers is limited by their relatively low response time, primarily due to the low frame rates that
cameras typically operate at. Additionally, the large amount of data that is generated requires significant
processing power. This can lead to high power consumption compared to photodiodes. Despite that,
they have the advantage of high spectral efficiency.

2.2.3. Alternative receivers
Research is also done into alternative receivers, such as solar panels [25] or an LED [17]. These options
are not viable for us because of their high complexity and low response times.

Ultimately, we will use photodiodes in this thesis because of their high bandwidth and small size, this
ensures that they can be placed on a vest without being too visible.

2_.3. Modulation

Modulation is the process of encoding information in a transmitted signal. In the context of VLC, several
types of modulations are possible. They can be differentiated into several types of modulation such as
amplitude-based, pulse-based, colour-based, and complex-based [2]. However, two key issues must
be addressed, dimming and flickering. Dimming occurs when the average intensity of light decreases
due to modulation. During the modulation phase, there are periods when the light is off, causing a
dimming effect. Flickering occurs when the frequency of the light is too low, causing visible fluctuations
in brightness.

2.3.1. Amplitude base modulation
Amplitude-based modulation is the least complex modulation with On-Off-Keying (OOK) being the
simplest since it only differentiates between binary states (1 and 0).

More advanced Amplitude-based modulations benefit from a higher spectral efficiency, such as Pulse
Amplitude modulation (PAM)m where each pulse can represent multiple bits depending on the number
of amplitude levels. Another example is Amplitude Shift Keying (ASK), here the data is encoded by the
amplitude of the carrier wave. The downside of these modulations is that they need more complex
designs.

2.3.2. Pulse modulation

Pulse modulation is encoded based on the timing and/or the width of pulses. Examples of pulse
modulation are Pulse Width Modulation (PWM), Pulse Position Modulation (PPM), Variable Pulse
Position Modulation (VPPM), Overlapping Pulse Position Modulation (OPPM), and Multi Pulse Position
Modulation (MPPM) [2].

A more complex pulse modulation, Adaptive Multiple Pulse Position Modulation (AMPPM), has been
explored by Wu et al. [38]. They implemented a modulation that avoids flickering while maximizing
throughput under particular dimming levels.

Pulse modulation schemes are useful for environments where consistent light intensity (to avoid
dimming) is crucial. However, they often require more advanced processing capabilities.
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2.3.3. Colour shift keying

Colour Shift Keying (CSK) is a modulation technique that uses RGB LEDs to encode the signal. By
varying the colour of the LED, data can be transmitted without interference, as each colour channel
operates independently [27]. This modulation requires a multi-colour LED setup and a receiver capable
of detecting the different colours.

2.3.4. Complex based modulation

Complex-based modulation techniques achieve high data rates because of their high spectral efficiency.
Examples include Orthogonal Frequency Division Multiplexing (OFDM) [37] and Quadrature amplitude
modulation (QAM) [20]. However, these techniques require complex hardware, powerful processors
and sensitive receivers. They are also more susceptible to noise and interference, making them less
robust. Due to their complexity and cost, these modulation schemes are typically reserved for scenarios
where maximizing data throughput and efficiency is essential.

Since our goal in this thesis is not to maximize data rate, we implement OOK modulation with
Manchester encoding because of its simplicity. The Manchester encoding is added to maintain the duty
cycle of 50% to avoid flickering. However, this will cause the LED to have a dimming level of 50%.

Now that the basics of VLC have been introduced, we can examine its advantages and disadvantages.

2.4. Advantages and disadvantages

VLC has its advantages and disadvantages. but the advantages mostly outweigh the disadvantages.
The advantages of VLC are:

1. Existing infrastructure: Many houses, offices or warehouses are already equipped with LED
lighting. VLC can leverage this existing lighting infrastructure to implement a VLC system,
making the buildings more energy-efficient and inherently less costly [8].

2. High bandwidth: VLC has a bandwidth of 390 THz [26], which is 10x times higher than Wi-Fi.
Because of this, VLC can achieve higher data rates and more bandwidth to spread communication
among each other.

3. Electromagnetic interference Since VLC does not create any electromagnetic interference, it can
be safely used in medical environments where procedures are sensitive to electromagnetic waves.
For example, paper [1] created a wearable patient monitoring device to safely extract information
about the patient without creating sensitive electromagnetic waves.

4. Security: Inherently, VLC offers security because light cannot penetrate walls. This makes it
difficult for intruders to eavesdrop on the data that is being sent. Some studies have tried to
debunk this by eavesdropping using keyholes, gaps under the door, and windows [9]. These
vulnerabilities can be mitigated by closing keyholes, sealing door gaps, and covering windows.
Cui et al. [11] were able to eavesdrop using the side RF channel created by the switching LED’s.

Unfortunately, there are also some properties which make VLC less desirable.

1. Limited range: One significant limitation is the range. Because communication travels through
light, it has a restricted range, particularly when high data rates need to be achieved. This can
limit its effectiveness for large-scale deployments where extensive coverage is required.

2. Ambient light: The effect of ambient light such as sunlight or light from non-VLC light sources
can cause interference on VLC, degrading the communication quality and reliability. A reliable
connection can be challenging to maintain in environments with variable lighting conditions.

3. Line-of-sight VLC typically requires a line of sight between transmitter and receiver. Obstacles like
walls, furniture, people, or even pockets can obstruct the light path, disrupting communication.

4. Mobility Maintaining a reliable connection during the movement of either the transmitter or
receiver can be difficult due to fluctuations in the signal. This makes VLC less suitable for
applications involving high mobility, such as in vehicles or for mobile devices in active use.

Designing a practical solution to the problem of having the receiver inside a pocket is the main goal of
this thesis. For that, some topics have to be further explored. We do this in the next chapter.F



State-of-the-art

In the state of the art, we discuss the most related topics to this thesis. These topics are VLC with
real-time processing, overcoming NLOS, Wearable VLC, and the combination of VLC and NFC.

3.1. Real-time processing

Works that have built prototypes and real-time processing are relevant to this thesis because of its goal
to find a practical solution to a problem.

Videv et al. published a paper that dealt with the real-time processing part of VLC, they demonstrated
a real-time processing proof of concept using Spatial Shift Keying (SSK) [33]. The authors used 4 of the
24 LED:s to transmit the data, and 4 photodiodes to receive the data. The reason that the authors did not
include all LEDs is because of the principle feasibility of SSK. A combination of BeagleBone and an
FPGA was used at the transmitter and receiver’s side. This made the setup quite expensive (100eu+),
including the photodiodes. The authors achieved a data rate of 0.93 Mbps with a BER of 2x10-3.

Li et al. developed a high-speed system with low complexity. The authors reached a data rate of 550
Mbit/s at a distance of 60cm with a BER of 2.6 x 10-9 by tweaking the resistors and capacitors in their
VLC pre-emphasis and post-equalization circuits. However, similar to Videv et al. [33] the authors used
expensive components to achieve this. Also, the authors relied on a BER tester to get the experimental
results, which is not a practical application device.

Other VLC solutions have focused on mobile phones as receivers [41, 7, 40]. Yang et al. [41] implemented
the ReflexCode system by combining traditional amplitude demodulation with slope detection to
decode the greyscale modulated signal. By also dynamically changing the threshold depending on the
symbol distribution, they demonstrated that it can reach 3.2kb/s at a distance of 3m. In this thesis, we
get some inspiration for their experimental setup.

More recent papers like Hemetkhan et al. investigated the performance of polar, turbo and low-density
parity-check codes (LDPC) on a real-time processed VLC link [19]. The paper demonstrates this by
transmitting over an additive white Gaussian noise channel in a simulation. Although this is still a
simulation, the authors had practical scenarios in mind. These scenarios are the list size for the polar
codes and the number of iterations for Turbo and LDPC.

Yang et al. implemented a VLC receiver placed into the audio jack of a mobile phone [42]. Because of
the audio jack sampling rate, they only reached a sampling rate of 44.1 kHz. Still, the authors achieved a
data rate of 80 kbps because of 8-PAM modulation. To not only limit themselves to getting results using
the phone, a microcontroller which can reach a sampling rate of 200khz is also employed. Because of
the 8-PAM modulation, a complex transmitter was needed, a PCB with 255 LED chips divided into
8 groups. Multiple experiments have been done, including different frequencies, distances, angles,
differences between 4-PAM and 8-PAM, and user mobility.

1
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There are also commercial products for VLC. These include PureLifi, Signify, and Oled- comm [32].
These products can reach 100 Mb/s in a practical environment. However, these are not open source, so
details about their implementation cannot be explored.

From the reviewed papers, we found out how they deal with practical environments. This will be taken
into account for our implementation. Also, some ideas can be taken to decide the types of experiments
needed to evaluate the system. Those two points, however, are not the main topic of this thesis. The
novelty of our work is overcoming the limitations of a new type of scenario, as explained next.

3.2. Overcoming NLOS

Overcoming NLOS is a significant challenge for VLC, as data communication is disrupted when the
LOS is obstructed. It is also an important aspect of this thesis, so the State of the art of this specific topic
should be researched. Scenarios of NLOS situations are illustrated in figure 3.1.

aet .t

Figure 3.1: Obstruction of VLC: A: the body of the person blocks the LOS, B: Another person blocks the LOS, C: A structure
blocks the LOS, D: NLOS because the receiver is inside the pocket

Rodoplu et al. developed a mathematical framework for VLC link availability and a probabilistic
model of the VLC network concerning human behaviour in indoor environments [28]. A VLC system
simulation was designed to track both static and mobile VLC devices in smart home environments. This
paper is one of the first to consider human behaviour in indoor environments.

Dixit et al. also used a simulation to analyse NLOS environments. The authors evaluate the performance
of a VLC system by receiving the reflections of a non-LOS VLC channel. The transmitter was static, and
three receivers were placed at different locations. By changing the number of reflections and having
three different receiver locations, they calculated the BER of the receivers in different environments.

A similar paper is completed by Singh et al. The authors analysed the performance of a VLC system
by using a geometry model-based approach to analyse the performance of an indoor VLC link that
included human blockages [29]. They compared the system with two alternatives, 4 or 8 transmitter
LEDs, both with the same total power constraint. It was discovered that the 4-LED configuration
performed better than the 8-LED configuration when there was a lower density of human blockages in
the room. However, when a higher density was presented, the 8-led configuration performed better.

The above papers obtained their results with simulations but not with experiments. Cui et al. received
the VLC data with the side RF channel created by the VLC [11]. An RF side channel is created because
of the switching MOSFET’s in the transmitter. They can receive these signals with specialized coils and
decode the VLC data. They evaluated their system by experimenting with different scenarios and could
communicate in a MIMO scenario.

The most related paper to this thesis is done by Beyens et al. [4]. The authors address the issue of
having human bodies blocking the VLC link. In this paper, The user was guided by the system to rotate
themselves in the right direction to get a working VLC link. By having 9 transmitters and 4 receivers, the
authors evaluated their implementation with experiments. There are still some limitations, including the
willingness of users and visual feedback on the required rotation needed to get the optimal orientation.

Almost none of these papers have considered the extreme NLOS situation of having the receiver put in
a pocket. Only the solution of Cui et al. will work in this NLOS situation because it does not need the
LOS. However, their solution will not fit in an small space like a pocket.
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3.3. Wearable VLC

Since a wearable solution is to be designed, we research the state of the art of wearable VLC. Under-
standing existing techniques could help identify potential challenges and innovative practices that could
be applied to this thesis. Wearable VLC is a topic that has received limited interest and is a reason why
this topic was chosen for this thesis.

The first paper that deals with wearable VLC is done by Adiono et al. [1]. They designed a wearable
patient monitoring device. This device helps the doctor by providing the patient’s conditions in a
real-time manner. It consists of 2 VLC parts, a patient and a coordinator device. The patient device is
the VLC system worn by the patient and equipped with IR (infrared) for the uplink. The Coordinator
device has an LED driver and an IR receiver. It can communicate with the patient’s device via a VLC
link, and the patient’s device can respond with IR. The use of VLC in this medical context is beneficial
because it does not cause any electromagnetic interference, which is a critical consideration in sensitive
environments such as this. OOK modulation was chosen because a high data rate was not needed.
To communicate correctly between devices, A MAC layer is added to ensure reliable communication.
However, the system’s performance is optimal only within a range of 110 cm between the LED and
photodiode, and the study lacks crucial experiments related to mobility.

Cui et al. did not utilize VLC to communicate data, instead, they harvested the RF energy sent via a
VLC transmitter[10]. The authors used the techniques presented in [11] by taking advantage of the RF
side channel that the switching MOSFETs of the VLC transmitter produce. With this wearable device,
they harvest energy which could for example be used to read out sensors. This approach highlights the
potential of wearable VLC technology beyond just data communication.

Another notable contribution to wearable VLC is the study by [6], which focuses on a wearable backpack
designed to assist blind, or visually impaired individuals manoeuvre through a hall. This system uses
VLC to transmit positioning information, achieving a data rate of up to 100 kbps with VPPM and a Field
of View of 53 degrees. The VLC system is used to send information about the position of the backpack.
The authors claim that they have a working VLC link, the paper, however, lacks any experimental results
about the VLC component itself. The experiments focus solely on different users navigating the hallway
by evaluating if the correct path is taken. The backpack system is limited to only navigation assistance
and does not integrate with a smartphone, which this thesis will focus on.

While wearable VLC is still in its early stages, existing studies demonstrate the potential for diverse
applications, from healthcare to navigation and energy harvesting. However, none of these papers have
included a combination with another technology to send the VLC data obtained to a mobile phone in a
pocket.

3.4. Combination of VLC and NFC

In this last section, we research the state of the art for combining VLC and NFC. Similar to wearable
VLG, this topic has rarely been explored. Given that this thesis implements a combination of VLC and
NEFC, reviewing the relevant papers might provide valuable insights.

Liu et al. wrote one of the first papers that researched a combination of RFID, fluorescent light
communication (FLC) and Bluetooth [24]. They propose a self-positioning method by combining
the three communication modes to obtain enough information to position the user accurately. With
position detection software, the authors computed the distance from the FLC receiver to each receptive
fluorescent light with the FLC link with a communication speed of 9600 bps. The RFID is used to
complete the local position by putting RFID tags in each Fluorescent light. If the user is close enough, it
will detect the RFID tag and know which location the user is in. However, the authors do not use the
RFID or the FLC to be able to transmit data and the system does not connect to a mobile phone.

A combination of VLC and NFC is achieved by Wang et al. [34]. In their work, they enable passive
RFID tags to receive VLC messages. An augmented battery-free RFID tag with an added photodiode
is designed to detect light switching. The RFID scanner and the VLC transmit simultaneously, the
VLC then adds contents to the RFID response to make the return message unique. Its VLC system can
decode messages up to 100 bits. Despite its innovative approach, this system is focused primarily on
object localization and verification of identity rather than high-speed data transfer. It also does not
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interface with mobile devices.

In conclusion, the combination of VLC and NFC remains underexplored. The existing research primarily
focuses on specialized applications such as positioning and localization. However, none of the papers
have tried to combine their implementation with a high-speed VLC system that can connect to a mobile
phone. This thesis aims to bridge this gap by developing a system that not only combines VLC and
NEFC but also uses it to enable fast VLC data to be reached by an enclosed receiver.

3.5. State-of-the-art conclusion

In this chapter, we have explored the state of the art in related topics, including real-time capabilities,
Losing Line-of-Sight, Wearable VLC, and the combination of VLC and NFC.

We find out how to deal with a real-time VLC system, and we borrow some ideas and metrics to
determine how to evaluate our solution. As for the NLOS, some interesting papers have tackled this
problem. However, almost none have considered the case of having the receiver in an enclosed space.
The one that could but had not been considered would have failed to design a compact solution suitable
that works in an enclosed space.

Wearable VLC is still in its early stages, existing papers explore the use of wearable VLC, but this is
mostly done in medical environments. None of them have included a combination of other technologies.

The combination of VLC and NFC has been researched in the context of object localization and identity
verification. None of the existing studies have yet realized a high-speed VLC that can stream its data to
an enclosed receiver via NFC.

This thesis aims to address these gaps by developing a wearable VLC system that combines VLC and
NEC to enable reliable communication even when the receiver is in an enclosed space like a pocket.
Mobile phones spend most of their lives in pockets, so this line of research must be explored.



System overview

In this chapter, we describe LightVest’s system overview. First, the problem statement is recapped,
and the system requirements are set. Then, the thesis system is given an overview of all its important
components. In the next chapters, these components are explained in more detail.

4.1. Problem statement

The primary challenge we address in this thesis is a system implementation that enables the reception
of VLC data even when the receiver is located in a pocket. Typically, VLC systems require a direct line
of sight (LOS) between the transmitter and receiver to function effectively. However, in some scenarios,
the receiver may be obstructed or placed in an enclosed environment, such as inside a pocket or a bag,
which disrupts the direct optical path and prevents efficient data transmission.

This means that a system needs to be implemented in which the VLC data can still be received even
though the original receiver is in a pocket.

4.2. Requirements

This implementation would need some requirements to consider this system successful.

* Range of 1.5 meters: The LightVest will be used in indoor environments such as offices or
warehouses, as explained in the introduction. In those places, the lightning infrastructure already
exists, and these lights can be used to transmit data through VLC. We assume that the lights
are placed evenly and that the distance between the receiver and transmitter is always under 1.5
meters. It could still be possible to receive from greater distances, but the efficiency may be lower.

¢ Flickering not visible The light of the VLC transmitter should not cause any flicker. This means
that the frequency of the VLC transmitter should be at least 500 Hz [12].

* Security of VLC still in mind: Because the received data needs to be sent to the enclosed receiver
wirelessly, a problem could arise that the system is not as secure as VLC natively is. So this is
something to be considered when searching for wireless communications to stream to the enclosed
receiver.

15
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4.3. The LightVest System

The system that has been designed is LightVest. In this system, the receiver in the pocket will not
receive the VLC data directly. The light of the VLC is picked up by additional photodiodes that are
placed on a vest, these will be in the LOS of the transmitter. The values of the photodiodes are processed
and then streamlined to the receiver in the pocket via an NFC connection. This system has four key
components: the VLC Link, an MCU, the NFC Link, and an Android system. The overview is visualized
in figure 4.1a, and in figure 4.1b, the fully developed system can be seen.

The functionality of each component is detailed below:

VLC Link: The VLC link consists of a transmitter and the receivers on the vest. On the trans-
mitter side, an LED is modulated to transmit VLC data to the receivers, which are photodiodes. The
photodiodes receive the data and send it to the microcontroller to further process it.

MCU: The microprocessor unit demodulates the signals from the photodiodes. Then, the demodulated
data is further processed and sent to the Android system via the NFC link.

NFC Link: The NFC link is responsible for streaming the VLC data. It consists of a writable
tag and can be written and read by the MCU and the phone.

Android system: The Android system consists of a phone and an application. The application
is implemented to enable the phone to receive the data from the NFC link. Also, multiple different
modes on the MCU could be launched from the application.

VLC
Transmitter

Optical Link

VLC Receivers

(7o) | L]

gitl
B
B

Android system
YYYVYY
MCU Android app
[ )
k4 k4
NFC [E——NFG Link——» Mobile NFC
(a) System Overview (b) System in picture

Figure 4.1: LightVest system overview: On the left, the system. On the right, the fully implemented system
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4.4. Process

In this section, We explain the typical process of how the LightVest system operates. It is described
below and visualized through flowcharts in figure 4.2.

1.

First, the VLC transmitter modulates and sends a package of 1 to 255 bytes. This package includes
preamble, length, message and CRC.

. The processing unit receives the signals of the photodiodes with the use of ADC’s. The data is

demodulated and decoded in real-time.

. When a full package is received, the CRC is checked to see if the package is delivered correctly

and the data is sent to the NFC tag through I2C.

. At the same time, the NFC reader on the Android system’s side constantly checks if a message has

been put into the NFC tag. When it detects that the tag has been updated, the system will read the
data out of the NFC tag.

. The data is processed in the Android app, this can be done in various forms depending on what

kind of mode is requested.

. When the NFC tag is read, a GPIO pin is triggered at the processor unit. This is useful because the

processor unit knows when a new message can be put into the NFC tag.
Get current ADC

Full packet
received

Find tag

Put the message in
the FTM buffer

——

Ready to transmit =
false

Yes—w|

No

Check GPO pin

GPO pin
triggered

Ready to transmit =
true

Yes
Read the contents
Process the contents

(b) Flowchart of the code running on the android phone

Ho

NFC tag tick

(a) Flowchart of the code running on the microcontroller

Figure 4.2: Flowcharts of the LightVest system

In almost all the steps, we faced some challenges that had to be tackled and dealt with. For example, the
method by which we demodulated the received signal or how we improved the current performance of
the NFC link. We will discuss these in more detail in the next two chapters: the VLC link and the NFC

link.



VLC link

In this chapter, we cover all the aspects of the VLC link. This includes the transmitter, the receiver, the
(de)modulation, the packet description, a study to find the best PD angles, optimization of the VLC link,
and the evaluation of the VLC link.

5.1. Transmitter
5.11. Light source

As we have explained in the background chapter, an LED is used as the light source for the transmitter.
The LED has the following specifications, which can be seen in table 5.1.

DC forward current 350 mA
Typical flux 50 Im
Forward voltage 2.2V
Viewing Angle degree 135

Table 5.1: LED specifications

In further research, a brighter LED could be used to match an office setting. This LED’s power is
significantly lower than the lights found in normal office environments.

5.1.2. Transmitter hardware

To transmit data, the light needs to be modulated. The modulation technique is explained later, but the
important requirement is that the LED is switched on and off at a very high speed. The high data rate
is not the scope of this paper, but we do want to try a data rate of at least 10 kbps. To achieve this, a
switching frequency of 20 kHz is needed.

Our transmitter hardware consists of a microcontroller, a MOSFET driver, a MOSFET, and a current
limiter.

The microcontroller is responsible for modulating the signal by driving a GPIO pin to turn a MOSFET
on and off. The MOSFET driver is required to switch the MOSFET more efficiently, as a GPIO pin alone
lacks sufficient current and suffers from slow rise and fall times. The MOSFET can deal with the power
differences caused by the switching of the LED. A current limiter controls the current flowing through
the LED, as the brightness of the LED is related to the current.

We use Arduino DUE for the microcontroller. This microcontroller is utilized to get the first prototype
working, and it is deemed fast enough for the total of the thesis. It has a maximum clock speed of 84
MHz. Using a timer of 1 MHz, we were able to switch at a maximum speed of 500 kHz, which was fast
enough for the current scope of our thesis.

For the MOSFET driver, we selected the EL7104CNZ. This has a rise and fall time of 20ns (50 MHz),

18
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ensuring it can handle high-frequency switching. The same can be said about the MOSFET, which is the
IRLB4132PBE. Here, the rise and fall times are 92ns (10.8 MHz) and 36ns (27.8 MHz), respectively. This
meant that we were able to switch with a maximum speed of 10.8 MHz, which is more than enough for
our thesis.

The LED is powered by a 15V 1.6A power adapter. To limit the current, a high-wattage resistor of 19,5
Ohm is added. This way, the LED was driven by a current of 615.3 mA.

The hardware schematics can be seen in figure 5.1a, and a picture of the hardware is seen in figure 5.1b.

15V
16A

USB 5V l
19.50hm
20w

>

47 uF

e ELT1 MCNZJ
4+ W+ —
m P_OUT.

Arduino due
PAM pin _J NC N_CUT-

- JE——
—— 2000 pF
(a) Schematics of the transmitter hardware (b) Hardware of the transmitter

Figure 5.1: Angle experiment

5.2. Receiver
In this section, we explain the details of our receiver. This receiver consists of the photodiodes, the
microcontroller and a 3D model.

5.2.1. Photodiodes

As explained in the background section 2.2.1, photodiodes are commonly utilized because of their high
bandwidth and simplicity. To not spend much time researching for photodiodes to get a first prototype
working, the OPT101 is selected, as it is a useful module with a photodiode and an amplifier in one chip.

The specifications of the OPT101 can be found in table 5.2.

Photodiode area 5.2 mm?2
Bandwidth 23 kHz (At 10 Vpp)
Current responsivity 0.45 A/W

Table 5.2: OPT101 specifications [21]

The photodiodes are connected to the analogue input from the microcontroller, which processes and
demodulates the receiving Link.

5.2.2. Microcontroller
The microcontroller is responsible for receiving the values from the photodiodes, processing the signals
by demodulation and decoding, and then transferring the data to the NFC tag.

Requirements are established before choosing a microcontroller. These include:

¢ A minimum of 6 ADC inputs: Since there are six or more photodiodes, the microcontroller must
support at least six ADC inputs.
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* High performance: Due to the constant need for signal demodulation, which is computationally
intensive, a high-performance microcontroller is essential for achieving a high data rate.

* Power consumption: In this thesis, we propose a wearable solution, so the power consumption
cannot be too high.

The STM32F446RET is selected as the microcontroller. This is a cost-effective and easy-to-use microcon-
troller. Given the focus of this thesis on rapidly developing a functional VLC system, this microcontroller
met all the necessary specifications, so other alternatives were not considered. The specifications of the
STM32F446RET are listed in table 5.3.

Clock speed 160 MHz

ADC'’s 16 ADC channels
Maximum ADC clock speed 40 MHz
Maximum I2C clock speed 400 kHz

Table 5.3: STM32F446RET specifications [30]

The software development for this microcontroller is programmed with Rust.

5.2.3. 3D model

A 3D model is designed and realized to showcase and test the system. This was our first experience
with 3D modelling, and it was done using Autodesk Fusion. The 3D-printed model is wearable and
includes six locations for the photodiodes. It also has mounts for securely attaching the microcontroller
and breadboard with screws. The final 3d Model design and realization can be seen in figure 5.2.

(a) 3D LightVest design (b) 3D Printed LightVest design

Figure 5.2: 3D design and the printed 3D model of the Vest
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5.3. (De)Modulation
5.3.1. Modulation

The signal modulation is performed using an Arduino Due. As stated in the background 2.3, maximizing
the data rate is not the goal of this thesis, so OOK modulation with Manchester encoding is chosen
because of its ease of use. Bits are represented by transitions: a transition from high to low represents
a ‘0, and a transition from low to high represents a ‘1’. This is a useful modulation because it does
not cause flickering and does not require synchronization. In figure 5.3, it illustrates how Manchester
encoding works.

Data

Manchester ]
Engodéd =il oo e il s ol 0l ) ESREVI S I LA TR
Data Stream

Figure 5.3: Workings of Manchester encoding

5.3.2. Demodulation

The demodulation process is performed in real time and consists of multiple stages. At each sample, the
software checks whether a transition from high to low or the other way around has taken place. This is
checked using a threshold value, the way we update this value is explained later in section 5.6.2. When
the signal crosses this threshold, it means that a transition has taken place, and the demodulation can
get started. We use two key values during demodulation:

e Level array: An array of two values that keep track of the signal levels, used to determine a bit.

¢ Half symbol counter: Keeps track of the amount of half symbols, used to know when a bit can be
determined.

The demodulation stages are as follows:

1. Threshold crossing: Checks if the signal has crossed the threshold, if it did, the process proceeds
to the next stage.

2. Symbol checking: The number of samples between threshold crossings is evaluated. If it exceeds
3/4 of a symbol, it indicates that a symbol has passed. The current signal levels are stored in the
level array, and the half-symbol counter is increased by two. If the symbol counter is between 1/4
and 3/4 of a symbol, it indicates that only a half symbol has passed, so the half symbol counter
is incremented by one and the current signal level is stored in the In both cases, the amount of
samples has been reset to zero, and the current signal level is stored in the level array, using the
half symbol counter as an index. The process continues to the next stage.

3. Bit determination: The bit determination is done by checking the half symbol counter. If the
counter is bigger or equal than 2, a full symbol has passed. The half symbol counter is reset to
zero, and a bit can be determined. A [0, 1] in the signal state array indicates a bit value of 1 (low to
high transition), while [1, 0] indicates a bit value of 0 (high to low transition). If the value state
counter is 3, the half symbol counter is reset to one because a new symbol has already started.
After this, the process returns to the first stage.
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If the number of samples has exceeded 1.5 symbols and no threshold crossing has occurred, we initiate
an idle time, resetting the demodulation process.

5.4. Packet

The packet consists of multiple fields: preamble, length, message, and CRC. The structure of the packet
is illustrated in figure 5.4, and an example with actual values from the photodiodes is shown in figure
5.5.

Preamble (2B) Length (1B) Message (0..255B) CRC (1B)

Figure 5.4: Packet

Idle Preamble | Length Data cre |dle
Time ime
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Figure 5.5: Packet that has been received

The preamble is a crucial sequence used to detect the start of a data transmission. Two bytes with a value
of OXxAA are chosen because this gives a sequence of full periods in Manchester decoding, minimizing
the noise at the start of a packet.

Length indicates the size of the message. Since it’s only one byte, the message has a maximum length of
255 bytes.

The message field contains the data to be transmitted. It can have a maximum length of 255 bytes, as
specified by the length field.

The CRC field will check if any error occurred during the transferring of data. By calculating its value
using the bytes that have been received and comparing it to the received CRC byte, it can determine if
the package has been sent correctly.

The software processes the packet using a state machine. When something goes wrong during a packet,
the state will be reset to the Preamble state. The Preamble should be found again after an idle time and
the packet can be processed. The message is further processed when a packet is fully received and the
CRC is correct. Eventually, it is sent to the mobile phone through the NFC link. This process will be
explained in the next chapter.
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5.5. Determining best positions and angles

Light propagates in a Lambertian pattern, which means that the angle and orientation of the transmitter
and receiver influence the total received power. To find the best-performing angle of our photodiodes,
we have two tasks. First, we explain the Lambertian propagation model, which is then used to calculate
the best-performing position and angle with a simulator and an experiment.

5.5.1. Lambertian propagation model
Lambertian propagation is a mathematical model that describes the propagation of light [22]. With this
model, the received power at a photodiode can be calculated with the following formula:

Received power: P, = P, - H(0) - G,(a) + N (5.1)

In this formula, P; is the transmitter power, N is the added Noise, G,(«) is the filter gain of the PD, and
H(0) is the channel DC gain. All these values are constants based on the angle between the receiver
and the transmitter, except for the channel DC gain, this is not a constant. The channel DC gain can be
calculated using the formula:

Channel DC gain: H(0) = Ay - 2m—+d12 -cos(a)™ - cos(¢p) (5.2)
n .
. —-In(2)
Lambertian order: m = ————— 5.3
In(cos(d1y2) 49

In this formula, A, is the Photodiode sensing area, d is the distance between the transmitter and
the receiver, « is the angle of the photodiode compared to the transmitter, and ¢ is the angle of the
transmitter compared to the photodiode. At last, m is the Lambertian order, which depicts the angle at
which the transmitter can light up (¢1/2). In figure 5.6 the angle denotations are shown to make it more
readable.
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Figure 5.6: Lambertian model

5.5.2. Simulation

The 2D simulation is created in Python to calculate the optimal angle to place the photodiodes, using
the former formulas. The transmitter is placed at a static place, at coordinates [0,1]. The receiver is
equipped with 3 photodiodes, one in the middle with an angle of 90 degrees and two on the left and
right that mirror each other, of which the angle is adjustable from 0 to 90 degrees. The receiver follows a
path that runs from x=-5 to x=5, with steps of 0.1, all at a height of y=0. At each step, the received power
is calculated for every photodiode. It is also important that the blockage of the vest itself is taken into
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account, so it is decided that when the angle reaches more than -50 and 50 degrees, the received power
is set to 0.

An example of the received power over a path can be when the adjustable photodiodes are 60 degrees
and are visualized in figure 5.7. In this figure, one can see that the photodiodes that are placed on the
sides perform better the further away they are from the transmitter.

Received power with an angle of 60 degrees
2.5

— left
middle
——- right
2.0+ ne

Power

0.5 ’

Figure 5.7: Path result when the angle of the photodiodes are 60 and -60 degrees.

The received power over a path can be calculated when the photodiodes on the side have a certain angle.
We can now determine the best angle for the photodiodes by computing the total envelope power of
each angle over a certain path. For that, we create a new simulation with a Python script that calculates
the envelope power of each angle over the same path that is used in figure 5.7.

Total Envelope power per angle

0 20 40 60 80
Degree

Figure 5.8: Results of the total envelope power per angle degree

The results, which can be seen in figure 5.8, clearly show that a greater angle of the receiver results in a
higher envelope power until it reaches about 60 degrees. After that, the envelope power decreases. This
happens because the angle gets closer to 90 degrees, and the advantages of having other photodiodes
in different angles decrease the total amount of envelope power. With these results, we show that
theoretically an angle of 60 degrees is the best-performing angle.

5.5.3. Angle experiment
From the simulations, an angle of 60 degrees was theoretically the best-performing angle. We wanted to
experiment with this in a practical environment. The first step was to design and create a simple 3D

model where the photodiodes could be placed at a certain angle. The angles that were chosen are 10, 30,
and 60 degrees.
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To test this, we designed a 3D model that can hold 7 photodiodes. Three photodiodes are placed tilted
on the left, three on the right and one is placed flat on the top. A picture of the 3d design is visible in
figure 5.9a.

(a) 3D model used for the angle experiment (b) Visualization of the angle experiment setup

Figure 5.9: 3D Model and setup for the angle experiment

In this experiment, we almost have the same setup as the simulation. The transmitter is put at a height
of 1 meter and the receiver (Being the 3D model) is placed on a path from 1.6m to -1.6m. A visualization
of the experiment can be seen in figure 5.9b. We begin placing the receiver on the left, and in steps, we
move it 5 cm to the right. In each step, the BER is calculated for every photodiode. The BER is calculated
with packets of 22 bytes and a speed of 5kbps within a timeframe of 10 seconds.

BER of different PD angles over a path
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Figure 5.10: Results of the Angle experiment, with degrees of 10, 30, 60, and the photodiode in the middle which is on a
90-degree angle

The results of the experiment are shown in figure 5.10. It shows that an angle of 60 degrees is the
best-performing angle. On both sides, it had a BER of 0 at a distance of 1.15 m, while the angle of 30
degrees had a BER of 1.2 X 1072, As expected, the angle of 30 degrees was second best, with a BER of 0
at a distance of 1.05 on both sides. The 90-degree photodiode performed the worst, by already breaking
down at a distance of 85cm.

After performing a simulation and an experiment to find the best-performing angle, we can determine
that an angle of 60 degrees must be placed on the LightVest to achieve the best performance.
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5.6. Improving link performance

Since LightVest is a wearable solution, high mobility is to be expected. With high mobility, a significant
variance is introduced. This needs to be taken into account when implementing the demodulation.
Multiple measures have been implemented to enhance the VLC link’s reliability and data transmission
quality to ensure robust demodulation and high performance.

5.6.1. Filtering
The first implementation we use to improve the link performance involves adding a filter. A filter is
crucial for reducing noise. The filter that is applied follows the following formula:

ynl=axx[n]-1-a)x[n-1] (5.4)

In this equation, « is an important variable because it determines the strength of the filter. To identify
the best performing « value of an experiment is done, which can be seen in Appendix A. In this
experiment, the transmitter was placed facing downwards at a height of 110 cm. The receiver was
placed on the ground, at distances of 25, 50 and 75 cm. The best-performing combination of parameters
was determined by increasing the « value from 10 to 60 with steps of 5 and the adaptive threshold value
B, explained in the next section, from 0.005 to 0.1 with steps of 0.005.

0 Unfiltered signal Filtered signal
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(a) Visualization of a unfiltered signal (b) Visualization of a filtered signal

Figure 5.11: The image on the left displays a signal without any applied filter, while the image on the right showcases the signal
with a filter applied.

We can clearly see the difference between an unfiltered and a filtered signal in figures 5.11a and 5.11b.
In the unfiltered signal, errors are more likely to happen because our demodulation process takes place
when the threshold (red line) crosses the signal. We can see in figure 5.11a that it sometimes crosses the
signal, at times when it is not supposed to. This can result in packets that demodulate at the wrong
times, failing the CRC check.

Other filters

Future work could explore other types of filters, such as Infinite Impulse Response (IIR) or Finite Impulse
Response (FIR) filters. These filters may offer an improved VLC link. However, they could also demand
more computational resources, potentially slowing down the microcontroller’s processing power.

5.6.2. Threshold

We use a threshold to determine if a signal changes from high to low or from low to high. This is an
important step when one uses Manchester encoding. This section explains the methodology used to
implement and adapt this threshold.

Adaptive threshold

We update the threshold value each time we process a sample. Traditionally, the threshold is determined
by calculating the average value during the preamble and then using this value throughout the whole
packet. However, this can be very harmful to the VLC link when a movement is involved. For example,
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in figure 5.12 the signal significantly changes during a packet. Normally, this packet would have failed,
but with the adaptive threshold, it can demodulate it.

Adaptive threshold example
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Figure 5.12: Figure showing why adaptive threshold is needed

The adaptive threshold that we implemented is a moving average filter. We calculate this using the
following equation:

Threshold = (CurrentPDvalue — threshold) X B + threshold (5.5)

To determine the value for f we carry out an experiment which is explained in section 5.6.1. Here,
the most optimal combination of filter and adaptive threshold value is determined. It can be found in
Appendix A.

Resetting threshold

After a packet is completed, an idle time occurs in which the received signal remains high. In this
period, the adaptive threshold tends to increase during this idle time to the point that it reaches the
signal before a new packet is started. This scenario can hinder the detection of the initial incoming bit,
as demonstrated in figure 5.13a.
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(a) By not resetting, the threshold came into contact with the signal ~ (b) By resetting the threshold, it does not come into contact with the
before the idle time was over. signal

Figure 5.13: The image on the left displays a signal without any resetting threshold techniques, while the image on the right
showcases a signal with the resetting threshold technique.
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We introduce a solution to this problem by saving the threshold value at every threshold crossing. When
idle time is detected, the threshold is reset to the saved threshold value. An example of this happening
can be visualized in figure 5.13b. With this solution, we are able to have a higher adaptive threshold
and a better link performance.

With the filter and the adaptive and reset strategy for the threshold, the VLC link’s performance
improves, creating more accurate data reception even in fluctuating signal conditions.
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5.6.3. Higher sampling rate

A higher sampling rate may improve the link performance by increasing the signal-to-noise ratio (SNR).
We achieve this by benchmarking our software, which allows us to find bottlenecks in the code and try
to resolve them.

Decoding a sample

In this benchmark, we focus on the processing time of decoding a sample to identify the most time-
consuming functions. A timer of 1 ms is used to measure the timing of specific functions. Because some
functions may execute in less than a microsecond, we employ a counter that repeats the function 100
times, averaging the total duration to obtain a more accurate measurement.

Decoding a sample includes several functions. These are explained below.
1. Filter: Filters the ADC sample.
2. Threshold: Updates the adaptive threshold value.
3. Manchester: Decodes the Manchester encoded signal.
4. Bit calculation: Determines the bits.
5. Package state machine: A state machine function to determine the current status of the packet.

The results of the benchmark are shown in table 5.4.

Function time (ns)
Filter 68
Threshold 6172
Manchester 148
Bit calculation 340
Package state machine 344
Total 7062

Table 5.4: Processing sample benchmark

From this table, it is clear that the threshold function is the most time-consuming. After analysing this
function, we discovered the use of a floating point calculation. It still requires a significant amount of
computation time despite the microcontroller having a Floating Point Unit (FPU). After converting the
floating point operation to a calculation with signed numbers, we reduced the computation time to
936ns, an improvement of 6.59x.

The total duration for processing one sample is 1.836 us. This means that in an ideal scenario, a sampling
rate of 544.4 kHz is possible when no other tasks are running. However, our scenario is not yet optimal
because every time we process a sample it involves polling if a new ADC sample is available. In the next
section, we address this aspect.

Direct Memory Access

One issue we encountered is the need for polling functions to check if new ADC values are available.
At high sampling rates, this could become a bottleneck. We propose a solution by utilizing the direct
memory access (DMA) peripheral of the microcontroller.

With DMA, ADC values can be transferred to memory without CPU intervention, allowing ADC
samples to be collected in the background while the CPU processes the samples. We operate it as a
circular buffer to make sure we do not process the same data. When half of the buffer is filled, an
interrupt triggers, letting the microcontroller know it can process new sample data. Another interrupt
triggers when the buffer is full so that the second half of the buffer can be processed.
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5.7. VLC link evaluation

Now that the design of the VLC link has been fully explained, we evaluate the VLC link’s performance.

5.7.1. Communication speed
In this experiment, we evaluate the data rate and range of the VLC link by calculating the BER value of

various data rates and distances. We position The LightVest under the transmitter, and the distance
between the LightVest and the transmitter is incrementally increased in steps of 10 cm from 80 to 240
cm, the setup is visualized in figure 5.14.

This experiment uses data rates of 1, 2.5, 5, 10, 15, 20, and 25 kbps. At each step, we calculate the BER in
a 10-second timeframe. If the preamble is not detected within 2 seconds, the result for the BER is 1.
When a BER value is 0, a value of 0.0001 is displayed.

Our hypothesis is that as the data rate increases, the effective range decreases.

Figure 5.14: Setup picture of the distance vs datarate experiment

The results in figure 5.15 confirm our hypothesis that higher data rates correlate with shorter ranges. At
25 kbps, the data transmission was possible up to 80 cm, but with a high BER of 0.41. At that distance,
20 kbps has a BER of 0.03, and for 15 kbps and below, the BER was 0. the data rate of 15 kbps rate
shows a noticeable increase in BER to 3.3 x 1072 at 120 cm and could not detect the preamble beyond
190 cm. Data rates of 10, 5, and 2.5 kbps maintained a BER of 0 up to distances of 160 cm, 190 cm, and
170 cm, respectively. Despite expectations, 2.5 kbps began encountering errors at 170, potentially due to
demodulation issues. At 240 cm, 5 and 2.5 kbps maintained data transmission with BER’s of 0.3 and 0.1,

respectively.
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Figure 5.15: Experiment results of the distance vs different data rates.



NFC Link

In this chapter, we describe the NFC link to the phone. This is done by looking at the most efficient way
to transfer the data. But first, the reason for choosing NFC is described.

6.1. Why NFC

The challenge is to find a solution to the problem of having the receiver inside a pocket. Receiving the
VLC data is discussed in Chapter 4, but it is also important to look at which technique is used to transfer
the data from the external surface of the vest to the enclosed pocket. Some requirements need to be set
to find the right technique, these are:

* High Data rate: The communication technique requires a high data rate, preferably one faster
than the VLC link data rate (20kbps).

® Security properties of VLC: The technique needs to have the security properties of VLC in mind.
The VLC data should not be available behind a wall or available to nearby sniffers.

¢ Power efficient: Because this thesis focuses on a wearable device, it is important that the technique
is power efficient.

The first thought on how to attack this problem is a USB wire. It has a high data rate and is very
power efficient. In truth, it has better security properties than VLC since it does not use wireless
communication. However, the solution is not practical. Realistically, it is not useful to ask the user to
connect the phone to a USB port inside the pocket. Also, the port would damage quickly due to the
frequent connections and disconnections

Considering the above limitation, we determine that a wireless solution is needed. A few options come
to mind: Wi-Fi, Bluetooth, and NFC.

Wi-Fi is not an option because of its poor security properties. It is also not power efficient (5-20 Watts)
and requires complex hardware. Nevertheless, the range is too big (up to 40 m) and contributes to an
already crowded RF.

The same can be said about Bluetooth. The data rate is lower, but its power consumption is also lower
than that of Wi-Fi, 1 Watt, and can even be reduced further to 10- 100 mW with Bluetooth Low Energy.

NFC satisfies all the needs. It is very power efficient (under 100 mW), and more importantly, still has
the security properties of VLC because its maximum distance is 10 cm. Its data rate is lower, but having
a data rate of 424 kbps is enough for the current implementation. Further research is needed to compete
with the state-of-the-art data rates. Although NFC performs well in several aspects, its practicality is
limited by its operational range of 10 cm. While this short range enhances security, it poses a challenge
as the receiver may easily fall out of range. Fortunately, recent research has focussed on integrating NFC
antennas in clothing [13, 3, 14, 15, 39]. This demonstrates the feasibility and benefits of our approach.
These studies address various aspects, including the design and implementation of NFC antennas in
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fabric, ensuring that the technology remains effective while maintaining the comfort and durability of
the clothing.

Considering these factors, NFC was chosen to streamline the VLC data transmission to the phone.

6.2. NFC implementation

In this section, we provide a detailed explanation of the NFC implementation, covering both the
transmitter and the receiver components.

6.2.1. NFC transmitter

The NFC transmitter required a design that could interface effectively with an MCU while being
cost-effective and not overly complex. After we evaluated various options, the solution chosen was the
ST25DV64KC, a dynamic RFID/NFC tag from STM. This tag can be written and read to/from by an
MCU, is fairly cheap (0.78 euros) and is not complex, requiring only an I2C connection. The chip is
also offered as a development board, the X-NUCLEO-NFC07A1 [31]. This board is selected due to its
compatibility and ease of integration with the STM32 development board.

The dynamic RFID/NFC tag chip offers 64kB of data in its EEPROM, allowing significant amounts of
data to be stored and transferred to a mobile phone. The chip can be controlled with an I2C connection
and offers a general-purpose output (GPO) that can be programmed to do various things. However, the
chip has a useful feature called the fast transfer mode, illustrated in figure 6.1.

ST25DV

Dynamic registers
MB_LEN_Dyn
MB_CRTL_Dyn

1Mbis 26.5kb/s
RF message -4

Fast Transfer Mode mailbox ISOAEC
12C host 12C (256 Bytes) CDg %:D 15693 reader

Static register
FTM

GPO/RF_PUT MSG

=)

Figure 6.1: Fast transfer mode of the ST25

The FTM enables a theoretical data transfer rate of up to 26 kbps between the MCU and the NFC receiver.
In this mode, a buffer of 256 bytes is used to stream the data to the phone. This buffer is called the
mailbox, it can be programmed so that the GPO pin notifies the MCU when the mailbox is read by a
NFC receiver, allowing the MCU to load new data into the mailbox. It’s important to note that the NFC
tag cannot notify the phone when data is put into the mailbox. Instead, this must be checked by reading
a specific register.

The primary advantage of using FTM is its significantly faster data transfer rate compared to utilizing
EEPROM memory. Although the EEPROM has a larger storage capacity, reading 256 bytes takes
approximately 320 ms. In contrast, using FTM reduces this time to 81 ms, which represents a 359%
increase in data transfer speed.

The software development of the NFC transmitter underwent several stages. At each stage, we made
substantial changes to improve the NFC link.
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First implementation: sending data via EEPROM

The initial implementation aimed to test the basic functionality of data transfer from the MCU to the
NFC tag. The primary focus was to ensure the correct operation of the self-implemented I2C and ST25
drivers. Eventually, we could control the ST25 and store data in its EEPROM. On the Android side, as
explained in the next section, we read the data from the EEPROM contents. This marked the initial step
in transferring data from the MCU to the phone

Second implementation: Working FTM

The next implementation focused on a functional NFC link between the MCU and the phone with the
FTM. Functions were added in the drivers for the I2C and ST25 so that the FTM could be enabled and
consequently used.

The FTM implementation worked with the following process. The MCU places the data in the mailbox
and waits until the receiver reads it. This process is monitored by polling the GPO pin, which is
configured to trigger when the receiver reads the mailbox. When the GPO is triggered, a new message
can be put into the mailbox buffer and the process starts over.

However, we found this implementation to be notably slow due to the blocking nature of the I2C
operations. Multiple delays were needed to have a successful I12C transmission. This bottleneck
meant that ADC samples could not be read during the process. This limitation was fixed in the final
implementation.

Final implementation: FTM with non-blocking I2C
In the last implementation, we implemented a non-blocking I2C to fix the problem of delays during an
12C transmission.

This is achieved using a state machine and a non-blocking I2C tick function that progresses through the
state machine. The state machine follows the standard I12C transmission protocol with an additional
state. The states are visualized in figure 6.2. A buffer that can save up to 10 VLC messages is added so
that when I2C fails, the data stream coming from VLC is not disrupted.

Address Registert

Register2

Figure 6.2: 12C states with an extra added state named "Next Message"

The state machine begins in the idle state. When the MCU initiates a data transfer to the mailbox, the
state will change to "start", and the protocol follows through the typical I2C states until reaching the
"Next Message" state. In that state, it checks if there are any messages in the buffer. If there is a message,
the system waits until the mailbox is read, at that point new data is immediately placed into the mailbox.

In each state, it is checked if some 12C error happened during the transmission. For example, a No
Acknowledgement (No Ack) scenario can occur if a new I12C transmission starts while the mobile device
is still reading the mailbox. When this happens, a No Ack process is started. The I2C transmission is
then stopped, and the data is pushed back to the front of the message buffer.

Occasionally, the I2C might become unresponsive without the MCU detecting it. To mitigate this
problem, a timeout mechanism is implemented. If the I2C does not respond within a specified period
after initiating a transaction, the timeout is triggered, and the I2C is reset to resume normal operation.
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Potential best implementation
Even with the non-blocking I12C implementation, the system frequently checks the status of the 12C
registers during ADC sampling, which can introduce delays due to branching.

A more efficient approach could involve using an interrupt-based 12C implementation. This method
would eliminate the need for continuous checking of the I2C registers. This allows for uninterrupted
sample collection and computation for demodulation, thereby improving overall system efficiency.

6.2.2. NFC receiver/Mobile phone

In this thesis, the receiver for the NFC connection is a mobile phone, specifically a Samsung Galaxy
S10e. Similar to the NFC transmitter, the receiver implementation went through several stages to reach
its final, fully functional form.

Implementation 1: Receiving data from the MCU

The initial implementation aimed to establish a basic connection between the NFC tag and the mobile
phone to verify that data could be transferred from the MCU to the phone. To facilitate this, we made
use of an application designed by STMicroelectronics, which is available on the Google Play Store!.
This app enabled us to perform initial tests by reading the contents of the EEPROM from the NFC tag,
confirming that the NFC communication setup was working correctly.

Implementation 2: Receiving data through FTM

Following the successful connection and data retrieval from the EEPROM, the next step was to leverage
the Fast Transfer Mode (FTM) for more efficient data transfer. For this, an Android application was
developed using Android Studio. This application enabled the phone to connect with the NFC tag and
periodically poll every 10 ms to check if the mailbox buffer contained new data. When it did, the data
was read and the is further processed. In this case, it was displayed on the mobile phone. With this
setup, we reached a data rate of up to 21000 kbps.

Implementation 3: Control and Debugging through Application Menus
With a stable connection established, we aimed to utilize the mobile application to control the MCU,
thereby speeding up the debugging process for improving the VLC link.

This involved adding menu options that enabled us to test or debug different functionalities, and we
could run the experiments more easily. The application interface is visualized in figure 6.3a and includes
the following menu options:

* Try to connect: In this option, the tag can be connected to the phone by disabling and enabling
NEC.

¢ Stream VLC: Contains the functionality from the previous implementation, enabling VLC
streaming to the phone, and displaying the received data with text.

® Graph values: Visualizes the PD’s values and thresholds. By providing a graphical representation
of how signals are being received.

¢ Get VLC BER: Retrieves the Bit Error Rate (BER) of the VLC link, using the NFC connection to
transfer the results.

* Vest Experiment: Tests the LightVest by measuring data and packet success rate over time. The
time is determined by clicking a button on the LightVest. This application can be seen in figure
6.3b.

¢ NFC Experiment: Enables only the NFC link by excluding VLC.

Thttps://play.google.com/store/apps/details?id=com.st.st25nfc&hl=nl&pli=1
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Figure 6.3: Screenshots of the Android application

6.2.3. Phone holder 3D print

To provide a practical solution for connecting the NFC tag with the Samsung S10e phone, a custom
3D-printed holder was designed. This holder ensures a secure fit for the phone while maintaining
reliable NFC connectivity. The 3D model and the final printed holder are shown in figure 6.4.

(a) 3D design of the phone holder (b) 3D printed phone holder

Figure 6.4: 3D Design and model of the Phone holder
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6.3. NFC evaluation

In this section, we evaluate and analyse the NFC connection with multiple experiments.

6.3.1. Buffer length

In the first experiment for the NFC link, we investigate how changing the message length affects the
data rate of the NFC connection. We evaluate this by gradually increasing the amount of data that is
sent per NFC message, ranging from 10 bytes to 250 bytes. To ensure the mailbox remains consistently
filled, we send a new packet immediately after a previous one is successfully received by the phone and
the GPO pin is triggered. During a timeframe of 10 seconds, the bps is calculated based on the total
data received within that period. The results of this experiment are illustrated in figure 6.5.
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Figure 6.5: Buffer length experiment results

The results indicate that the data rate initially increases significantly when the mailbox buffer size until
it is eventually maximized at 21000 bps. The initial large increments in data rate are likely due to the
overhead associated with the I2C communication for writing data into the mailbox and the time taken
by the phone to read the data from the mailbox.

Based on the findings of this experiment, the mailbox should always be filled to its maximum capacity.
Therefore, we implemented a new functionality in which the MCU buffers the data that has to be sent
via VLC. If the data length is below 250 bytes, we store the data in the buffer without sending it to
the phone. Only when the buffer exceeds 250 bytes, we transmit the data to the phone via NFC. Any
remaining data is buffered for the next NFC transmission phase.
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6.3.2. Different phones

The second experiment analyzes the influence of different mobile phones on the NFC connection speed.
This analysis aims to determine whether the performance characteristics of various phones could affect
the throughput of the NFC communication. Four different mobile phones were tested: Samsung Galaxy

S10e, Samsung Galaxy A34, Redmi Note 10, and Samsung Galaxy A34. The experimental results are
presented in figure 6.6.
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Figure 6.6: Experiment result showing the datarates of different phones

The results demonstrate no significant variation in the performance of the NFC system across the
different phones tested. The data rate remains consistent regardless of the device, suggesting that the
hardware or software does not impact the NFC communication.



Evaluation

In this section, we present the evaluation of the LightVest.

7.1. Number of decoding processes

With the LightVest, we have access to six individual photodiodes. So far, the sample that we use to
demodulate the signal is taken from summing up all the ADC values from the photodiodes. The ADC
samples are not taken at the same time. However, they are taken after each other. This may negatively
impact the performance of the LightVest. The time difference between taking the first and last ADC
sample is 2.997us. This difference may be very small, but it is still important to explore other ways of
demodulating the ADC samples. We can try to solve this by modulating every photodiode individually.
However, this would result in more computational power.

In this experiment, we explore this with benchmarking tests to determine the maximum sampling rates
and, with it, the amount of decoding processes. We do this using two key functions: one is about
decoding a sample (explained in 5.6.3) and another for the ST25 tick (explained in 6.2.1), which checks
for a GPO interrupt and performs a non-blocking I2C tick. The evaluation of various combinations can
be seen in table 7.1.

Processes time (us) | Maximum sampling rate (kHz)
3 Decoding processes + ST25 | 6.5335 153.05
3 Decoding processes 5.496 181.95
2 Decoding processes + ST25 | 4.6846 213.67
1 Decoding process + ST25 2.8436 352
1 Decoding process 1.8536 540.54
ST25 0.96 1041.67

Table 7.1: Evaluation of various combinations of amount of process including and excluding the ST25

These results show that a sampling rate of 352 kHz can be reached when we only have one decoding
process while sending the received VLC data to the phone with the ST25 tick. However, when we want
to have three decoding processes and an ST25 tick, we can only achieve a maximum sampling rate of
153 kHz, more than half compared to only one decoding process. Ideally, we want to decode each
photodiode individually. Based on this, handling six processes would require 12.06 us, resulting in a
sampling rate of 82 kHz, assuming everything else runs perfectly. This can be a problem when one,
for example, wants to achieve a data rate of 20 kbps. With only having 8 samples per symbol (with
Manchester encoding), the performance can be inadequate. Future work should analyse how much
influence the amount of samples per period has on the data rate.
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7.2. Movement

In this experiment, we analyse the performance of the LightVest during different types of movement.
The LightVest should maintain a reliable data rate while the wearer is in motion. Three different
movements are tested: static, walking, and running. For each movement, three data rates are evaluated:
5,10, and 15 kbps.

We place the transmitter at a two-meter height and point it downwards. For static movement, the user
stands close to the transmitter to gather the results in the most optimal setting. A three-meter path was
used for the walking and running movements, with the transmitter positioned at the centre. The user
always moves forward, and if it reaches the end of the path, he/she has to turn around and go back.
A picture of how the experiment is set up can be seen in figure 7.1. For each experiment, the amount
of data that has been received is recorded over 20 seconds and repeated 10 times to obtain an average
value.

Figure 7.1: Visualization of how the experiment is set up
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Figure 7.2: Result of the movement experiments

The results that can be seen in figure 7.2 show that static scenario consistently obtains the highest
data rates compared to walking or running. For the 5kbps and 15kbps, walking resulted in a lower
performance compared to the static movement, and running performed even worse.

This decline likely occurs due to the degraded signal reception when the user reaches the edges of the
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3-meter path, leading to lost packets. We can confirm this reason because the higher the data rate, the
larger the difference in received data rate is between static and walking. This hypothesis is supported
by the observation that the performance gap between static and walking increases at higher data rates.
A previous experiment in section 5.7.1 confirmed that having a higher data rate reduces its range.

7.3. Power consumption

This section evaluates the power consumption of the LightVest. Power efficiency is crucial within a
wearable system since it relies on batteries. Lower power consumption allows for smaller batteries or
extended operational time between charges.

First, power consumption is estimated based on datasheet specifications, followed by actual measure-
ments to verify these estimates. LightVest has three primary power-consuming components: the
MCU, photodiodes, and the NFC tag. The MCU draws power for computations, the photodiodes for
their amplifier modules, and the ST25 draws power during active I2C communication. The power
consumptions of the components are listed in table 7.2.

Component Operation Current
MCU Normal operation 65 mA
ADC 1.6 mA (Per ADC)
HSE 530 uA
Sleeping mode 10.2 mA
Photodiodes | Quiescent current | 220 uA (per PD)
ST25 12C read /write 220 pA
I2C standby 76 nA
12C Power down 1.3 A

Table 7.2: Power consumption based on the datasheets

Based on these values, the worst-case power consumption is estimated to be 70.27 mA, assuming the
MCU operates normally (65 mA), six photodiodes are utilized (1.32 mA), and the 12C is continuously in
operation (220 uA). However, this level of consumption is not always the same. When the LightVest is
not receiving any VLC signals, the computational demand decreases, and the I2C interface remains
inactive, resulting in reduced power consumption.

To assess the power consumption, we monitored the current draw in different operational modes using
a power supply. The results are shown in table 7.3.

Operation Current (mA)
Static 66-77
Transferring data over NFC 71-82
Vest experiment without light 71-82
Vest experiment with light 84

Table 7.3: Experimental current draw in various operations

These results suggest that, under typical operating conditions, the power consumption is higher than
the datasheet estimates.

Implementing software features to detect when no VLC signal is received could reduce power consump-
tion. This could allow the MCU to enter sleep mode, reducing the current draw to approximately 15.27
mA or even lower.

7.4. LightVest vs singular photodiode

In this experiment, we want to evaluate the differences between having one photodiode and LightVest.
Singular photodiodes may experience performance degradation if they are obstructed by the user’s
body or if they are positioned at angles relative to the transmitter that are too steep. LightVest should
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not face these problems. To address this, we evaluate the performance of LightVest by comparing BER
values when using LightVest versus individual photodiodes under various orientations and locations.

The experiment is operated by placing LightVest at nine different locations. At each location, we measure
the BER for each photodiode and LightVest within a timeframe of 10 seconds. The vest is then rotated
by 90 degrees, preparing the BER measurements. This is done until the vest returns to its original
orientation. Figure 7.3 illustrates the experimental setup and provides a photograph of the actual setup.

The hypothesis for this experiment is that LightVest will always provide better performance compared
to a single photodiode. Especially when some photodiodes are unable to receive data due to their angle
towards the transmitter or blockage.
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Figure 7.3: LightVest 3D design

The experiment results, shown in figure 7.4, present a box plot for each location representing the BER
values of all the individual photodiodes. The blue line represents the BER values of LightVest. To ensure
readability, a BER of 0 was recorded as 0.0001.

In the results shown in figure 7.4 we can see that in the first location, all the individual photodiodes are
able to receive the data correctly, having a BER of 0. However, in the other locations, the performance of
individual photodiodes deteriorated. With some photodiodes even showing a BER greater than 1072.
Despite this, there are always one or two photodiodes with a BER of 0. The blue line, representing the
LightVest, follows the trend of the best-performing PD and even outperforms it at location 9, achieving
aBER of 5.4 x 107* compared to the best PD achieving a BER of 2.9 x 1073. From this experiment, we
can see that LightVest clearly outperforms singular photodiodes.

LightVest vs singular photodiode
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Figure 7.4: Results of the LightVest vs singular photodiode experiment



Conclusion

8.1. Conclusion

In this thesis, we presented the development and implementation of LightVest, a novel solution designed
to address the extreme problem of Non-Line-of-Sight in Visible Light Communication when the receiver
(such as a phone) is placed in a pocket, unable to receive VLC signals.

LightVest ensures this by utilizing photodiodes placed on a 3D-printed "vest". The processing unit
demodulates and decodes the signals from the photodiodes and transfers the data to a dynamic NFC
tag, which can connect and transmit the data to the phone. The implementation consists of two main
components: the VLC link and the NFC link.

In the VLC link, we optimized the performance after multiple contributions. We conducted a study
focusing on the placement and angles of the photodiodes on the vest. Using the Lambertian propagation
model, we calculated the received power based on the angle between the transmitter and the receiver.
A simulation and an experiment were set up, and we determined that an angle of 60 degrees was
most effective. Next, we explored and evaluated the system when some movement is involved. With a
filter and an adaptive threshold, we optimized the link performance. Additionally, we modified the
software by enabling Direct Memory Access (DMA) to achieve a higher sampling rate. By carrying out a
benchmark, we identified and resolved a bottleneck, speeding up processing a sample by 6.59 times. We
evaluated the VLC link with an experiment to determine the maximum data rate and range, with the
maximum data rate being 25 kbps and a range of 220 cm with a data rate of 5 kbps and a BER of 0.025.

In the NFC link, we explained the implementation with features like Fast Transfer Mode and non-
blocking I2C. We enabled NFC communication by developing an Android app. The app also provides a
menu option to control the MCU for debugging tools or experiment selection, which greatly sped up
the debugging and experimentation process. We evaluated the NFC link with two experiments. The
first experiment investigated the buffer length, which refers to the amount of data transferred during
one transaction. The result shows that the buffer needs to be loaded to its full capacity to achieve the
highest data rate of 21 kbps. In the other experiment, we analysed the influence of different mobile
phones on the data rate, showing our system works well on all phones.

In the final chapter, we presented LightVest’s evaluations. For the first evaluation, we performed a
benchmark to determine the number of decoding processes the MCU can simultaneously run. The
results showed that a sampling rate of 82 kHz is achievable when we want to have a demodulation
process for every PD. In the second experiment, we assessed LightVest’s performance during different
types of movement, including static, walking, and running, at three different data rates: 5, 10, and
15 kbps. The results indicate that performance degrades for the walking and running movements,
possibly due to poor reception at the path edges. To measure power consumption, we first looked at the
datasheets and then measured the power consumption of the LightVest. According to the datasheets,
LightVest should consume 70.27 mA when the MCU is active. However, the result was higher when we
measured it, with a value of 84 mA. In the last experiment, we evaluated the differences in performance

42



8.2. Future work 43

between LightVest and singular photodiodes by comparing BER values under various orientations and
locations. The results showed that LightVest is almost not affected when some photodiodes are blocked
because it even outperforms the best singular photodiode in the last location.

8.2. Future work

In this thesis, we have presented the first prototype that combines VLC and NFC to provide VLC data to
a mobile phone located inside a pocket. Further development could lead to a more sophisticated design
or higher performance in several areas.

8.2.1. Vest design

Currently, we have used a 3D-printed model that poses as a "vest" to have a wearable design. Future work
could explore alternative designs, such as integrating photodiodes into a shirt instead of a 3D-printed
model.

8.2.2. Higher performance VLC link

The current VLC Link achieved a maximum data rate of 25 kbps by optimizing it with a filter and
adaptive threshold, and we increased the sample rate with DMA by optimizing the software. However,
several measures can be taken to further improve the VLC link’s performance.

More powerful MCU

During the thesis, we chose the STM32F446RET because it passed all the requirements. However, other
microprocessors were not considered. At this moment, we have achieved a maximum sampling rate
of 352 kHz. A more powerful processing unit is required to achieve a higher sampling rate and, thus,
higher data rate. There are multiple microprocessors available with higher maximum clock speeds that
could be considered:

1. STM32H7 series: Featuring a dual-core processor and a clock speed of up to 600 MHz.
2. Microchip Sam e70: Offering a maximum clock speed of 300 MHz.
3. NXP MX RT1060: Offering a maximum clock speed of 600 MHz.

However, the consequence of having a higher-performance MCU might be an increase in power
consumption, which should be taken into account.

Alternatively, an FPGA can be utilized, as the software and hardware are relatively straightforward.
However, FPGAs can be quite expensive and may have high power consumption,

Enhanced filtering

This thesis used a simple filter to process the VLC signals. Implementing more advanced filtering
techniques, such as Finite Impulse Response (FIR) or Infinite Impulse Response (IIR) filters, could
enhance the precision of the signal processing and improve the overall performance of the VLC link. It
can also be a cause for more processing power, which influences the sampling rate.

More advanced modulation

As for our modulation scheme, OOK with Manchester encoding is implemented in this thesis. This is a
relatively simple modulation technique with a low spectral efficiency. A more advanced modulation
such as FSK or PSK could be applied to further increase the data rate.

8.2.3. More evaluations
Additional evaluations could provide a deeper understanding of the system’s capabilities and limitations.
Unfortunately, due to time constraints, several experiments were not conducted.

Future work could include testing the system with users in various stances and environments with
multiple light sources to evaluate the LightVest in a bigger area.

To fully test the implementation in realistic environments, such as offices or warehouses, brighter light
sources can be used to more accurately simulate the system being used in its useful environments.
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8.2.4. Uplink

In the thesis, we solely focused on the downlink from the transmitter to the receiver. For a complete
VLC system, an uplink is necessary. Future work could involve the development of an uplink using
infrared transmitters placed on the shoulders of the vest, with corresponding receivers located on the

transmitter’s side. This would enable a two-way communication system, enhancing the functionality of
LightVest.
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Filter and adaptive threshold
parameter Experiment

In this experiment, optimal values for the filter and the adaptive threshold are determined. The
transmitter is placed at a height of 110cm facing downwards. The receiver is placed on the ground,
and placed at distances of 25, 50 and 75 cm. By increasing the a value from 10 to 60 with steps of
5 and the adaptive threshold value  (which is explained in the next section) from 0.005 to 0.1 with
steps of 0.005 the best-performing combination of settings was determined. At each combination, the
BER is calculated with a data rate of 5kbps, with a duration of 10 seconds. The result can be seen in
the following figures. After reviewing the result, a filter parameter of 45 and an adaptive threshold
parameter of 0.015 are determined.
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25cm

10 15 20 25 30 35 40 45 50 55 60

0,00886
0,00238
0,00618

0,00804

0,00023

0,01263
0,06295
0,06782

0,035 0,01913
0,05 0,02424 0,00331
0,00023
0,065 0,03211
0,05575 0,00023
0,0041 0,00936 0,03898 0,05153

0,04 0,00211
0,045 0,00354 0,00023 0,00023
0,055 0,00909
0,06 0,01679 0,00023 0,00023
0,00023
0,07 0,04157 0,00023
0,075 0,02764 0,00023 0,00023 0,00023
0,085 0,02203 0,00592 0,00604 0,01925
0,00023 0,01931 0,00602 0,01333 0,01563
0,0007 0 0,01693 0,0159
Figure A.1: Experiment results at a distance of 25 cm

50cm

0,10046 0,12566 0,17807
0,08082 0,20086 0,2764 0,32553 0,29738
0,10516 0,14638 0,20757 0,14319 0,07426 0,25009
0,19424 0,1729 0,2274 03317 04233 03572
0,18958 0,24782 0,33313 0,39053 0,43475 0,48226
0,15182 0,16648 0,2622 0,25699 0,35147 0,38198
0,17435 0,22092 0,17437 027115 0,37387 0,32636
0,12887 0,18045 0,23624 0,19542 0,31158 0,37014 0,34898 0,43193
0,065 0,08109 0,05792 0,21225 0,30592 0,31369 0,41486 0,44888 0,45851
0,07 0,08614 0,16309 0,22397 0,32946 0,278 0,33923 0,49383 0,51025

0,075 0,08875 0,20492 0,18842 0,30249 0,32151
0,08 0,118 0,12015 0,1908 0,25806 0,38794
0,085 0,154 0,30437 0,42336 0,39985 0,46547
0,09 0,25788 0,34517 0,40703 0,44806 0,43796
0,095 0,10353 0,1192 0,16093 0,23682 0,29557
0,1 0,17652 0,22107 0,2574 0,28102 0,41274 0,43788

Figure A.2: Experiment results at a distance of 50 cm
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75¢cm

0,33089 0,1536

Figure A.3: Experiment results at a distance of 75 cm

Combined results
10 15 20 25 30 35 40 45 50 55 60

0,36027 0,36384 0,28827 0,22928 0,43246

0,30759 0,14492 0,16451
0,419 0,14496 0,35368
0,42372

0,12745 0,14888 0,19679
0,15574 0,17433 0,18593
0,14649 0,27491 0,22128
0,39614 0,33825

0,20795 0,12876 0,33748 0,3466
0,33371 0,33349 0,34451 0,34831
0,085 0,39951 0,33896 0,14405 0,33531 0,34693 0,36747
0,09 0,41329 0,33819 0,33439 0,35036 0,38419  0,4032
0,095 0,39487 0,33545 0,33453 0,33633 0,33997 0,35673 0,22905 0,28086
0,1 0,39453 0,34599 0,33918 0,35387 0,35606 0,39217 0,41267 0,42445

Figure A.4: Experiment results at a distance all the combined results
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