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Abstract

This thesis describes the design and implementation of Coloured Multiple Pulse
Position Modulation (CMPPM) which is a novel Visible Light Communications
(VLC) modulation scheme focusing on expanding upon the standard Pulse Posi-
tion Modulation (PPM) via taking advantage of the information encoding poten-
tial of the color spectrum. The system is able to transmit data uni-directionally
at a throughput on par with comparable CSK and multiple times above com-
parable PPM schemes, solely using commodity multi-colour LEDs and a pho-
todiode. It supports a flexible forward error correction level as well as different
colour and optionally dimming outputs during the communications. In order to
test the scheme’s feasibility and robustness, it is realised in hardware as well as
software using the Rust programming language. A transmission speed of 2 kb/s
is achieved with simple commodity hardware components.
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Preface

The research area of Visible Light Communications is an exciting field to explore
as a student thanks to the low cost of the components involved, which makes
it feasible to experiment with new ideas and gives the possibility of converting
abstract knowledge about the physics of light and data modulation into tangible
systems. In this vein, I have also enjoyed the practically focused nature of
many projects in this field, as I appreciated the amount of experience I have
personally gained while working on my own thesis project. As an Embedded
Systems student with a background in Computer Science, I have felt that I
benefited from gaining experience with the different domains involved, including
rudimentary hardware design as well as an extensive software implementation
of the system including an embedded part, and research into light physics. The
thesis project has taken approximately one and a half years to complete.

I would like to thank my parents, my sister as well my girlfriend for their
practical and motivational support during my thesis work. Additionally, I would
like to thank Hanting Ye and Qing Wang for their support and help during the
project.

Tolga Parlan

Delft, The Netherlands
29th May 2023
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Chapter 1

Introduction

As the need and demand for wireless communications constantly increase, the
limitations of the available bandwidth increase as well and there is a search for
wireless communication mechanisms to be used independently of the licensed
frequency bands [26]. The visible light spectrum presents an opportunity in this
area, as there are no regulatory limitations on its use unlike most other com-
monly used communication bands which are strictly regulated. Especially with
the ubiquitous usage of communications devices with various types of LEDs
and photo sensors as well as the abundance of LED lighting in contemporary
spaces, the research over how to integrate these devices’ light sensing and trans-
mission capabilities for creating an alternative avenue of data communication
have gained momentum, culminating in the field of Visible Light Communica-
tions (VLC).

There is a substantial amount of research into integrating VLC-based systems
into 6G networks [3]. This stems from the core advantage of VLC-based commu-
nication systems, namely the ability to use currently unexploited wide frequency
bands of visible light. While the use of radio frequency bands is strictly con-
trolled due to interference between the devices using the same bandwidth range,
this is much less of a problem since VLC-based communication systems do not
penetrate hard objects such as walls, and therefore spectrum sharing is almost
a non-issue.

While it is possible to increase the data throughput of VLC systems by simply
switching the LEDs on and off faster, there is also untapped potential in using
color for the purpose of achieving increased data rates [25]. Even though VLC
systems that utilize color effectively already exist, they typically use a color
sensor in order to achieve precise data readings of the color conditions. Color
sensors have the associated downside of relatively slow reading frequencies. An-
other interesting possibility is the usage of faster sensors such as photodiodes,
which, even though are not directly designed to sense color, can still be used
for this purpose by taking advantage of their inherent physical properties and
carefully designing a modulation scheme to accommodate the hardware.
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1.1 Research Objective

The objective of this thesis is to create a novel VLC modulation system that
can achieve high data throughput and low error rates by utilizing the oppor-
tunities presented by using the color spectrum in Pulse Position Modulation
systems. This should be achieved while using a single simple photodiode as the
detector and multi-color LED(s) as the transmitter in order to avoid the cost
and complexity of specialized hardware. As part of the research, the system
should also be implemented with commodity hardware and software developed
for the purpose, and evaluated under different conditions.

1.2 Research Challenges

The core challenge of the project is the fact that photodiodes are not designed
for color sensing. A photodiode creates an electrical current when light is in-
cident on its sensor. This current can be transformed into a voltage output by
integrating an op-amp in the circuit and thus easily measured by an analog-to-
digital converter. As photodiodes typically create different (known) electrical
currents for different light frequencies (i.e. colors), a modulation scheme can be
created to exploit them as limited but blazing-fast color sensors. The challenges
faced while creating such a modulation algorithm are listed below:

• The electrical current produced by photodiodes in response to the light
varies according to the frequency of the light. However, this relationship
is not linear and not uniform across different photodiode models. There-
fore a careful selection of a photodiode as well as the fine-tuning of the
light frequencies used by the transmitter is necessary. The modulation
algorithm should also ideally be flexible enough to accommodate a wide
selection of photodiodes with their unique characteristics.

• As smart lighting systems are becoming common, it is becoming more
important for a VLC modulation scheme to support different dimming and
color changes out of the box [32]. Therefore the VLC system produced in
this work should ideally support such features.

• There is a myriad of modulation schemes and ideas in the VLC sphere
in use today. However, they usually come with particular strong points
and weaknesses. It is important to evaluate the options to choose the
appropriate ideas and build upon them.

• Since the target infrastructure of Visible Light Communications is typ-
ically lighting systems with the primary aim of illumination [26], it is
important to take into account the interactions between the devices and
the human body. Especially the potential eye and concentration problems
that can be caused by the flickering of the light intensity and color as
data transmission takes place are of utmost importance. The modulation
scheme should avoid such a flickering effect regardless of the type and
content of the data.

• To be able to compare the designed modulation scheme with other sys-
tems, an expansive accounting and calculation of the throughput and error
rates of the system should be realized.

2



1.3 Contributions

In order to solve these challenges, this work provides multiple contributions.
These are listed below:

• A review of the state-of-the-art research is presented on topics of us-
ing color in Pulse Position Modulation, different dimming mechanisms
in Pulse Position Modulation, and the techniques for using alternative
hardware in Color Shift Keying (focused, but not limited to photodiodes).
The positives and drawbacks of different methods for each topic are dis-
cussed. Existing Pulse Position Modulation variants and algorithms are
investigated for their use in a color-coded data communications environ-
ment.

• Based on this research, a novel modulation scheme is developed which
combines certain aspects of different state-of-the-art schemes, providing
efficiency improvements and meanwhile integrating original ideas about
how to encode data in the color spectrum. The novel modulation scheme,
named Colored Multiple Pulse Position Modulation (CMPPM), builds
upon the heuristic encoding/decoding algorithm developed for Multiple
Pulse Position Modulation by Wu et al. [32] by expanding it into a sys-
tem capable of transmitting data in an arbitrary number of simultaneous
payloads in the color spectrum, called channels.

• The modulation scheme is implemented using commodity hardware. The
achieved system is described in detail for reproducibility, and the code is
made available open-source with both the modulation algorithm and the
implementation details.

• A performance evaluation of the system is presented with theoretical calcu-
lations for the ideal throughput achiveable with CMPPM. The evaluation
includes comparisons with relevant existing modulation schemes, such as
Adaptive Multiple Pulse Position Modulation and Color Shift Keying.

1.4 Thesis Content

In this thesis work, a broad and complete overview is provided with regards
to the state-of-art-systems in the related areas, the theoretical background of
the novel modulation scheme, implementation details, as well as the evaluation
of the created system in both theoretically achievable as well as the practic-
ally achieved throughput and error rates. The contents of each chapter are
summarised below:

• Introduction has explained the challenges and aims associated with this
thesis work.

• Related Work is a review of the state-of-the-art research in the relevant
fields such as Pulse Position Modulation and Color Shift Keying necessary
to take into consideration while creating a novel system. A discussion of
crucial VLC constraints such as flickering mitigation is presented.
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• Colored Multiple Pulse Position Modulation presents the theoret-
ical background for the novel modulation scheme developed as part of
this work as well as a detailed explanation of the encoding and decoding
algorithms used. The use of the color spectrum in CMPPM for higher
throughput is expanded upon.

• Implementation provides an overview of the hardware and software im-
plementation of the presented modulation scheme using commodity hard-
ware such as a photodiode, LED, and easily accessible microcontrollers.
The PC and embedded codebases necessary to control the microcontrol-
lers are also presented in detail with explanations of important design
decisions. The software is implemented using Rust.

• Evaluation outlines the throughput achievable with the modulation al-
gorithm under different conditions theoretically. After an investigation of
the theoretical performance of this modulation scheme, a series of exper-
iments are presented exploring the throughput as well as the error rate
achieved with the practical implementation of the system presented in the
previous chapter. A thin application layer for the modulation scheme is
also implemented and introduced in this chapter to test the capabilities of
the system for transmitting a text file with detection and re-transmission
of corrupted and missed packets.

• Conclusion summarizes the results while provides ideas for future work
based on this project.
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Chapter 2

Related Work

2.1 Visible Light Communication (VLC)

Recent advancements in the power efficiency of LED technology have led to a
revolution in the indoor lighting market as well as a rapid increase in the share of
illumination provided by LEDs. Compared to earlier illumination technologies,
LEDs provide the advantage of being capable of switching rates beyond what
was possible in the past, opening up possibilities for using regular illumination
installations for data communications without creating any discomfort for the
human and little to no extra energy use on top of what is already consumed for
illumination purposes [22].

The Visible Light Communication field opens up broad opportunities for over-
coming the increasing congestion of radio frequencies as a rapidly increasing
number of applications are allocated frequency bands by regulatory bodies for
purposes of wireless communications. The promise of the field of VLC mainly
lies in the ability to use the light infrastructure already installed in living and
office spaces for illumination purposes. However, since unlike radio frequencies
the human body is directly perceptive of the changes in illumination, there are
certain constraints both theoretically and experimentally shown to be important
to avoid causing harm or discomfort to humans. Also as LEDs are commonly
used in Smart Lighting systems, in order to see practical adoption the theoretical
frameworks for VLC need to integrate seamlessly here as well.

2.1.1 Flickering

The most important practical constraint on VLC systems is the perceptibil-
ity of the flicker effect caused while transmitting data which inevitably has to
regularly change certain properties of the light such as intensity or color in
predetermined manners. IEEE 802.15.7 standard defines duty cycles of less
than 200Hz as flicker region, where eye safety might be of concern and duty
cycles higher than this value should be used in order to make changes between
symbols imperceptible to the human eye and avoid any adverse effects [25]. An-
other important category of flickering is inter-frame flickering, where subsequent
data frames might have noticeably different light emissions, causing a percept-
ible flickering effect. While intra-frame flickering is relatively easy to avoid by
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simply using high clock rates while transmitting data, inter-frame flickering re-
quires conscious design choices on the part of the modulation scheme such that
the changes in light conditions between frames are not perceptible.

2.1.2 Dimming

Since LED light systems are increasingly used for mood regulation and en-
tertainment, it is becoming common for consumers to demand products that
can freely change color and dimming levels. The IEEE 802.15.7 standard [25]
mentions dimming support as an “important consideration for VLC for power
savings and energy efficiency. It is desirable to maintain communication while a
user arbitrarily dims the light source”. Therefore in this work, great importance
is placed on achieving different colors while transmitting data and making the
system compatible with the ability to dim the light to arbitrary levels.

2.1.3 Pulse Position Modulation

Pulse position modulation (PPM) is a digital modulation technique that conveys
data by varying the position of the pulses in a sequence of equally spaced time
intervals [24]. In PPM, a pulse is transmitted in a specific time slot, and the
information is encoded by changing the position of the pulse within the time
slot, as shown in Figure 2.1. The position of the pulse is varied according to the
symbol being transmitted. The width of the pulse remains constant, and only
its position changes.
PPM has the advantage of being highly efficient with regards to the band-

width if the desired action is to communicate data through pulses, in a manner
that does not produce a visible flickering effect regardless of the modulated
data, unlike schemes such as On-Off Keying. However, PPM can be very sus-
ceptible to timing errors because it relies on accurate timing to determine the
position of the pulse. In the presence of noise or refraction, the timing of the
pulses can be distorted, causing errors in the detection of the pulse position
and leading to errors in decoding the transmitted data [4]. The transmitter and
the receiver systems need to be in near-perfect time synchronization with each
other since otherwise, the clock drift in one system can cause the pulse position
to drift over time, leading to errors in decoding the transmitted data. It is
also therefore preferable that the PPM systems have a mechanism for regaining
synchronization once lost.

Figure 2.1: Basic 2-PPM [25]
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2.2 Using the Color Spectrum in PPM

In order to determine the state-of-the-art techniques in using the color spec-
trum in PPM to achieve higher data rates, significant papers in this field are
summarised below. The main criterion for choosing a paper as relevant was its
discussion of a novel and distinct technique to achieve this.

• Color in PPM using Lasers [11]: This is the earliest article I have
come across which mentioned the idea of increasing the data rate of PPM
communication through the use of color. The authors, in 1985, are not yet
concerned with Visible Light Communication applications but with direct-
detection optical communication systems using lasers and photodetectors.
However, they observe that by using multiple photodetectors each with a
color filter, the throughput of the PPM algorithm can be easily scaled up.
They also mention the possibility of increased error this might introduce
into the system and propose Reed Solomon encoding, arguing that even
with this overhead the system can achieve higher throughput.

• PPM in CSK for Better Synchronization and Added Data Rate
[12]: Identifies an issue with proposed CSK systems, namely that they
typically assume perfect synchronization between the transmitter and re-
ceiver nodes, even though this is not a trivial task in practice. Therefore
the authors propose transmitting CSK constellations at the rising edges of
PPM pulses as a method of easy synchronization between the nodes. This
also adds extra information to each symbol. However, in practice, since
this requires dark sections between pulses where no CSK constellation is
transmitted, the increase in data rate is only theoretically achievable by
redefining a symbol from a CSK definition of a single pulse, to a PPM
definition of a combination of multiple pulses. Furthermore, through the
use of the Variable Pulse Position Modulation (VPPM), they achieve dim-
ming support in CSK. VPPM’s use in dimming support is investigated
further in the next sections.

• CSK and Complementary PPM [23]: Focuses on a system of trans-
mission where CSK symbols are transmitted to a single photodiode re-
ceiver instead of multiple receivers as envisioned in the IEEE Standard
[25], using the time domain to encode further information. The adapted
method of utilizing a single photodiode for color information, however, is
to implement band-pass filters to correspond with the expected constella-
tions. This is a valid method while using CSK since the frequency band
of each constellation is strictly defined, however not a workable solution
for modulation systems that aims to achieve greater flexibility concerning
color bands to use in tandem with PPM.

• Color and Dimming Control with VPPM Coding [9]: Appends
color and dimming control techniques to Variable Pulse Position Modula-
tion through multiple LEDs of different colors and controlling the width of
the pulses via PWM controllers. The exact color produced in each VPPM
symbol is determined by changing the proportion of pulses produced by
each LED. The level of dimming is controlled by the pulse widths, which
are uniform for all pulses in a symbol. The color spectrum is not used
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for transmitting extra data so the system described in this work would
produce the same data rate with only a single color LED but without any
flexibility concerning color and dimming levels.

• PPM over Each Color Component of CSK [19, 20]: Explores pulse-
coded signals over each color component on CSKmodulation. This achieves
better time synchronization between the nodes, dimming control, and re-
duces the system complexity while reducing the throughput to a degree.
Three bands are chosen from the seven wavelengths available in the CSK
bands, and each of these modulates data via PPM. As each symbol con-
tains exactly one pulse per band, the resulting symbols still conform to
the constraints of CSK modulation.

• Color-and-Intensity Shift Keying for VLC [6]: Takes a different
approach and instead of the position of the pulse, it uses the amplitude
of the pulse via combining CSK with an amplitude modulation scheme
known as UPAM. While this is not entirely relevant to our research, their
reasoning for this choice is still valid and important: Combining CSK with
any type of PPM scheme can never actually increase the practical data rate
of the system. We have already observed that when other related research
such as [12] claim increased data rates due to the extra bits added to each
CSK symbol thanks to the PPM, this is in reality only possible because
they redefine a symbol from a CSK constellation to a PPM symbol. In
this thesis as well, it will be described in Chapter 5 how the data rates of
our system can never be faster than an equivalent CSK scheme. However,
it is still possible to achieve similar throughput with additional benefits
that the CSK scheme does not provide.

Adding the color spectrum into PPM schemes can serve different purposes
such as modulating more data or simply obtaining variable color lighting while
maintaining the basic transmission principles of PPM. The techniques for modu-
lating data with color also differ. Combining an altered CSK modulation scheme
with PPM is seen as beneficial by many research projects since CSK presents
a ready-made solution to the problem of color flickering (which would likely
be introduced by a simpler color modulation scheme), while PPM provides ad-
vantages concerning time-synchronization between the communication nodes.
Overall, the properties seen as desirable in a colored PPM modulation scheme
by most research can be listed as:

• Can facilitate different color points and can (in some cases) change the
color during the operation. Modern smart LED lighting applications rely
increasingly on complicated color features to differentiate themselves in
the market [32]. Therefore this feature is crucial for such lighting systems.

• Does not flicker. This is usually achieved by arranging the possible color
points in such a way that their average is the desired color over a pre-
dictable time frame, such as a symbol. It is also important to adopt a
method of data modulation that ensures the frequency of color points is
independent of the underlying data. Since real-world data is seldom en-
tirely random, there can be a flickering effect if large blocks of identical
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color points are repeated. CSK modulation, for example, solves this is-
sue by scrambling the data before modulation and un-scrambling after
demodulation [1].

• Can transmit extra data thanks to the addition of the color spectrum, such
that the extra complexity and possibly the extra hardware in the system
can be justified. In addition to using the color spectrum effectively, an
important consideration seems to be the modifications to the underlying
PPM scheme. If a slower PPM scheme has to be used to accommodate
the color spectrum, then the benefits of the color spectrum might be lost.

• Provides an easy manner of maintaining time synchronization between
the transmitter and receiver nodes. Since the data is transmitted via the
rising and falling edges of light pulses, which are easy to detect accurately
and precisely, the receiver node in the system can always recover the clock
of the transmitter node without any complicated synchronization scheme.

2.3 Dimming Support in PPM

On top of increasing the data rate of PPM using the color spectrum, this work
aims to achieve this outcome while also allowing arbitrary levels of dimming
when the scheme is implemented with the right hardware. Dimming is recog-
nized as one of the main challenges in Visible Light Communications [25], as it
enhances power efficiency, and for many users of commodity LED hardware it is
an essential feature for personal comfort and entertainment reasons. It was ob-
served that there are different approaches for dimming with inherent trade-offs,
and thus some of the more significant methods are discussed below.

• Overlapping Pulse Position Modulation (OPPM) [8]: Uses OPPM
in order to achieve flexible dimming which can outperform several other
PPM schemes. OOPM is a variant of PPM where multiple pulses are
arranged in blocks of a given size, and the beginning position of the block
is utilized to encode data. The blocks overlap in the sense that as long as
the rising time of a block in a symbol is distinct from all other symbols,
there is no limitation on how long the block can be. Essentially this acts as
a way of encoding a similar amount of data to regular PPM while having
more control over the length of the pulse since pulses of different symbols
can overlap on the time domain. Because the length of the pulse is then
freely adjustable and directly correlates with the light intensity, this work
takes advantage of this property in order to adjust the dimming levels
using the length of the pulse. However, OPPM suffers from the problem
that it is inherently not capable of achieving high data rates compared to
other PPM variants such as MPPM.

• Overlapping Pulse Position Modulation (OPPM) with Pulse Width
Modulation (PWM) [5, 13]: Have a similar approach to the previ-
ously mentioned paper, but in order to achieve dimming, pulse intensity
is adjusted using PWM, without having to adjust the properties of the
modulation algorithm for dimming purposes. This achieves a much more
fine-grained dimming compared to dimming using the parameters of the
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OPPM modulation since hardware peripherals usually allow for very pre-
cise adjustments of the PWM duty cycle. However PWM requires addi-
tional hardware in the system which increases cost and complexity.

• Variable Pulse Position Modulation (VPPM) [9]: Uses a variation
of PPM that is specifically designed for achieving a dimming level other
than the fixed values of the regular PPM. This is achieved by a small
modification to the pulse width of the PPM, which can be extended or
shrunk in size using PWM. While this can achieve fine-grained dimming
rates, a disadvantage of VPPM is that it relies on PWM hardware with
the problems, as discussed above.

• Multiple Pulse Position Modulation (MPPM) [18]: Uses yet an-
other PPM variant for controlling dimming with modulation variables.
MPPM modulation posits known number of pulses in each symbol where
each possible combination of pulses map to a certain pattern of bits to
express data. The number of pulses in the packet can be increased or de-
creased to change the dimming level. However unlike the OPPM dimming
system proposed in [8], this change has an influence on the data rates. As
explained in Section 3.2.3, having more or fewer pulses than 50% of all
positions cause a steep decline in the data rates.

• VPPM with on-the-fly adjustments [30]: Desires to achieve a system
with flexible dimming levels while still using VPPM, since in a regular
VPPM system the receiver needs to know the exact dimming level of the
signal in advance in order to not miss detection of the pulses. Multiple
ideas are presented in the paper for how to overcome this limitation in-
cluding using neural nets. While this aim is achieved, it is accomplished
at the cost of high system complexity.

There exists a wide range of PPM variants that support dimming by modu-
lating the data with fewer pulses. However, this often presents a problem since
dimming often comes at the cost of lower throughput since using fewer pulses in-
evitably decreases the number of possible symbols. A more beneficial approach
is to leave the underlying PPM scheme untouched and make the pulses smal-
ler or larger according to the desired dimming. This is achieved either using
Pulse Width Modulation (as in VPPM) or by varying the pulse length (as in
OPPM). PWM has the slight disadvantage of introducing more complexity to
the transmitter circuitry and increasing the cost.

2.4 Multiple Pulse Position Modulation

Multiple Pulse Position Modulation (MPPM) is a variation of the regular PPM,
using multiple pulses in each symbol at different positions in order to encode
more data [29]. While regular PPM uses one pulse per symbol, an MPPM
symbol contains multiple pulses, encoding more data per symbol in this way.
This results in an increased throughput compared to naive PPM since there are
more degrees of freedom in each symbol as shown in Figure 2.2.
The trade-off inherent in using MPPM instead of PPM for achieving higher

throughput is that since we relinquish control over the positioning of pulses
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Figure 2.2: (a) 3 separate 2-PPM symbols transmitting 3 bits of data,
(b) MPPM symbol where N = 6,K = 3 transmitting 4 bits of data

to increase the degrees of freedom in symbols, we might be causing a flickering
effect. The flickering possibility is intuitive when one thinks of a situation where
N = 4,K = 2, and both pulses are in the first two locations of the symbol. Such
a symbol is, in terms of the transmitted light, actually equivalent to a 2-PPM
symbol at half the transmission speed. As the effective speed of switching the
LED on and off decreases, it becomes more likely that the LED is perceived to
be flickering.

2.5 Color Shift Keying

Color Shift Keying (CSK) is a modulation scheme specifically designed for us-
age in VLC communication, proposed in IEEE Standard 802.15.7 [1]. The core
factor behind CSK is the relatively high speed of switching that can be achieved
with three separate RGB LEDs as opposed to blue LEDs with yellow phosphor-
ous LEDs, as the latter are more restricted in their ability to toggle at high
frequencies due to their physical properties [10]. White light can be obtained
in this manner by mapping symbols with specific frequencies which averages to
white light when transmitted in quick succession. The idea to use multicolor
LEDs in combination to create different frequencies of light is at the base of
CSK, which is also the aim of this work. Therefore, the fundamentals of CSK
modulation are explored and explained with respect to how they relate to similar
challenges faced in this study.

In CSK modulation, seven distinct color bands are determined over xy co-
ordinates defined by the CIE 1931 color coordinates, as shown in Figure 2.3.
Out of these color bands, combinations of three vertices are used to form con-
stellation triangles, the centers of which form the CSK symbols as described in
Figure 2.4. The number of constellations determines the amount of data that
can be encoded in an N-CSK symbol. A certain bit pattern is assigned to each
constellation, and the number of bits that can be represented by a constellation
is log2(N). For example, each symbol in a 4-CSK system encodes two bits. Due
to the constraints imposed by flickering, the data has to be scrambled before
encoding into symbols to ensure randomness [25], and therefore to avoid data
with repeating blocks from producing visual effects noticeably by the human
eye.

2.5.1 CSK with Alternative Hardware

One perceived issue with CSK as defined in the standard is its relative com-
plexity and rigidity in terms of hardware and software blocks required [20] with
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Figure 2.3: CIE 1931 xy color coordinates. The three-digit values refer
to the center wavelength of the seven bands defined in the IEEE
802.15.7 band plan. [25]

multiple light sources and receivers. Therefore there is a body of work exploring
implementing CSK, or modifications of CSK, using alternative hardware setups.
As it is in the interest of this work to sense the color spectrum for encoded data
using the simplest and most efficient hardware possible, a summary of a wide
array of ideas regarding this field is presented in this section.

• Camera [16, 15]: Inspects the feasibility of using a camera for CSK com-
munications and develops techniques to deal with the relatively signific-
antly low speed of a camera in sensing an LED in comparison to a dedic-
ated sensor. Most cameras are simply a combination of a matrix of sensors
scanned in lines, and this technical detail can be utilized for CSK sensing.
A fast-blinking LED leaves an image pattern similar to a barcode, from
which the original LED blinking pattern can be recovered. Error correc-
tion techniques are also needed to be implemented as there are bound
to be gaps between camera frames during which some symbols are lost.
While this technique can find exciting applications due to the abundance
of cameras in personal devices, it also imposes a steep increase in system
complexity. Furthermore, even when cameras are used in this manner,
they still have relatively low sensing rates compared to dedicated sensors.

• LED [31]: Even though this system uses simple On-Off Keying (OOK)
as its modulation scheme, it develops on top of an interesting idea to use
an LED not just for transmission but also for light detection. It has the
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Figure 2.4: Constellation design rule for 4-CSK. The corners corres-
pond to three points chosen from the seven bands, while P0 is the
centroid of the triangle and acts as the constellation. [25]

advantage of achieving two-way communications between nodes with re-
latively low levels of complexity since only a single LED is needed per
node to implement both ends of the communication. It could potentially
also be extended to a CSK system by implementing three white LEDs, all
behind color filters of red, green, and blue, and therefore able to transmit
and receive the entire color spectrum. However, this forfeits the simplicity
benefit of using an LED, since three LEDs would have to be working in
tandem for transmitting and receiving. This system can be more com-
plicated than using a single multi-color LED in combination with a color
sensor.

• Single Photodiode [2]: Develops a constellation design strategy for a
single photodiode-based CSK system. The focus of the design strategy is
to maximize the minimum distance between the symbols, as sensed by a
photodiode. As one can only get a single dimension of information from
a photodiode (the voltage response), in order to come up with optimal
constellation design, complex optimization algorithms are developed. The
authors observe that the average white light constraint for CSK can be
a limiting factor and offer methods for relaxing the constraint or even
adding an extra LED to relax the limitations on the signal-to-noise ratio.
While this work concerns CSK constellations, the idea of sensing the color
spectrum with a photodiode by carefully crafting the symbols to create
voltage responses with a uniform distribution can be applied elsewhere.

• Light-to-Frequency Converter [21]: Focuses on a low-cost CSK sys-
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tem through the elimination of the need for analog-to-digital converters.
Therefore the focus is on adapting a light-to-frequency converter to act
as a CSK receiver, as well as a particle swarm optimization algorithm for
designing CSK constellations for the limitations of the light-to-frequency
converters. The scope of this work is similar but relatively more limited
to the previously explored Anwar and Srivastava (2020) [2].

• Four LEDs [27]: Enhances the regular CSK modulation by adding an
extra LED with the color cyan. The fourth LED allows forming a quad-
rilateral constellation shape instead of the usual triangular constellations
of the CSK. Further tweaking the CSK algorithm to use the newly added
LED allows the system to achieve a small SNR gain. A higher SNR leads
to a better trade-off between the operating range and data rate, and can
even lead to reductions in the overall system cost if fewer LED clusters
need to be used to achieve the same system.

• Screens [14]: Focuses on communications involving a screen and a cam-
era, such as sending data between two smartphones. The work has to cope
with the fact that both the screen refresh rate both the camera scanning
speed are substantially lower compared to dedicated hardware. Deep con-
volutional neural networks are implemented to lower the error rate of the
system.

One common concern that most papers inspected for examples of implement-
ations of CSK with alternative hardware have to deal with is the need to develop
methods for designing constellations that can work with the limitations of the
alternative hardware. Originally, CSK constellations were designed with color
sensors in mind. Therefore, the original constellation picking algorithm [1] can
lead to situations where constellations cannot be distinguished by the receiver
if an alternative receiver is used. For example, the distinct color combinations
that lead to two distinct constellations can trigger the same voltage response in
a photodiode depending on the photodiode’s voltage response graph. Therefore
new constellation points are picked with the receiver hardware in mind. Fur-
thermore, the CSK limitations around achieving average white light constraint
create a significant limitation to calculating new constellation points, and some
research papers explore creative ways to relax this constraint while avoiding
color flickering.
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Chapter 3

Coloured Multiple Pulse
Position Modulation

The main contribution of this work is to propose a novel scheme that expands
Pulse Position Modulation into the color spectrum, while not compromising
on the constraints necessary for VLC systems to be compatible with human
health and comfort via adverse effects. This is achieved by transmitting multiple
streams (called channels in this work) of MPPM encoded data simultaneously
through the extra dimension the color spectrum provides. Figure 3.2 provides
an illustration of this idea. This chapter defines the modulation scheme and the
accompanying packet structure to encapsulate data and convert the given data
bits into signals in the color spectrum.

3.1 System Overview

The modulation scheme described in this chapter is designed to be compatible
with simple and cheap commodity hardware, with the transmitter consisting
of a single multi-color LED and the receiver a photodiode and op-amp cir-
cuit connected to an ADC. Figure 4.1 depicts an example implementation on a
high level. The hardware choices impose certain restrictions on the modulation
scheme, especially at the receiver end. The primary constraint tackled is to
design a modulation scheme that can communicate data in the color spectrum
while only using a photodiode since photodiodes are typically significantly faster
at sensing than color sensors, even though color sensors are the usual devices
for communicating data through the color spectrum. As discussed in relation
with the Anwar and Srivastava (2020) [2] paper, one method for this is to define
symbols that create photodiode responses with a uniform distribution such that
the receiver can easily distinguish the symbols.
A CSK-inspired implementation of this method would create a mapping between

photodiode voltage values and bit combinations. However, it should be taken
into account what would happen if such a modulation scheme was transmitting
a repetitive data section, such as a long chunk of zeroes. Since all the symbols
would be the same, there would be a visible change of color and light intensity
i.e. flickering. This effect is undesirable, and therefore in our modulation scheme
an alternative approach is taken with data encoded in larger blocks using an
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algorithm initially invented for MPPM.
Data communications between several parties always require an agreement

over the rules of accessing the transmission medium called Medium Access Con-
trol (MAC) in order to avoid clashes between the transmitting nodes. In this
work, the focus is solely on unidirectional communications between two nodes,
therefore MAC or similar higher-layer protocols are not considered while devel-
oping the modulation algorithm.

3.2 Colored Multiple Pulse Position Modulation

Multiple Pulse Position Modulation (MPPM) was introduced in Section 2.4. Us-
ing this scheme as a basis, a new PPM variation is introduced in this work which
can use the color space for encoding data without any additional hardware. We
call this novel modulation scheme Colored Multiple Pulse Position Modulation
(CMPPM) as we implement an MPPM variant that can also function through
the color space to increase the data throughput.

3.2.1 Heuristics Based Algorithm for MPPM Encoding

The common method for translating between bit patterns and PPM symbols
is to determine a one-to-one mapping between each possible bit pattern and
a symbol. While this method is simple and can be implemented with a look-
up table and therefore achieve O(1) encoding and decoding speed, the size of
the memory needed for larger symbols increases exponentially and becomes
unsustainable. For example, an MPPM packet with N = 100 and K = 50 will
have

(
100
50

)
≈ 1029 possible states. Such a mapping is not sustainable to store in

a regular computer’s memory in the form of a look-up table.
Therefore, at the heart of this project lies the application of the heuristics-

based modulation algorithm introduced by Wu et al [32] for encoding large
MPPM packets. The starting point of the paper is to recognize the importance
of adapting to ambient light conditions for any smart lighting product since such
consumer products are becoming commonplace and typically require dimming
support. The authors introduce a new scheme called Adaptive Multiple Pulse
Position Modulation (AMPPM) to support fine-grained dimming levels while
maximizing throughput and avoiding flickering. AMPPM is adaptive: It can
change its parameters (number of positions N and number of pulses K) due
to dimming demands on-the-fly and therefore change the light intensity. The
number of data bits encoded in a codeword of N positions and K pulses is
log2(

(
N
K

)
). The relation between these variables and throughput is displayed in

Figure 3.1.
Instead of mapping bit patterns to symbols, AMPPM uses a heuristic al-

gorithm based on combinatorial dichotomy to calculate mappings on-the-fly
without storing them in the memory. The encoding algorithm generates the
symbol (codeword) moving from the least significant bit toward the most signi-
ficant bit of the codeword. The input data is treated as a numeric value (so 128
data bits are handled as an arbitrary integer of 128 bits). At the beginning of
the algorithm, N equals the total number of positions and K equals the total
number of desirable pulses in a given codeword. Setting or unsetting each bit in
the codeword reduces the number of possibilities that can be represented by the
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Figure 3.1: Relation between encoded bits and K/N ratio for MPPM

rest of the codeword by
(
N−1
K−1

)
. This dichotomy is essential to the algorithm and

allows the reconstruction of the codeword back into data later. At each step,
the algorithm either sets the bit to 1 if the value of the input data is smaller
than

(
N−1
K−1

)
, or else sets the bit to 0 and subtracts

(
N−1
K−1

)
from the input data.

At each step, the N becomes smaller since we have fewer positions to fill, and
if the pulse is set to 1, K also becomes smaller. The algorithm does not need
to continue further when either of the parameters is completely processed:

• All N positions in the codeword are processed or,

• The prescribed number of pulses (K) are encoded in the codeword.

The decoding algorithm functions the opposite way: operating over each bit
in the codeword and reversing the decisions taken by the encoding algorithm to
rebuild the input data. Since the input data was deconstructed by subtracting
the appropriate

(
N−1
K−1

)
value at each 0 bit in the codeword, the decoding node

can reconstruct it by adding the correct
(
N−1
K−1

)
at each step whenever there is a

0 bit in the codeword.

Both algorithms are presented with the improvements contributed by this
work in Algorithms 2 and 3. The improvements are detailed in the following
sections.

3.2.2 Simultaneous Multiple Channels of MPPM

This work introduces the idea of transmitting multiple payloads of MPPM-
encoded data simultaneously using color space. We name each of these MPPM

17



Figure 3.2: Two channels combined into four channel combinations
(expressed as distinct colours)

symbols a channel. One or more channels are transmitted simultaneously mul-
tiplying the throughput of the system as illustrated in Figure 3.2. In theory,
there is no limit to how many channels a system can have although practically
noise represents a soft limit for increasing throughput by adding more channels.
The limitations are investigated in Chapter 5.

It is useful to allow each channel to encode data independently of other chan-
nels since this achieves the highest possible data rate from such a system. If
the channels were constrained by each other, the encoding method would have
to take these constraints into account, which would reduce the throughput.
However, transmitting data simultaneously on independent channels necessit-
ate the definition of a transformation function that can express a combination
of pulses from different simultaneous channels as a single output value in the
physical realm. Therefore, we also introduce the concept of Channel Combin-
ation to define the combined output of any (including zero) number of channels.
While channels are an abstract concept, channel combinations have a one-to-one
mapping to light frequencies and thus photodiode readings. We define certain
constraints on them:

• Any permutation of the channels where one channel is not present more
than once, including the lack of any channels, i.e., the empty set (∅), must
be defined as a channel combination.

• Each channel combination must correspond to a color frequency that pro-
duces a distinct voltage response in the photodiode, and the distance
between subsequent combinations must be as uniform as possible. This
constraint ensures that for the receiver each channel combination is distin-
guishable from the subsequent channel combinations as much as possible.

• The channel combinations must be ordered from the combination produ-
cing the lowest voltage response to the combination producing the highest
voltage response.

Through these constraints, we can achieve a modulation algorithm where an
arbitrary number of MPPM channels can be transmitted simultaneously, and
therefore the data throughput scales linearly with the number of channels.
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Figure 3.3: Observed Voltage Response from 3 Channels and 8 Channel
Combinations

In practice, there can be various methods of achieving distinct colors for
channel combinations and fulfilling the constraints. There is typically a trade-
off between system complexity and control over the exact values of channel
combinations. The simplest and cheapest method is to connect multiple LEDs
to the transmitter, each with a distinct color. The LED colors and intensities
can be chosen to create a distinct and uniform spread between the channel com-
binations. In Chapter 4, an alternative method is implemented by connecting
the colored RGB LEDs to PWM drivers and thus achieving precise control over
the intensity of each channel combination.

An example of 4 channel combinations from 2 channels can be seen in Figure
3.2, where different channel combinations are expressed as a distinct color.

3.2.3 Improvements on the Heuristic MPPM Algorithm

While implementing the CMPPM scheme, certain weaknesses and possible im-
provements were identified in the heuristic algorithm for MPPM introduced in
the Wu et al [32]. In this section, three improvements are presented with im-
provements over time complexity, simplifications, and increases in the efficiency
of the packet structure by introducing an alternative optional dimming method
(which provides that we do not need a special compensation part in each packet).

Lower Time Complexity

The encoding and decoding algorithms have both O(N2) time complexity since
the algorithm has to iterate over every pulse position in the worst case and cal-
culate a combination value based on input N , which takes O(N) time. However,
calculating a new combination value for every bit in the codeword from scratch
is unnecessary. This operation can be reduced to O(1) complexity using the
information we already possess from the last bit. After the initial calculation
of

(
N
K

)
, every next bit uses a value of either

(
N−1
K−1

)
or

(
N−1
K

)
. This fact can be

utilized as shown in the Algorithm 1.
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Algorithm 1 Find next combination in O(1) time

Require: N > 0
Ensure: C =

(
N−1
K−1

)
or

(
N−1
K

)
C ←

(
N
K

)
▷ This is known from previous iteration

if Both N and K subtracted then
C ← C ×K

else if Only N subtracted then
C ← C ×N −K

end if
C ← C

N

This method of calculating the combination value requires slightly more book-
keeping as each iteration needs to keep track of the last

(
N
K

)
value. But it can

have a significant effect on the run times of both the encoder and decoder al-
gorithms at higher N values and can have the advantage of enabling operations
on significantly less powerful and therefore less expensive pieces of hardware.

Algorithm 2 Optimised encoding algorithm

Data ← number representation of input data
iN ← 1
iN ← 1
C ←

(
N−1
K−1

)
▷ Calculate this only once

Code ← [Off ;N ]
while iN <= N && iK <= K && iN − iK <= N −K do

if Data ≥ C then
Data ← Data −C
C ← decOnlyN(C,N − iN ,K − iK)

else
Code[iN ]← On
C ← decBothNandK(C,N − iN ,K − iK)
iK ← iK + 1

end if
iN ← iN + 1

end while
if iN − iK ≥ N −K then ▷ fill the remaining bits if need be

while iN <= N do
Code[iN ]← On
iN ← iN + 1

end while
end if

Optional PWM Dimming

The number of data bits that can be encoded in a channel is given by the
formula log2(

(
N
K

)
). Due to the properties of the combination operation, the

highest throughput is achieved when K = N
2 , and the throughput decreases as

K deviates towards 0 and N . This change is demonstrated in Figure 3.1.
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Algorithm 3 Optimised decoding algorithm

Data ← 0
iN ← 1
iN ← 1
C ←

(
N−1
K−1

)
▷ Calculate this only once

Code ← the received codeword
while iN <= N && iK <= K && iN − iK < N −K do

if Code[iN ] == Off then
Data ← Data +C
C ← decOnlyN(C,N − iN ,K − iK)

else
Code[iN ]← On
C ← decBothNandK(C,N − iN ,K − iK)
iK ← iK + 1

end if
iN ← iN + 1

end while

Figure 3.4: An example of a channel being dimmed at three different
PWM duty rates

AMPPM scheme relies on changing the number of pulses in the codeword to
facilitate dimming, which has the advantage of providing fine-grained dimming
support in exchange for increased complexity and a header in every packet to
announce the N and K values since the receiver cannot know these numbers in
advance. However, it is possible to achieve a dimming method with less overhead
if the transmitter has access to PWM hardware such that N and K values can
stay constant for every packet. Dimming can be provided by connecting the
LEDs to the PWM peripherals and transmitting lower PWM duty cycles. This
method is similar to the VPPM scheme, applied in a larger domain. A visual
representation is given in Figure 3.4.

A disadvantage of dimming in this way is that the maximum brightness
achievable from the system is 50% of the capacity of the LED since even with no
dimming using PWM, each channel can put out ON pulses only half the time.

But just like the AMPMM dimming method, the method of dimming via
changing the PWM duty rate is not free in terms of throughput. If the envir-
onmental conditions and the number of channels are kept constant, the upper
range of voltage values which can be used for channel combinations is going
to decrease with higher dimming levels. Such a change inevitably decreases
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Figure 3.5: (a) No dimming, (b) 50% dimming. Noise is represented
with a sin wave. Any value above the threshold interpreted as the
first channel combination, while any any value below the threshold is
interpreted as the second channel combination

the noise robustness of the system since the distance between channel combin-
ations becomes smaller, and there is a higher chance that the receiver fails to
distinguish between the subsequent channel combinations as demonstrated in
Figure 3.5. Therefore, depending on the ambient noise conditions, there is an
empirical threshold for dimming where transmitting data using fewer channels
increases the throughput due to the positive effect of a higher signal-to-noise
ratio overtaking the negative effect of using fewer channels.

Packets Without Compensation Overhead

A disadvantage of the Adaptive MPPM method adopted by the SmartVLC
system is the need to transmit the N and K parameters for each payload in
the packet header since these variables can be adapted and changed between
packets for dimming purposes. Therefore the receiver needs to be made aware of
the parameters before being able to decode the codeword into data. This adds
overhead to the transmission twice, both while transmitting the parameters
but also later, when a compensation section has to be appended to the frame to
compensate for the flickering effect from transmitting the parameters as they do
not conform to the dimming level of the payload. Especially at lower dimming
levels, the pulses required for parameter transmission need to be compensated
by long compensation sections to re-attain the correct dimming level inside the
packet. The PWM dimming method adopted in this work has the advantage
of not sacrificing throughput with a compensation section since the N and K
parameters are always the same between subsequent packet payloads. Therefore
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Preamble Training Payload RS
2 Bytes 2c bits X Y

Table 3.1: Packet Structure (c denotes channel count). X and Y are
independent from each other and can be any value

there is no need for a header.

3.2.4 Optional Multiplexed Communications

As each channel carries information independently of the others, the transmit-
ter can distribute data between the channels, and the receiver is free to sense
some of the channels and perhaps ignore others. This architecture opens up
opportunities for multiplexed communications where each channel can encode
data targeted for a different receiver, and the receivers record data from only
the desired channel(s).
Even though it is possible to create a multi-receiver system with most VLC

schemes (due to the large illumination field of view of LEDs), CMPPM is espe-
cially suitable because there is no need for any overhead in labeling data for each
targeted receiver. The modulation scheme contains multiple channels natively.

3.3 Packet Structure

Data is communicated enveloped inside packets to guarantee important prop-
erties such as in-order delivery, integrity, and acknowledgments of successfully
arrived packets. The structure of the packets is shown in Table 3.1 and explained
in this section.

3.3.1 Preamble

Before the communication between the nodes starts, it is necessary to synchron-
ize the transmitter and the receiver and inform the receiver of incoming data.
The typical method for this is a preamble pattern transmitted at the beginning
of each packet. The preamble pattern should be easily distinguishable from
regular ambient noise. Therefore it is designed as a series of pulses that rapidly
alternate between total darkness and maximum channel combination in order
to be noticeable above the unpredictable fluctuations of the ambient light. In
order to avoid any coincidences where a regular data payload is mistaken to be
the preamble, the preamble section needs to be sufficiently long such that the
chances of an identical pattern occurring in the data payload is low. Two bytes
(16 pulses) were determined to be sufficient for practical purposes.

3.3.2 Training

Factors such as physical distance, angle of incidence, and interference from
different light sources or reflections can cause variations in the voltage reading
each channel combination creates in the receiving photodiode. It is difficult to
predict how these factors vary during communication as the physical conditions
should always be assumed to be unpredictable. Schemes such as CSK deal
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with this problem by tightly defining the physical properties of the signals.
However, there is a great deal of flexibility to be gained by only mandating
that the signals differ from each other in relative terms and this work choose
to follow this path instead. Therefore, in practice, it is necessary to develop a
method for identifying each channel combination from the voltage readings of
the photodiode even when the levels might be in unpredictable change due to
changing environmental conditions.
Typically it is safe to assume that under most conditions, the external physical

factors are likely to stay at predictable levels during the communication duration
of each packet while showing larger fluctuations between several packets since at
high transmission speeds each packet is transmitted in a minuscule time frame.
Therefore a useful method for compensating against environment changes is to
transmit a training sequence in each packet to train the receiver node to the
correct voltage level for each channel combination.
In the training section, one pulse is transmitted per channel combination from

the lowest to the highest order. For example, assuming that a given system has
three channels and these correspond to red, green, and blue, and the red channel
creates the highest voltage response and blue creates the lowest, the order of
channel combinations can be seen in Table 3.2.

Order Channel Combination
1 ∅
2 Blue
3 Green
4 Blue, Green
5 Red
6 Red, Blue
7 Red, Green
8 Red, Green, Blue

Table 3.2: An example channel combination ordering where channels
correspond to primary colors

Given that the steps between the channel combinations are uniform, it can be
observed that the training sequence contains pulses of each channel for exactly
half of the available slots. For example, in the given example four blue, four
green, and four red channel pulses are transmitted. Therefore, for each channel
pulses are transmitted for exactly half the possible slots (K = N/2 ratio). This
is the same as in the rest of the packet, therefore the training part of the packet
has the same average intensity and color as the rest of the packet and does
not cause any flickering. The training sequence of a real packet can be seen in
Figure 3.3.

3.3.3 Payload

The payload section is obtained by applying the modulation algorithm to enough
raw data for each channel. In effect, the payload is several MPPM packets put
on top of each other in several channels, and transmitted in parallel. At each
pulse of the payload, several channels try to transmit a pulse simultaneously,
which is resolved to a channel combination. Therefore the payload can also be
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conceptually understood as a sequence of channel combinations as depicted in
Figure 3.2.
The payload length can be adjusted according to the error characteristics of

the communications medium and the desired signal-to-noise ratio. A longer
payload can be more efficient in terms of data transmitted per packet but also
likely requires more error correction as there is a higher chance that the con-
ditions of the communications medium change during the payload sending. If
the communications medium is subject to intermittent total failures such as ob-
jects blocking the path between the transmitter and the receiver, then a shorter
payload can be more efficient since there is less chance that a long packet is
disrupted in half.

3.3.4 Forward Error Correction

Errors while communicating through any physical medium are common and
have to be accounted for. Therefore it is desirable to correct errors or at least
be able to verify the integrity of the signal at the receiver node. Even the
detection of an error without the possibility of correction can still facilitate re-
transmissions. Forward Error Correction schemes achieve this by appending
an error correction sequence to the data derived from the data itself. While
many different schemes can serve this purpose, most are based on properties
that allow for detecting corruption or even recovering the original data through
mathematical operations as long as the data is not corrupted beyond a certain
threshold. The error correction sequences are essentially overhead, and after
the data is corrected or verified, the section can be stripped away.
In this work, Reed-Solomon Encoding is utilized for this purpose. Reed-

Solomon encoding adds redundancy to the message by generating a set of sym-
bols based on the payload, each symbol being eight pulses in this case. The
system is programmable with regards to how many bytes of forward error cor-
rection are appended to the data. This directly affects the error correction
potential as detailed in Section 3.3.4.
There are several reasons for choosing Reed-Solomon encoding over similar

schemes:

• When a symbol is defined as a series of several pulses, Reed-Solomon
encoding is also quite robust to burst errors, which occur when a series
of consecutive bits are corrupted [17]. This makes the scheme particu-
larly suitable for this work, as we observed that corruption of a pulse
often means an electrical or light distortion also corrupting nearby pulses.
Therefore a burst error that affects a contiguous sequence of symbols will
likely affect only a small subset of the check symbols, and the remaining
check symbols will still be able to correct errors in the message.

• Apart from their correction capabilities, Reed-Solomon codes can also
detect corruption at significantly higher corruption levels even when it
is not possible to salvage the data anymore. This is useful for avoiding
processing corrupted data.

• Although Reed-Solomon encoding is based on advanced mathematics, it
has wide use in both academic works and industrial products. This pop-
ularity translates itself to the wide availability of well-tested ready-to-use
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Figure 3.6: Journey of data through encoding, error correction and
decoding steps

software libraries which can be a significant benefit since the main contri-
bution of this work is not related to the forward error correction schemes.

Each packet contains payloads from several channels, which are encoded and
decoded independently. The implementation of the Reed-Solomon encoding
also follows this pattern, as the encoding process is applied to each channel
separately. The error correction encoding is applied to the already modulated
data. Calculating the encoding symbols from raw data would not achieve the
desired outcomes since the heuristics-based data modulation and demodulation
algorithms are highly unstable to corruption, and it is impossible to correct
the result of demodulating corrupted signals. A single bit flip in the encoded
payload would result in a completely unpredictable change in the underlying
data. Therefore the Reed-Solomon encoding is applied after the modulation
step, and the Reed-Solomon correction and verification steps are applied to the
received signal before demodulation. The demodulation algorithm is applied to
the signal only after it has been corrected and verified, and so the resulting raw
data can be presumed to be correct. This is described in Figure 3.6.
If the packet is appended with an error correction section, it should be com-

pensated to achieve a 50% pulse ratio like the rest of the packet to avoid flick-
ering.

Error Correction Ratio

As described in Section 3.3.4, the symbol used for Reed-Solomon Encoding in
this work is bytes (eight pulses), which means errors are corrected and detec-
ted on the level of bytes instead of individual bits. Therefore the calculations
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regarding the number of correctable symbols are also presented using bytes.
The general formula for Reed-Solomon error correction capability is known

to be t = (n− k)/2 where,

• n is the total number of symbols in the encoded message, therefore the
payload plus the RS encoding symbols.

• k is the number of original data symbols in the encoded message.

• t is the maximum number of errors that the code can correct.

Reed-Solomon encoding can also detect up to 2t symbols of error even though
such levels of error cannot be corrected. Error detections is valuable for discard-
ing the corrupted packet and demanding a repeat sending. It is also likely that
a packet corrupted beyond 2t symbols will fail the Reed-Solomon code check.
However, this is not guaranteed and the payload can be labelled as correct in
rare cases.

3.4 Average Light Intensity

While describing the packet structure in the previous section, it is noted for
each packet section how the pulses add up such that for each channel, the
50% ratio is maintained between the available slots N and realized pulses K.
Therefore the average light intensity of the entire packet stays constant between
different sections and as well as between subsequent packets. Furthermore, the
average color of each section and each packet is also constant as each channel
is represented an equal number of times. Therefore the human eye does not
perceive any flickering in either the intensity or color output of the system
during data transmission.
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Chapter 4

Implementation

This work also includes an implementation of the CMPPM scheme. The imple-
mentation’s goal is to showcase the viability of the modulation idea in a per-
formant real-world system, and ultimately provide a springboard from which
further development on this topic can take place. All software created as part
of this project is available and open-source, with accompanying notes on how
to build and run the code on https://gitlab.com/Master_thesis4.

The implementation is divided into two parts: peripheral and host. Host
refers to the computers on both ends of the communication sending and re-
ceiving files or other data. Conceptually the hosts could be any nodes sending
and receiving any data using the communication interface introduced in this
work. However, in this section, they are implemented as code that is supposed
to run on an operating system. The peripherals are the microcontrollers re-
sponsible for outputting the information to the physical medium via LEDs and
sensing the data from the physical medium via a photodiode. The classification
between receiver and transmitter is then orthogonal, as both the receiver and
the transmitter consist of one host and one peripheral node.

4.1 Hardware Design

This section introduces the hardware design used in the implementation of this
work. The overall structure of the hardware is depicted in Figure 4.1.

4.1.1 Transmitter

The transmitter hardware consists of a consumer-grade RGB LED connected to
three Pulse Width Modulation (PWM) outputs of a NUCLEO-H743ZI devel-
opment board. The board is connected to the host PC via USB, transmitting
UART messages between the host and the microcontroller.
The host is responsible for dividing the source file of the transmission into

chunks and encoding these chunks into packets. The transmitter peripheral,
connected to the host via UART, receives the encoded data for each channel.
The responsibility of the transmitter peripheral is to receive the bytes through
UART and broadcast this information with precise timing to the LED. As stand-
ard UART messages consist of bytes, each channel is divided into chunks of eight
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Figure 4.1: Hardware Components

ON-OFF pulses collected into bytes. Instead of sending all of the pulses from
one channel, and then proceeding to send the next channel, the system transmits
one byte from each channel before proceeding to the next byte. This structure
has the advantage of more closely resembling the nature of the transmission
itself, where all the channels transmit simultaneously. This structure translates
to less need for buffering and wasted time between consecutive packets.

Different RGB LEDs typically have different characteristics concerning fre-
quencies and intensities of the light they can transmit. The transmitter peri-
pheral is designed such that the specific characteristics of the LED is not a
limiting factor for the system, and any RGB LED hardware (or even 3 separ-
ate single-color LEDs) can be used in the transmitter circuit with tuning. The
backbone of this flexibility is the ability to tune each LED color’s PWM duty
cycle for each channel combination separately in the software. Therefore the
differences in LED and photodiode characteristics can be eliminated by adjust-
ing the PWM duty cycles for each channel combination with respect to the
voltage response it creates in the photodiode output. The ideal case is to aim
for a perfectly separated set of steps in the voltage response, as exemplified in
Figure 3.3. Such a structure has the benefit of creating the smallest possible
risk for noise to cause an error in the receiver system, as each step stands at the
maximum possible distance from each other.

However, the perfect distancing between channel combinations might not al-
ways be possible due to the available hardware. For example, one can alternat-
ively design an implementation that does not rely on PWM hardware to create
separation between channel combinations. In this case, one could choose LEDs
and photodiode such that combining colors still creates channel combination
steps, or attempt to regulate the brightness of each LED by changing the res-
istor values attached. The resulting steps can be less uniform, increasing the
error rates. But for this work, the PWM hardware simplified the implementa-
tion and evaluation.
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4.1.2 Receiver

A photodiode is a semiconductor component that converts light into an electrical
current. It is a type of photodetector that operates by absorbing photons of
light and generating a flow of electrons. By adding op-amps into the circuit,
the minuscule amount of current generated by a photodiode can be transformed
into a voltage value. Since the voltage output of this circuit scales with the light
incident on the photodiode, the output can be sampled by an analog-to-digital
converter.
Photodiodes are commonly found in various applications such as light de-

tection, optical communication, and sensing. In this work, they are preferred
over other types of photodetectors because of their high sensitivity, low noise,
and fast response time. Their faster response times in comparison to color
sensors are crucial for choosing photodiodes in this work. While the modulation
scheme described in this work can also be implemented using a color sensor,
the achievable transmission speeds would be considerably slower. Color sensors
typically consist of multiple photodiodes with different color filters or spectral
sensitivity. By comparing the responses of these photodiodes, the color sensor
can determine the color of the incident light. However, the step of analyzing
different photodiode responses can introduce delays.
The receiver consists of a photodiode connected to the ADC input of a

NUCLEO-H743ZI development board. Mirroring the transmitter architecture,
the microcontroller connects to the host via UART to transmit information
about the received packets.
The receiver peripheral has only two responsibilities:

• It continuously attempts to sense the preamble of a packet. When a
preamble is successfully received, a special byte indicating the start of a
packet as well as the type of the packet (further explained in Section 4.3)
is transmitted to the host, followed by the training values.

• After the preamble is complete and the exact length of the incoming packet
is known, the peripheral is simply responsible for reading the voltage val-
ues outputted by the photodiode in regular intervals, in synchronization
with the transmission interval of the transmitter peripheral. These values
are transmitted to the host via UART when sensed. The receiver peri-
pheral does not match voltage readings to color combinations. Instead,
this operation is deferred to the host, since with a high number of channels,
processing the voltage values to obtain the correct color combination can
be a slow operation while sending a byte through the UART peripheral
is predictable. If sampling the ADC and processing the value, and trans-
mitting through UART takes too long, the timer interrupt might repeat
before the last interrupt routine completes. This should be avoided at all
costs.

Oversampling the input and filtering the data before processing is typical in
communications systems. However, since the ADC peripheral of the NUCLEO
board does this itself, this step is not included in our work.
Photodiodes do not create an equal voltage response to all light frequencies

even when the intensity is the same. This fact is significant for our work, since
otherwise it would be impossible to distinguish colors using a single photodi-
ode. The relative spectral sensitivity of a photodiode depends on the specific
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Figure 4.2: Relative Spectral Sensitivity of SFH206K photodiode

hardware. The mapping between light frequency and voltage response for the
SFH206K photodiode used in this work is shown in Figure 4.2. However, the
fact that light color as well as light intensity produces distinct voltage responses
can be used as the basis of a color-based modulation implementation such as
this work, while still taking full advantage of the speed benefits of photodiodes.

4.2 Software Design

The entire codebase for this project, including the peripheral as well as the host
code was created using Rust. This choice was made on account of several dis-
tinct advantages of Rust over the more common solution of creating embedded
software using C and the host software in a higher-level language:

• Rust offers a modern, ergonomic, and commonly accepted package man-
ager solution that increases the ease of code reuse. The packet man-
ager was quite beneficial in this project since the embedded and the host
programs share a significant amount of code. Furthermore, the project
required the use of several computationally complex data types. These in-
clude a big-integer-type to implement the modulation algorithm described
in Algorithms 2 and 3, a first-in-first-out buffer at the transmitter peri-
pheral and the mathematically involved algorithm behind Reed-Solomon
Encoding discussed in Section 3.3.4. Rust’s package manager cargo has
readily available open-source libraries for all of these use cases, which sim-
plified the development process substantially.

• While it is possible to create the host program using C, due to its ar-
chaic memory management and error handling styles, it is generally ac-
cepted that developing PC software using C is only desirable for the most
performance-sensitive applications as the potential trade-offs in develop-
ment speed and error propensity of the code is relatively high. On the
other hand, it is possible to develop PC software in garbage-collected lan-
guages such as Java or Python. However, this would have the downsides
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of unpredictable run-time speeds due to the inherent unpredictability of
garbage collection on top of the overhead of developing and maintaining
programs in two different programming languages which means the loss
of easy code re-use. Rust eliminates this negative trade-off by offering a
modern development experience on both platforms while approaching the
run-time speeds and predictability of C or C++.

• Rust has a very active community working for the adoption of the language
as the default programming language of embedded systems due to its de-
sirable memory and type safety properties. An active community leads to
the positive side effect of an abundance of well-maintained Rust hardware
abstraction libraries for various families of popular microcontrollers. This
work has benefited from an open-source library for easy interactions with
the chosen microcontroller as well.

The software is organized into four separate codebases (crates as in Rust
parlance). The host code for the transmitter and receiver are in a single crate,
while the peripheral codebases are separated into two crates for technical reasons
to be discussed. Since there is significant overlap in the fundamental structures
and configurations used in all crates, a separate crate is created to function
as a common library. The main design principle while separating functionality
into crates was to move as much of the functionality as possible to the host
crates, to benefit from the higher computing capacity of PCs over embedded
microcontrollers.

4.2.1 Host

The host crate is where a large part of the functionality is implemented. The
underlying assumption behind this decision is that the host code is expected to
be invoked from machines with significantly more processing power and memory,
and has access to abstractions such as a file system, dynamic memory alloca-
tions, and threads. These reduce development time while implementing multiple
features to showcase the contributions of this work:

• A practical way to demonstrate the capabilities of the entire system in
terms of transfer speed and correctness, is to send a large file from one
node to another. Therefore a file system is a useful feature.

• The adopted method of keeping track of successfully sent packets and
transmitting the remaining packets in the optimal order is to store the
packets in the memory on both sides while the communication is still hap-
pening. However, this method requires large amounts of memory to store
all the required packets, especially without a very complicated buffering
system. Furthermore, the buffer’s memory size depends on the file size.
Therefore the ability to allocate large amounts of memory at run time
is advantageous. This operation would be inadvisable in an embedded
microcontroller.

• The modulation and demodulation algorithms introduced in Chapter 3
can be computationally heavy, especially since the algorithm can require
arithmetic operations using a big-integer type if there are too many bits
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to fit one of the integer types provided by the compiler. Arithmetic oper-
ations on big integers are inherently expensive since they cannot directly
take advantage of a processor’s circuitry, therefore tasks such as divisions
can be substantially slower. As the peripherals transmit and sense inform-
ation with hard real-time constraints, any computation with the potential
to take unpredictable time is not acceptable to run on the peripheral. In
a scenario where consecutive packets are being transmitted, if one of the
peripherals cannot finish the algorithm during a timer interrupt due to
this expensive computation, the receiver and transmitter might lose syn-
chronization with each other. Therefore running the expensive algorithms
on the host provides predictable performance where it matters.

• To test the integrity of the files transmitted during evaluation, an ac-
knowledgment can be sent for each successfully received message from the
receiver to the transmitter. Since during the evaluation the communica-
tion was taking place between two processes running on the same PC, the
two processes communicating via the standard input and output simplifies
testing. In order to not unnecessarily slow down the transmitter process
modulating data and sending packets to the peripheral, a separate thread
is spawned whose sole purpose is to monitor the standard input.

• Rust allows a crate to contain more than one file with a main function,
although in this case, the programmer has to select which file is to be
the basis of the compilation while invoking the compiler. Since they share
significant functionality, the transmitter and receiver codebases are located
in the same crate but within different main files.

4.2.2 Peripheral

The role of the peripheral software is to perform the tasks which require real-
time performance as well as interacting with the hardware.
Both of the peripheral crates take advantage of RTIC and probe-run frame-

works:

• RTIC (Real-Time Interrupt-driven Concurrency) is a Rust framework for
building embedded applications that require real-time responsiveness. It
is a Rust-based imitation of Real-time Operating Systems (RTOS) com-
monly used in embedded software. However, unlike most RTOS systems,
the tasks do not maintain separate stacks and share the processor time
as controlled by the RTOS. RTIC relies on associating each task with an
interrupt available in the microcontroller and uses the interrupt to achieve
periodical task invoking. While this can be a limitation, it was not a block-
ing problem for this project since neither the transmitter nor the receiver
creates a large number of tasks. Therefore there was no need for a large
number of interrupts and some could be spared for RTIC functionality.

• probe-run is a custom run script to simplify the process of building,
flashing, and running Rust code as firmware on microcontrollers, as well as
accompanying features such as testing on hardware and debug logging. It
allows for running embedded software using the same processes as regular
software.
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Unlike the host crate, the peripheral codebases are separated into two different
crates. This is due to a limitation of the probe-run tool. The run configuration
system of the tool can be hard-coded with a serial ID of the desired microcon-
troller, which makes it considerably easier to work with two identical micro-
controllers connected to the same host computer, as they can be distinguished
with their serial ID number as flashing targets. However, the configuration is
only available on a per-crate basi. Therefore it is not possible to take advantage
of this functionality while keeping both of the peripheral codebases in a single
crate.
Both peripherals handle most of their application logic inside the timer inter-

rupt, which runs at the same frequency for both nodes. Inside this interrupt,
the receiver continuously checks for new preambles, and when a preamble is
received, subsequent readings are forwarded via UART to the host. The trans-
mitter checks if it has a packet in the queue to transmit, and if there is data
available, this is modulated with the correct frequency inside the timer inter-
rupt. The transmitter peripheral additionally enables the UART interrupt to
fetch data from the host, which is immediately placed in a queue to be processed
later.

4.2.3 Common Library

Since two peripherals as well as the host software share a significant amount of
functionality and configurations, a separate common library crate was created
to be imported by all other crates and provide the code structures for the basic
underlying building blocks of the system. These blocks are:

• Channel: A struct to encapsulate a channel.

• Channel Combination: Represents a combination of various channels.
This is a useful abstraction since the receiver peripheral detects incoming
messages as a series of channel combinations. For n channels, there are
a total of 2n possible channel combinations, since the combinations also
include the empty set.

• Preamble: The preamble is used for denoting the beginning of a packet
and its type. Since sensing a successful preamble (and the training values
associated with it) requires a stateful operation through multiple timer
interrupts, this is implemented as a state machine. This state machine
can be seen in Figure 4.3. For the transmitter node, the iterator pattern
of Rust serves as an ergonomic and well-suited structure, iterating over
the channel combinations required to complete the preamble. The advant-
age of collecting the software for sending and receiving the preamble in
the same crate is the ease of creating integration tests for this complic-
ated operation, such that a faulty change in the preamble process at the
transmitter or the receiver does not cause an unchecked regression.

• Configurations: The codebase is implemented to be flexible with regards
to configurations such as the number of transmission channels, length of
the packet preamble, length of the payload and error correction sections,
etc. The reasoning behind this flexibility is to provide the ability to test
and evaluate different configurations concerning their effect on the theor-
etical bandwidth of the system as well as robustness to noise and error.
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While these properties can vary between different setups, in a given setup
they should be shared between all the components and are not prone to
change during communications. Therefore it is a pragmatic solution to
place the configuration variables in the library shared by all the compon-
ents and define them as Rust constants.

4.2.4 Flow Control

In Section 4.1, it was mentioned that the communications between the peri-
pheral and the host devices happen through the UART protocol. The typical
method for handling incoming UART messages is to place the incoming bytes
into a buffer for later processing by the program. In the host code, the buffering
is handled by the operating system itself, and therefore the user code does not
have to concern itself with buffering solutions. Furthermore, a PC’s processing
power and memory capacity are high enough that it is difficult to cause a buf-
fer overflow when a PC is receiving UART messages. On the other hand, in
embedded systems, the programmer has to take care of buffering. Due to the
memory-constrained environment and the lack of a Memory Management Unit,
this is often achieved by defining a statically sized buffer. Since the clock speeds
of embedded processors tend to be significantly below that of a computer, this
can mean that when receiving UART messages from a PC the embedded system
might experience buffer overflows which can cause dropping data and corrup-
tion when the buffer is full. Flow control techniques are needed to avoid this
outcome.

The flow control in this work consists of a boolean state maintained by the
peripheral and communicated to the host. When the internal buffer of the
peripheral reaches a high watermark, it communicates to the host (through a
predetermined UART message) that the flow control should be turned off. The
host is then responsible for periodically checking for this message and pausing
with the transmission until the transmitter peripheral processes and transmitted
enough data such that its internal buffer reaches a low watermark. At this
point, another predetermined UART message is transmitted to communicate to
the host that the peripheral is available to process more data. The benefit of
turning the flow control on or off at watermark levels, and not when the buffer
is full or empty, is to avoid situations where the buffer stays empty until a new
packet is received, which causes the transmitter LED to stay off momentarily
and therefore flicker.

4.3 File Length Packet

When transmitting a file by breaking the file into equally sized chunks and en-
coding them into packets, there is likely not enough raw data to fill the last
packet. Since all packets are supposed to be the same length, it is still desir-
able to send a whole packet, but pad raw bytes with zeroes before modulation.
However, if the receiving node does not know the exact amount of bytes to be
received as part of the transfer, it also would not be capable of distinguishing
padding from data. This limitation becomes a problem when transmitting an
arbitrary file. Meanwhile, it is not an issue if the structure of the data contained
in each packet is known.
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For evaluation purposes, it is desirable to transmit files between PCs. When
receiving a file, the receiver must be informed of the size of the file before the
communications. To make this process dynamic and avoid hardcoding the file
length, we can send a special packet at the beginning of each file transfer with
the file length. As the file length can fit into a simple integer data type, this
packet is defined to have smaller data and Reed-Solomon encoding parts. An
extra bit is appended at the end of the preamble to indicate that this is a
file-length packet.

4.3.1 Preamble and Training

The role of the preamble and training sections in the modulation scheme is
described in Section 3.3.1. This section is going to detail the implementation.
Preamble sending and receiving are both implemented entirely in the peripherals
since this must be a real-time operation. Both sections are implemented together
since they serve similar purposes and are transmitted adjacent to each other.

Transmitter

The preamble controller for the transmitter is implemented as an iterator that
outputs a Channel Combination describing what should be transmitted in each
pulse. It maintains an internal counter that is incremented after each call to the
iterator and is used by the internal logic to determine the next pulse. The trans-
mitter peripheral software also maintains an internal mapping of each channel
combination to the appropriate PWM duty rates for each LED. These duty
rates are determined empirically through measurements with the photodiode.

Receiver

Receiving the preamble is a relatively more complicated operation since the pre-
amble can fail halfway if an unexpected reading is recorded. Since the preamble
is simply an alternation between maximum and minimum channel combinations,
the distance between subsequent pulses should be sufficiently large. The typ-
ical practice for implementing operations with a state changed through outside
events is to define an explicit state machine. There exists a popular open-source
crate in Rust called smlang that can generate code for the states and the events
of a given state machine at compile-time, without the need to use heap memory
and is therefore compatible with the embedded software of the peripherals.
The UML diagram of the preamble state machine is displayed in Figure 4.3.

The assumption behind the state machine is that the receiver is constantly
monitoring a noisy but relatively stable light channel, which does not trigger an
ON-OFF series by accident, defined as a sudden jump (above a set threshold)
in the observed voltage value. Even if such a change happens once stochastic-
ally, the chances of this event occurring multiple times in the given pattern by
coincidence are low enough to be disregarded. The state machine has a fail con-
dition if it receives an unexpected value. A fail resets all the internal variables
and waits for a new complete preamble. After the preamble and the packet type
are received, the next pulses to be received are the training values. Finally, the
peripheral software has all the information necessary for correctly sensing the
payload of the packet.
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Figure 4.3: The state machine of the Preamble receiving logic
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Chapter 5

Evaluation

5.1 Theoretical Throughput

To facilitate comparisons with similar works and modulation schemes such as
MPPM, AMPPM, and CSK, this section calculates the theoretical throughput of
CMPPM. The calculations do not take into account the optional implementation
details such as the packet indexes, error correction, or preambles for any of the
schemes. Perfect transmission conditions and hardware are assumed.
An important factor while considering the throughput of a system is the

Symbol Error Rate (SER) since higher error rates mean one has to add more
error-correcting code to each transmission and facilitate re-transmissions. While
it is possible to theoretically derive this through techniques such as Monte Carlo
Simulations [20], such calculations are not a part of this work. However, one
should keep in mind that the SER inevitably increases as the number of chan-
nels increases and the channel combination voltage values approach each other,
getting mistaken more by the receiver due to small variations introduced by
environmental fluctuations. The effects of this are investigated in the next Sec-
tion.

5.1.1 Single Channel

While using a single channel, this work is functionally equivalent to MPPM
where a relation of K = N

2 exists between the number of pulse positions N and
pulses K. The number of bits that can transmitted in a packet with N positions
are plotted in Figure 5.1, using the formula y = log2(

(
N

N/2

)
). There is a linear

relation between the two. Therefore for the calculations it is unimportant which
N value is chosen.

5.1.2 Multiple Channels

With multiple transmission channels, the number of bits that can be fitted in
each packet also scales almost linearly. The only caveat is that the training
section of the packet (Section 3.3.2) has to get longer for each extra channel
which slightly reduces the data rate as some of the pulses are used in the training
section, therefore the exact formula becomes y = c × log2(

(
(N−2c)

(N−2c)/2

)
) where c

stands for channel count.
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Figure 5.1: The relation between N and bits per packet in MPPM
where K = N/2

5.1.3 Truncation

As covered in Chapter 3, CMPPM can encode and decode data as non-byte
aligned number of bits. Communicating with non-byte aligned bits increases
the software complexity substantially since computers preserve data in bytes,
and the change between two formats creates buffering and alignment issues.
One solution to this problem for evaluation purposes is to truncate the number
of bits contained in the raw data of each channel down to the nearest byte.
The truncation has a slight negative effect on the practical throughput of the
evaluated system. When the effect of the truncation is factored into the formula,
the bit count becomes y = c×⌊log2(

(
(N−2c)

(N−2c)/2

)
)/8⌋×8. Figure 5.2 showcases this

formula with different N and channel counts. It should be noted that at lower
values of N , because of the increased training overhead, using extra channels
can bring the throughput down.

5.1.4 Comparison with CSK and AMPPM

The bit rate of N -CSK is straightforward to calculate, as every pulse transmits
the same amount of data: log2(N) bits. Furthermore, there is no overhead for
informing the receiver node of constellation points since they are predetermined
and standardized. A comparison between the throughput of 8-CSK and 3-
channel CMPPM is shown in Figure 5.3. The truncation and training cause a
slight performance loss over CSK, but CMPPM still has advantages over CSK
depending on the use case:

• CSK limits the possible constellation points and always aims to produce
white light, unlike CMPPM. CMPPM can achieve a broad range of per-
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Figure 5.2: The relation between N and bits per packet achieved in
CMPPM for different channel counts

ceived colors without a prior agreement between the nodes. Each packet
contains the channel combination values in the training section.

• PPM-based schemes have time synchronization advantages, as discussed
in Section 2.5.1.

• As each channel in CMPPM transmits data independently of each other,
it is possible to devise a single-transmitter multiple-receiver system where
each receiver only pays attention to only one channel. Such segmented
communications are not possible with CSK without a higher layer for
labeling data meant for each receiver.

• Hardware requirements are much simpler compared to CSK, since the
receiver can consist of a single photodiode.

Therefore, it can be concluded that the throughput cost of sending a training
section as part of every packet bears certain benefits in other areas.

The frame format of AMPPM is displayed in Table 5.1. To facilitate a com-
parison with the best possible case of AMPPM, we can assume that the length
and pattern of the packet are known by the receiver, while the preamble or
CRC sections are not used. In this case, the compensation and sync bits are
also not needed. Therefore only the payload is taken into account. In this case,
the scheme is practically equivalent to CMPPM if we are using a single channel
since we have removed all the adaptive properties of AMPPM. However, this
comparison obscures all the improvements introduced by CMPPM:

41



100 150 200 250 300 350 400 450 500
N

200

400

600

800

1000

1200

1400

1600

bi
ts

3	channels
8-CSK

Figure 5.3: 8-CSK throughput compared it with CMPPM using 3 chan-
nels

Preamble Length Pattern Compensation Sync Payload CRC
3 Bytes 2B 4B X bits 1 bit 0-MAX B 2B

Table 5.1: AMPPM Frame Format [32]

• Multiple channels: AMPPM is limited to solely toggling an LED, and
cannot use the color domain for data transmission.

• No need for compensation: Using PWM for dimming the output light
to the desired level has the advantage that all sections of the packet can
transmit at the same average light intensity as the data payload, including
training, error correction training, and preamble. Therefore there is no
need for a compensation sector in each packet.

• Dimming without losing throughput: Ensures that the throughput
achieved by optimal 50% dimming in AMPPM can be maintained over a
large range of dimming values before the SER becomes too large.

• Fixed length: Since AMPPM uses the dithering technique to achieve
fine-grained dimming values, it needs to transmit the length of each packet
since the payloads can have different lengths. The advantage of CMPPM
is that since the payload length is fixed, transmitting the length does not
take up space and does not need compensation.

Therefore a proper comparison should include the entire packet necessary
for both modulation schemes at different dimming levels and channel counts.
Since the number of bits required for compensation depends on the bit pattern
used for the preamble, length, pattern, and CRC and therefore depends on the
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Figure 5.4: AMPPM’s best case (no compensation required) vs worse
case (maximum compensation required) compared with CMPPM (1,
2, or 3 channels) when the payload is 100 pulses long for both. Pre-
ambles are not taken into account. ftx = 250 kHz

contents of the packet, a best-case scenario (no compensation) and a worst-case
scenario (all the bits of these arbitrary parts are the same and therefore need
to be compensated back to the dimming level) are calculated. The comparison
can be seen in Figure 5.4. The actual throughput for AMPPM is somewhere
between the best case and worst case. However, it is clear that at any dimming
level, CMPPM can achieve a higher throughput than AMPPM even with a
single channel.

5.2 Error Rates

While theoretical SER calculations are not within the scope of this work, it
is still useful to gain insight into how the error rates evolve under different
conditions, as this can give insights into the inherent capabilities of the system.
All the experiments are conducted by sending the same pattern in the payload,
without any error correction. Distance between the nodes, transmission angle,
and number of channels are the analyzed parameters. The SER is calculated
over the payloads of packets that reached the destination correctly with a correct
preamble. If the channel combination of a pulse was ascribed wrongly to another
channel combination, this is considered an error.
The aim of this evaluation is threefold:

1. To understand the practically achievable communication distance with the
current hardware implementation under different conditions.
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Figure 5.5: Ratio of correctly received pulses per distance and channel
count/transfer conditions

2. To collect empirical data concerning the increase in SER as the channel
count increases.

3. To observe if non-orthogonal angles of incidence between the transmit-
ter and receiver are possible since multiple receivers standing at different
angles towards the transmitter would be crucial for achieving a multi-
receiver multiplexed communications system as described in Section 3.2.4.

Tests are conducted under five different conditions. Initially, a series of ex-
periments were conducted using one, two, and three data channels with a direct
angle of incidence between the nodes and no ambient light interference. Addi-
tionally, one set of separate tests was conducted with a 45 degree angle between
the nodes and another set with moderate ambient light conditions (a sufficiently
bright room, no direct light incident on the photodiode). Conditions with a high
amount of ambient light were not included in testing since it was observed that
the system was not able to function in this case. For each set of tests, the
distance between the nodes was changed at set intervals, and the percentage of
correctly received pulses for each channel was recorded. It should be noted that
even with a 0% SNR, approximately 50% of pulses are still going to be received
correctly since a pulse can either be high or low. Therefore 50% correct is the
base case. For each leg of the experiment, a total of 100.000 pulses were sent
and the number of correctly received pulses was recorded in the receiver node.
The results are presented in Figure 5.5. A photo of the test setup can be seen
in Figure 5.6, with the transmitter and receiver connected to the same laptop
and separated by marked distances along a straight line.

The experiment displays a clear trend where adding extra channels to the
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Figure 5.6: The setup for error rate testing

communication as well as distance increases the error rates. Since an LED
is used as the light source, it is to be expected that the light carrying the
signals diffuses with distance and leads to corruption. While a larger number of
channels does not cause corruption in itself, it becomes more difficult to sense the
correct channel combinations when the distance between channel combinations
becomes smaller. However, even under worse conditions, the system can conduct
communications effectively up to a distance of approximately 1.5 m. It is also
of note that a 45 degree angle of incidence, as well as moderate ambient light,
has no discernible effect on the error rates.

5.3 File Sending Speed

To demonstrate a practical use case of the CMPPM system, a series of addi-
tional experiments were designed, showcasing a file transfer between two nodes
using different Reed-Solomon configurations and channel counts in optimal en-
vironment conditions: 10 cm distance between the nodes and no light noise.
To achieve file transfer a thin application layer was created by appending an
index number in the data payload of each packet, such that lost or corrupted
packets can be re-transmitted until the file is complete, approximating the ef-
fects symbol error rate on the throughput. The average communications time
for five large files (∼ 50 kB) for each configuration was recorded. The results
are presented in Figure 5.7.

The results are within the bounds of reasonable expectations, as each addi-
tional channel corresponds to an additional linear increase in the throughput.
We observe that increasing the size of the error-correcting code in relation to the
payload typically causes a lower performance due to higher overhead. However,
this entails a trade-off since less error checking also implies a higher probability
of undetected errors and corruption in the transfer.

45



Bi
ts

 p
er

 s
ec

on
d

0

550

1100

1650

2200

Packet Configuration (Payload size, RS size)
256,8 256,16 256,32 256,48 256,64 256,80 256,96

1 Channel 2 Channels 3 Channels

Figure 5.7: Throughput while sending files at varying channel counts
and packet configurations

5.3.1 Thin Application Layer

To facilitate a mechanism for re-transmitting lost or corrupted packets, the
transmitter side needs to be aware of exactly which packets have arrived suc-
cessfully. Associating an index number with each packet is therefore necessary
for transmitting a complete file where losing or corrupting any byte can irre-
deemably corrupt the entire file. On the other hand, there can also be applic-
ations where packet loss is tolerable, or re-transmitting old packets does not
yield useful information. Therefore the packet index is an optional element
that applications can use depending on their specific requirements and it is not
hardcoded as a packet section as part of CMPPM. Instead, the packet index
is encoded inside the payload alongside the data. This greatly simplifies the
implementation in two ways:

• As described in Section 3.3.4, the modulated data in the packet is pro-
tected with a Forward Error Correction scheme. As the index is also a
crucial part of the information contained in the packet, it should be error
corrected as well. Receiving a packet with an intact payload but a cor-
rupted index can have breaking consequences. Therefore it is a pragmatic
solution to error-correct the index with the rest of the payload by encoding
them together.

• There are implementation benefits to minimizing the variation between
the structures of any two packets, for the sake of simplicity. If the sub-
sequent packets could differ in length from each other, this would increase
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the complexity of the system exponentially with the number of different
configurations. Therefore it is beneficial to take a principled approach to
limit the different possible configurations of packets in a scheme.

Sending and receiving a file intact in an environment with potential packet loss
or corruption requires being able to re-send packets and store the successfully
received packets until the entire file is received. Therefore two separate but
related libraries are developed to store the packets in the memory with order as
long as they are needed.

Transmitter Packet Repository

The packet repository for the transmitter is responsible for storing each packet
in memory until the transmitter receives confirmation that the packet is success-
fully received. This can be implemented with an interface for storing packets
until confirmation of their successful sending, through their index value.
The packet repository for the transmitter also has the more complicated re-

sponsibility of providing an iterator over all the packets which were not trans-
mitted successfully yet. An iterator provides a practical interface for the main
program using the packet repository since it only needs to ask the packet re-
pository for new packets without knowing about the internal state. When the
packet repository does not return a new packet, the program knows the entire
file was successfully transmitted. Such an interface follows the semantics of Rust
iterators, where if an iterator returns an empty result once, this indicates the
iterator is finished and should not provide any more results. Successfully trans-
mitted packets can be removed from the repository to reduce memory usage.
Therefore the packet repository can be used in a simple loop producing packets.
Determining which packet to transmit next depends on the purpose of the

application transmitting the data. As part of this work, two modes are imple-
mented which can cover a broad range of applications:

• If a file is not meaningful to the receiver until it arrives in its entirety,
the simplest ordering of packets suffices. The packets can be sent from
the lowest index to the highest index while keeping the last sent index in
memory. The last sent index is useful for searching the packet repository
for the next packet with the lowest index that was not yet sent. In this
scheme, if a packet was not successfully transmitted, it is re-sent only
after all the proceeding packets are transmitted once as well. As there is a
delay between sending a packet and receiving confirmation of a successful
transfer,

• For certain file formats, it can be desirable for the receiver to partially
decode or utilize the file information incrementally while the transmission
is ongoing. For example, a browser might want to decode a partially
downloaded jpeg, or stream a mp3. In this case, the previously described
re-transmission scheme would not lead to desirable results since there is
little utility in transmitting proceeding packets while leaving a gap in
the file due to a lost packet. Therefore the second transmission mode
is introduced to transmit packets in chunks. Each chunk needs to be
successfully transmitted in its entirety before continuing to the next chunk.
This mode of operation introduces inefficiencies since the acknowledgment
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of successful packet transmissions is prone to delays and meanwhile a
packet might be re-sent multiple times needlessly.

Receiver Packet Repository

The receiver packet repository is responsible for storing the received packets
in the correct order and providing them to the host program for decoding and
writing to the target file. Since the receiver cannot assume the packets are
sensed in the correct order, a logic layer is needed between receiving the packets
in the possibly incorrect order and saving them to the file in the correct order.
This repository has a relatively simpler structure compared to the transmitter
packet repository and also implements an iterator returning the received packets
in the correct order. In Rust terms, this is an un-fused iterator meaning that
after returning an empty item, it can still return more items in the future. This
is a common occurrence as lost packets create gaps, which are later filled with
re-transmissions.
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Chapter 6

Conclusions

In this work, a novel Visible Light Communications modulation scheme called
Colored Multiple Pulse Position Modulation (CMPPM) was introduced. CMPPM
expands upon existing PPM modulation schemes which only utilize the on and
off states of an LED, by introducing the possibility to modulate data also in the
color space and therefore achieve a throughput comparable to Color Shift Key-
ing while retaining advantages inherent in pulse-based VLC systems. Similar
to CSK, exploiting the color space more deeply leads to almost linear increases
in throughput with CMPPM, but the system has to face up to the limitations
caused by the increased signal error rate deteriorating the real throughput.

To test the feasibility of the modulation scheme, a hardware and software
implementation of transmitter and receiver nodes was created and it was suc-
cessfully demonstrated that the system can indeed accomplish complicated tasks
such as sending a file with error correction, and can be combined with higher
level layers such as re-transmission of faulty packets.

A theoretical and practical evaluation of the designed system was presented.
On commercial hardware, up to 2 kb/s file transmission speed was achieved
using the CMPPM scheme, and tolerable error rates were demonstrated up to
1.5 m distance between the transmitter and the receiver. Theoretically, it was
demonstrated that the modulation scheme has the potential to achieve through-
put on par with equivalent CSK systems and achieve throughput multiple times
faster than equivalent MPPM communication schemes.

6.1 Future Work

Certain areas were not the main points of focus for this thesis work, even though
they could or would be welcome additions to a more fully-fledged application or
research on top of this work. The reasons for not developing in these areas were
mainly constraints of time and expertise. Especially when it comes to hardware,
lacking a background in Electrical Engineering, I have chosen a more convenient
path of using simpler circuits instead of developing custom solutions.
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6.1.1 More Performant Hardware

Limitations concerning transmission speed as well as noise have prevented the
evaluation results from reaching more impressive practical data throughput
rates. The limitation in the transmission pipeline of this project mainly stemmed
from the photodiode and Op-Amp circuit capturing the modulated light. Amp-
lifying the minuscule amounts of current produced by a photodiode when light
is incident upon it and transforming this to voltage detectable by an Analog-to-
Digital Converter is a process with substantial potential for interference from
electrical noise. It also requires complicated circuitry to achieve the rise and
fall times required for faster transmission speeds. Therefore a future iteration
of this project can focus on developing custom circuitry to improve the signal-
to-noise ratio while improving the rise and fall times of the photodiode sensing
process.

6.1.2 Bidirectional Communications

Research projects in Visible Light Communications often focus on unidirectional
communication applications, which limits the level of practical adoption such
an application can achieve. Most common methods of data communications at
least expect acknowledgments of successful arrivals from the receiving end of
the communications link. Developing hardware capabilities and the theoretical
groundwork for bidirectional communications between systems both equipped
with LEDs and photodiodes would allow the implementation of applications
with significantly more relevant use cases.

6.1.3 Quality of Service Adaptations

In wireless data transfer communications, rapid changes in the quality of ser-
vice due to unpredictable conditions of the physical environment is a common
problem. This is typically overcome in protocols such as IEEE 802.11e by de-
fining a set of modulation schemes along a trade-off gradient of robustness and
speed. The transmitter node is then responsible for switching to the most op-
timal scheme to provide the highest throughput when the environment changes
and affects the signal-to-noise ratio. In CMPPM, the number of channels used
for communications in the color domain can fulfill a similar role. A higher
number of channels imply higher throughput but also higher susceptibility to
noise. Detecting the changes in the environmental conditions and allowing re-
active changes in the channel count would allow the definition of QoS levels for
CMPPM.

6.1.4 Change Color and Dimming on the Fly

CMPPM scheme has no low-level support for changing the color and the dim-
ming levels during the communications, as the receiver and the transmitter need
to agree on the number of channels in the transfer. However, with the increasing
importance of smart lighting systems, such capabilities are becoming crucial for
the adoption of Visible Light Communications [32]. Therefore this capability
can be implemented at a higher layer, for example with special packets that
instruct the receiver device to expect a different number of channels to accom-
plish the new dimming level or the color, or at a lower level with extra hardware
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such as differently calibrated LEDs or a PWM peripheral to change values on
demand.

6.1.5 Theoretical SER Calculations

As part of this work, the symbol error rate was not calculated using formal
methods such as Monte Carlo simulations commonly used in similar research
papers [7, 28]. Such a calculation would be an important addition as it would
allow for a systemic categorization of the limits of adding extra channels to
increase the data rates of the system.
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