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Abstract

In the last decades our usage of the Radio Frequency (RF) spectrum has in-
tensified a lot due to the increasing number of mobile devices. The spectrum is
getting crowded and new communication alternatives might become necessary
in the future. One such alternative is Visible Light Communication (VLC),
which uses the visible light spectrum instead of RF. Passive VLC, in particu-
lar, combines this property with a low power usage, suited for battery powered
devices. However, high data rates are lacking.
This thesis proposes a multi-channel passive VLC system, based on light

dispersion principles, as a novel concept to try and enhance these data rates.
Results of the system so far only show low data rates however, at a maximum
of 4 bits per second. The low data rate in particular is caused by choice of
transmitter and receiver, thereby limiting the bandwidth and the number of
channels that can be created. Yet, the concept itself is still considered a valid
and valuable approach, and higher data rates can be expected from future works.
In this thesis we will see exactly how we can go from light dispersion to creat-

ing a multi-channel passive VLC system. As we will see this requires an optical
design, a transmitter and a receiver, all of which will be working together. Be-
sides an evaluation of the performance it will give insight in challenges this
concept faces and, also, what improvements might increase the system perform-
ance.
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Glossary

VLC Visible Light Communication

RF Radio Frequency

LED Light Emitting Diode

LC Liquid Crystal

LCD Liquid Crystal Display

OOK On-Off Keying

DMD Digital Micromirror Device

PCB Printed Circuit Board

SPI Serial Peripheral Interface

RAM Random Access Memory

ROI Region of Interest

BER Bit Error Rate

ICI Inter Channel Interference

TFT Thin Film Transistor

FSK Frequency Shift Keying

vii



viii



Contents

Preface v

Glossary vii

1 Introduction 1

1.1 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Background 5

2.1 Relevant Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Passive VLC: System Components . . . . . . . . . . . . . 5

2.1.2 Dispersion of Light . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Related Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Backscatter Communication . . . . . . . . . . . . . . . . . 10

2.2.2 Full Passive . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Performance Comparison . . . . . . . . . . . . . . . . . . 13

3 Optical System Design 15

3.1 Theoretical Design . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Transmitter Design 21

4.1 Transmitter Hardware . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Transmitter Software . . . . . . . . . . . . . . . . . . . . . . . . . 23

5 Receiver Design 29

5.1 Receiver Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.2 Receiver Software . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

6 Evaluation 33

6.1 Theoretical Performance . . . . . . . . . . . . . . . . . . . . . . . 33

6.2 System Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 34

6.3 Performance Evaluation . . . . . . . . . . . . . . . . . . . . . . . 38

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ix



7 Conclusions 41
7.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

x



Chapter 1

Introduction

Light forms an important part of the world around us and is very much omni-
present in our everyday life. Therefore, it is not so strange that the idea to use
light or other visible signals as a means of communication has been around for
quite some time.
Ancient forms of visible communication include smoke signals or using fire-

light as a beacon. Later, signalling lamps or mirrors have been used to convey
messages. An interesting form of communication was developed in 1880 by
Alexander Graham Bell, called the photophone [2]. This device modulated
acoustic (speech) signals onto sunlight using a mirror that would vibrate under
the influence of the aerial vibrations.
However, around the same time the photophone was invented, Maxwell made

his prediction on the existence of Radio Waves [14]. Which in turn led to the
development of RF communication. Since RF communication quickly surpassed
VLC in terms of range and resilience against bad weather conditions, develop-
ment of the latter was abandoned for some time.
Nowadays, RF communication has advanced very far. Yet our demands keep

increasing as well, and more and more devices are being connected wirelessly.
And even though the Radio Wave spectrum is used ever more efficiently and
its boundaries are pushed into higher frequency regions, it is still growing more
and more crowded, since the RF part of the Electro Magnetic wave spectrum is
still limited in its bandwidth.
And this is where VLC can come into play. With a spectral bandwidth ap-

proximately ten thousand times the size of the bandwidth of the RF spectrum,
this technology has a promising prospect [11]. Not necessarily to replace RF,
but at least to complement it.

VLC roughly comes in two flavours, these flavours being active and passive.
In active VLC the light source itself is being controlled to transmit information.
An important thing to note here is that the transmitting device has to power
this light source, which can consume a significant amount of energy, especially
for small, battery powered devices. Therefore, research is done into passive VLC
as well. In passive VLC a modulation device is placed between a light source
and a receiver. Since the transmitter does not have to power the source, but
instead makes use of a source of light from the environment, less energy will be
consumed by this device.
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So passive VLC can be advantageous for low energy devices. Moreover, if we
can use for example the sun as our source of light, not only the transmitter will
become energy efficient, but instead the whole transmission. Therefore, passive
VLC has its promises. Currently, however, it is also lagging far behind active
VLC in terms of achievable data rate. Luckily researchers are attempting to
make improvements to start closing this gap.

1.1 Problem Statement

This thesis will propose a novel passive VLC communication scheme to try and
boost transmission data rates. In particular this will be done by creating a
multi-channel transmitter as shown in figure 1.1. With a dispersive element,
white light can be spread to reveal its colour/wavelength components. Then,
afterwards, an array of modulators can modulate each of these components
separately such that each wavelength component can form its own transmission
channel. For the overall data rate the data rates of the separate channels are
simply added together. Therefore, compared to a single-channel transmitter
using the same modulator, the overall data rate is multiplied by the number of
channels.
At the basis of this proposal lies the realisation that, while the visible light

spectrum is actually larger than the RF spectrum, it has not been used efficiently
so far. The reason for this is that we cannot use the same electronic components
(oscillators, modulators and antennas) used in standard RF communication for
VLC. However, the components that are used for VLC transmissions give in
comparison very little control over the emitted wavelengths.
Adding the dispersive element to make available the spectrum of a light source

should be able to help in gaining some control over the wavelengths in a VLC
transmission. The idea is a promising one, however, this approach also comes
with its own challenges as we will see throughout the rest of the thesis. In
summary we will be answering the following question:

How can light dispersion be used in a passive VLC system to create a
multi-channel communication link and boost overall data rates?

1.2 Limitations

As this thesis presents work based on a brand new concept within passive VLC,
it was relatively unknown what challenges would be encountered upfront. In
the end quite some challenges were encountered and this did have a negative
influence of the achievable performance, both in terms of data rate and trans-
mission distance of the communication the system. This is however not to say
that this thesis will be of no value, as uncovering what these challenges are can
be equally important in exploring a new concept.
One major challenge during this thesis proved to be the creation of the optical

setup that makes available the spectrum for modulation. As it turned out, this
was much more involved than anticipated. Especially since optics is not an area
of expertise for me, a lot of time was spend on getting this part working.
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Figure 1.1: Concept sketch of the envisioned transmitter. Light can
be dispersed to make available its different wavelength components.
These can then be modulated separately to form a multi-channel
transmitter.

Other performance limitations were introduced in some parts of both trans-
mitter and receiver design and component choices. We will discover what these
are in the rest of this report. All in all, throughout reading this report we will
gain a better understanding of the proposed communication system. We will see
where lie the challenges, what are the pitfalls to avoid or improvements to be
made, and what are some more fundamental limitations that will prove harder
to tackle.

1.3 Contributions

• Application of the concept of light dispersion to the field of passive VLC
to gain more control over the visible light spectrum.

• Implementation of a passive VLC transmitter that can modulate different
wavelength components separately to create a multi-channel communica-
tion link.

• Implementation of a passive VLC receiver able to distinguish between
different wavelength based channels and decode data from them.

1.4 Outline

The rest of this report will be structured as follows. Before going into the details
of the system itself, first some more background is provided in chapter 2. Here,
the basics of a VLC system and its components will be discussed as well as some
related work in the literature. After this, the system design will be detailed in
the next three chapters. Chapter 3 will provide the optical design. Here, light
dispersion is discussed and how to use it in a passive VLC system. Then, chapter
4 will discuss the transmitter design. To conclude the system design is chapter
5 about the receiver design. After concluding the design description, the system
and its performance will be evaluated in chapter 6. Lastly, a conclusion and
recommendations for future work are given in chapter 7.

3
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Chapter 2

Background

Before going into the design details of a system that uses light dispersion in a
passive VLC link, let us first take a look at some more basic concepts. After
these basic concepts are introduced, the chapter will be concluded with an
overview of scientific works related to this thesis.

2.1 Relevant Concepts

In this section, first of all an introduction will be given to how a passive VLC link
is build up and what components are typically used in this. Secondly, we will
touch on the basics of light dispersion, why this is an interesting phenomenon
to use in VLC and, again, take a look at the components we might use for this.

2.1.1 Passive VLC: System Components

VLC in general requires three main components to function. These are: 1) A
light source, 2) a modulator, and 3) a receiver. In active VLC, the modulator
directly controls the light source, which is usually a Light Emitting Diode (LED).
In passive VLC, on the other hand, the modulator consists of a controller con-
nected to some separate device. This device will then either block incoming light
rays, or allow them through to the receiver. Figure 2.1 shows the two setups for
active and passive VLC. Now, we will further look into the passive VLC setup
by looking into the different options available for the three components.

Light Source One of the merits of passive VLC is that, in the ideal case at
least, we can make use of any existing light source. Lamps in an office might
be used to set up a connection with a mobile device. Or, when outside we may
even exploit the sunlight as a carrier to get really energy efficient. To test a new
concept, however, it is often easiest to use a flashlight as a light source. Though
this is not representative for all cases, its directional light beam makes it easier
to run tests and estimate the potential of such new concepts.

Modulator For a modulator there are two main options, or at least two op-
tions that will scale to the multi-channel transmitter envisioned in this thesis.
The options being Liquid Crystals (LCs) and mirrors.
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Active

Passive

Figure 2.1: Distinction between active (up) and passive (down) VLC
illustrated. In active VLC the data is modulated on the carrier dir-
ectly at the source, whereas in passive VLC a separate modulator is
placed somewhere between a source of light and the receiver.

LCs, first of all, can change their opacity by applying a voltage to it. An
example of this is shown in figure 2.2. First the incoming light is polarised
by the polariser. After this, a rotation in the polarisation direction is applied,
where the angle depends on the applied voltage. The intensity of the output
beam then depends on how well the polarisation angle of the light lines up with
that of the analyser. Since we are now able to control the light intensity at the
output, the LC can considered to be a light modulator.
The same concept is used in Liquid Crystal Display (LCD) screens. Where

each pixel contains such an LC element as discussed above. By applying different
voltages to different pixels, we can create a different light intensity for each
pixel and an image can be displayed. However, since we can control these pixels
separately, an LCD can also be applied as a multichannel transmitter, where
each pixel or groups of pixels can be used as a separate channel.

Polarizer LC Analyzer

0V

Polarizer LC Analyzer

5V

Figure 2.2: Build up of an LC modulator. A light beam enters from
the left. After polarisation, the light can only pass the analyser if its
polarisation direction matches that of the analyser. This is controlled
by applying a voltage to the LC. At 0 V the light exits on the right
hand side. At 5 V the light is blocked by the analyser.

On the other hand, we can also use a mirror. The concept behind this is quite
simple. Using a mirror we can deflect a beam of light into different directions
based on angle and position. Thus, we can rotate a mirror to have a beam of
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light either head towards a receiver or away from it. This is illustrated in figure
2.3.
Again, the scale up to a multi-channel modulator comes from display techno-

logy. In certain projectors, elements called Digital Micromirror Devices (DMDs)
are used. These devices consist of arrays of microscopic mirrors. By applying
voltage to the separate mirrors their angles can be controlled independently.
Same as for the LCD, we now have an array of separately controllable pixels
that might just as well be used as a multi-channel modulation device [24].

Source Mirror

Receiver
'1'

Source Mi
rro
r

Receiver
'0'

Figure 2.3: Example of a mirror based light modulator. By rotating
the mirror we can aim the source beam either towards the receiver
or away from it. Thus changing the light intensity observed by the
receiver.

Both modulators come with some advantages and disadvantages compared to
the other. These will further be discussed in chapter 4.

Receiver For the receiver a device is required that is able to measure light in-
tensities. Furthermore, since multiple channels will be created in the wavelength/colour
domain, it also should be able to distinguish between those. Three devices cap-
able of this are: a colour sensor, a camera and a spectrometer.
Colour sensors consist of an array of photodiodes (usually three) to measure

light intensity. When light hits a photodiode a current is generated, which is like
the inverse operation of an LED. To distinguish between different wavelengths/colours,
each of these photodiodes is covered by a different colour filter. Therefore, mul-
tiple colour channels can be received, making it a suitable receiver.

Circuitry

Figure 2.4: Schematic representation of a colour sensor. Multiple pho-
todiodes measure light intensity. All receive a different light colour
because of the colour filter placed on top of them.

A camera is basically an extension of the colour sensor. Each pixel of a digital
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camera is really its own colour sensor. Therefore, also a camera might be used
as a receiver.

Lastly, there is the option to use a spectrometer as a receiver. A spectrometer
works differently in the sense that no colour filters are used, but the light is
split into its spectrum. Then, by placing photodiodes in different parts of the
spectrum, intensity changes for those parts can be measured separately. An
image of a spectrometer can be found in figure 2.5.

Figure 2.5: A spectrometer and its interior design [6].

Again, the more technical details and considerations for the chosen receiver
can be found in the design chapters, specifically in chapter 5.

2.1.2 Dispersion of Light

This thesis is build around light dispersion and its integration into a passive
VLC system. But why is this an interesting concept anyway? The one thing
lacking in passive VLC is high data rates. Now, data rate depends on two
things: the bandwidth per channel and the number of channels transmitting.
In this thesis we will try and increase the latter, to increase overall data rates.
And one resource we have for this is the available amount of spectrum.

Different parts of the visible light spectrum can be used to create separate
communication channels. However, first we have to gain access to these spectral
components. One way to do so is to disperse the light, which will spatially
separate the spectrum. For light dispersion two different components can be
used: the prism and the diffraction grating. Both are detailed below.

The Prism A dispersive prism is a triangular piece of transparent material.
When a collimated light beam (a beam of parallel rays of light) hits the prism
under the right angle, the light is bend and a spectrum emerges on the other
side of the prism. This is shown in figure 2.6.

One important aspect of the material used is that it should have a refractive
index different from its surrounding. It is because of this difference in refractive
index that the light is bend under an angle following equation 2.1 [9]. Where
δ is the deflection angle, n is the refractive index of the material and α is the
angle of the prism (see figure 2.6).

δ = 2arcsin
(
n sin

(α
2

))
− α (2.1)
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Now, following Cauchy’s equation, the refractive index of a material is wavelength
dependent (equation 2.2) [3]. In this formula n is again the refractive index, λ
is the wavelength and the other parameters are empirically determined coeffi-
cients. Because of this relation, all wavelengths components get deflected under
a different angle. This results in a spectrum emerging on the other side of the
prism.

n ≈ A+
B

λ2
+

C

λ4
(2.2)

The Diffraction Grating A diffraction grating also disperses the light, though
its working is based on a different principle. An image is shown in figure 2.6. A
diffraction grating is a piece of material with regularly spaced grooves or slits.
When shining light through multiple slits, an interference pattern forms on the
other side.
The interference pattern of a grating shows slightly different locations of peaks

and valleys for different wavelengths. Thus, different wavelengths get projected
to different spatial locations and a spectrum emerges. The relation between
incident and output angle, based on the wavelength s given in equation 2.3 [4].
Where θinc is the incidence angle of the incoming light, θdiff is the diffraction
angle of the light at the output, p is the order of diffraction, λ is the wavelength
and α is the spacing between the slits of the grating.

(sin θdiff − sin θinc) = p
λ

α
(2.3)

There are two major differences worth mentioning between the spectrum pro-
duced by a grating and a prism. The first is that where the prism produces
a single occurence of a spectrum, the grating shows multiple spectra at dif-
ferent locations. Figure 2.6 only shows the two spectra of the first order, but
higher order spectra will be present as well. The second is the relation between
wavelength and deflection angle, which is linear for a diffraction grating, but
non-linear for the prism. These technical details as well as some others shall be
considered in choosing one of the two elements as a dispersor for the commu-
nication system developed in the thesis. For more details on this, please refer
to chapter 3.

2.2 Related Work

With some background info we can now take a look at some research closely
related to this thesis. A number of passive VLC systems will be discussed. This
will lead up to what the current limitation is in this type of communications
and will finally lead to the design idea for this thesis.
Passive VLC came first into life when it was realised that active VLC draws

a lot of power since it has to power an LED. This is not a problem for light
sources connected to the mains. And energy efficiency is not really a concern
either, since the light source is not only a transmission device but also an actual
light source. However, lots of devices are mobile and battery powered devices,
for which the high power draw is a problem.
So, to counter this issue, passive VLC was conceptualised. Some concepts

showed a semi-passive approach, where the downlink to the mobile device is
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(a) (b)

Figure 2.6: Schematics of two distinctive dispersive elements. On the
left (a) dispersion by a prism is illustrated. On the right (b) dispersion
by a diffraction grating is illustrated.

active, but the uplink back from the mobile device is made passive. Others
show a fully passive approach, though only for a uni-directional communication
link. Below we will take a t look at some of those concepts.

2.2.1 Backscatter Communication

Backscatter communication can be considered a first step towards passive com-
munication. The downlink is still active, but the same light is reflected back to
be used in the uplink as well [13]. By using a retro reflector, the light can be
reflected back to a receiver placed next to the source. An LC placed over this
retro-reflector is what modulates the light for the uplink. The concept is also
depicted in figure 2.7.

Several improvements, in the modulation mostly, have been proposed and
implemented [25, 22, 23]. This technique is now able to reach data rates of 8
kbps up to a range of 7.5 m. A note her eis that to reach these data rates
a considerable amount of hardware has been deployed, with 64 LCs at the
transmitter and two photodiodes at the receiver side.

2.2.2 Full Passive

From the backscatter techniques we take the step to fully passive, uni-directional
communication systems. We will take a look at a couple of these systems.
Afterwards, we can then compare them to one another.

PIXEL PIXEL is a VLC system developed for a visible light positioning sys-
tem [26]. It was designed with a lower data rate compared to active VLC, such
that it could be decoded by mobile devices with a camera. The concept for the

10



Figure 2.7: Illustration of the concept of backscatter VLC. For the
uplink light is reflected back to the source by a retro-reflector and
modulated by an LC. [25]

communication link is shown in figure 2.8. Its design is based on that of an LC.
Only, here the analyser is moved to the receiver and a dispersor is added.

A disadvantage of the lower data rates envisioned by the authors would be
that we as human can observe a flickering in the light. This is however countered
by moving the analyser film to the receiver side. Between the LC material and
the analyser, the light intensity is constant, so no flicker can be observed. the
details for the dispersor will be omitted here, but in short it makes the system
less susceptible to relative rotations between transmitter and receiver. All in
all, the authors report an a achievable data rate of 14 bps and a range of 10 m.

Figure 2.8: Illustration of the concept behind PIXEL. The design is
based on that of an LC. The analyser is, however, moved to the
receiver and a dispersor is added. [26]

LuxLink LuxLink is another passive VLC communication system [16]. The
key design principles of LuxLink are to be able to use any form ambient light
as a source and, again, to create a system that is flicker free.

11



The system design of LuxLink is shown in figure 2.9. In this design the diffuser
plate is added to make sure that the system works from ambient light sources
under different angles. The plate now forms a light background, no matter the
orientation, and the LCs can modulate the light scattered off of it. Instead of
modulating the amplitude of the light intensity, LuxLink employs Frequency
Shift Keying (FSK) to change the frequency instead. Doing so makes sure that
the system can be flicker free.
For this system the authors report a data rate of 80 bps and a range of 65 m.

Figure 2.9: Design of the LuxLink communication system. A diffuser
scatterss light to an LC modulator. The light is modulated using FSK
as a modulation scheme. [16]

ChromaLux Next up is ChromaLux [8]. A schematic of the system design is
provided in figure 2.10. In ChromaLux it is again the case that LCs are used for
modulation purposes. What distinguishes ChromaLux, however, is that instead
of a single LC a stack of them is used. What was overlooked so-far is that
the response of an LC is actually wavelength dependent due to birefringence
properties [5]. By using a stack of them the thickness is increased to a point
where this feature of LCs is highlighted.
Now, the receiver does not just measure a light intensity but a change in

the colour content of the light. As these changes in colour space occur at
faster frequencies than the switching of an LC between a completely translucent
and opaque state, modulation at higher frequencies is achievable. Therefore,
ChromaLux is able to reach data rates up to 2.4 kbps. The range mentioned is
up to 3 m.

SpectraLux Lastly we will take a look at SpectraLux [7]. SpectraLux par-
tially applies the same concept as ChromaLux. Meaning that again a stack of
LCs is used as a modulator to not just change the overall light intensity, but
create a different spectrum at the output for different voltage levels applied.

The receiver of SpectraLux consists of a spectrometer. And, since different
voltages produce different output spectra, such a spectrometer can distinguish
between the different voltages being applied as though they are different sym-

12



Figure 2.10: Design of the ChromaLux communication system. A stack
of LCs modulates the colour of the light, which is detected by a colour
sensor. [8]

bols. Being able to transmit not just a logic 1 or 0, but instead larger symbols,
increases the data rate of the overall system.

In this way SpectraLux can output a data rate of 1.5 kbps. The communica-
tion range is 10 m.

2.2.3 Performance Comparison

Passive VLC forms a solution to reduce the power draw compared to active
VLC systems. However, where active VLC is now capable of transmitting at
data rates of multiple Gbps [12], data rates of passive systems are much more
limited, as is also summarised in table 2.1.
Besides the actual performance numbers, this table shows two extra columns

of information. The receiver type and use of colour spectrum columns are added
to exemplify what influence some parameters might have on the performance.
For example, PIXEL is the only system using a camera. It has the lowest data
rate because a camera imposes a limitation in the achievable bandwidth. On
the other hand, a camera is a pervasive sensor and readily available for many
devices. The column displaying the usage of the colour spectrum shows us how
data rates may be improved by making more effective use of the available visible
light spectrum.
Though data rates have already improved over some years of research, it is

my belief that there is a lot of potential left for further improvement. A very
promising aspect, is to start making better use of the available spectrum, as was
started in ChromaLux and SpectraLux. Therefore, in the rest of this thesis we
will see how using more of the visible light spectrum could improve the data rate.
Specifically by creating transmissions over separate wavelength based channels.
Before starting on the design, however, it will be good to note that, had this

been a particularly easy task it would likely already have been implemented.
Using the colour spectrum can only be done by getting into more advanced
optical designs or more advanced understanding of optical properties of some
components. Still, let us take a look what the designed communication system
might provide us with.
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Table 2.1: Comparison of the performance of the related research

Data Rate Range Receiver Uses colour spectrum
PIXEL 14 bps 10 m Camera No (not for data rate)
LuxLink 80 bps 65 m Photosensor No
ChromaLux 2.4 kbps 3 m Colour Sensor Yes
SpectraLux 1.5 kbps 10 m Spectrometer Yes
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Chapter 3

Optical System Design

The following three chapters will detail the design of the VLC setup. The
design is split into three parts. First of all, is an optical part to make available
the spectral components of a light source for modulation. Once the spectral
components are made available, we then need a device to modulate data onto
these separate components. Lastly, a receiver is required that should be able to
decode the data in this multi-channel communication setup.
In this chapter we will start by taking a look at the optical design. The

optical part is build around the transmitter. Its task is to reveal the wavelength
components of a light source, as discussed earlier, but also to recombine these
components back into a single light beam after modulation. We fill find out
why and how this is done in three steps. First we will look at the theoretical,
optimal design. Then some challenges will be introduced. And, finally, the
resulting implementation will be shown.

3.1 Theoretical Design

In chapter 2 we learnt how light can be split up in its spectral components,
either by using a prism or a diffraction grating. However, splitting the light
is more involved than just placing one such element somewhere in a beam of
light. Moreover, some extra complexity is added to make it perform well when
combined with the transmitter. And, lastly, we still face the challenge of re-
combining the spectrum. An important note is that a large part of the design
is based on spectrometer design, as for example shown in [9].

To understand the full theoretical design, let us break it up in four stages.
We will take a more detailed look at each stage and discuss its functionality in
the complete theoretical design. But first the four stages are shown in figure
3.1.

Collimation In the first stage we want to form a beam of collimated light.
A light beam is said to be collimated if the rays are travelling parallel to each
other, meaning that the beam is neither diverging nor converging. The light
being collimated is a requirement for the prism or grating afterwards to cleanly
break the light into its spectrum.
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Stage 1:
Collimation

Stage 2:
Dispersion

Stage 3:
Focus

Modulator

Stage 4:
Recombination

Figure 3.1: Schematic overview of the stages of the optical setup

To form a collimated light beam from a point source, a collimating lens can
be used. To form a collimated beam from any source, we therefore first have to
create a point source. The process is shown in figure 3.2. By shining the light
through an aperture we create a point source with its origin at the aperture.
Then a collimating lens can be placed. It should be placed at a distance from
the aperture equal to the focal length of the lens. The lens will bend the
diverging rays of the point source to become parallel. A big downside to this
transformation is the use of the aperture. Because of this a lot of light intensity
is lost, since only small part of the original light will pass through it. This
seems, however, to be the cost that must be paid to create a beam of collimated
light.

Figure 3.2: An example of light collimation. Incoming light hits an
aperture to create a point source. A lens is then used to form a
collimated beam out of it.

Dispersion Stage two is where the actual breaking of the light takes place.
With the light collimated, the theory presented in chapter 2 can be applied for
both prism and diffraction grating. At the output of this stage, we can see
the spectrum emerging. However, the beam is now diverging. Moreover, the
separate colours are broad beams of parallel rays. A schematic of the breaking
of the light and these two effects are shown in figure 3.3.

Focusing To refocus the light and the spectrum, we add stage three. Another
collimating lens is used here, as shown in figure 3.4. This lens actually performs
two things simultaneously. First of all it stops the spectrum from diverging
any further. Secondly, it focuses all rays of equal wavelength into a single
point on the same plane. A modulator can now be placed in this plane, so
that it can modulate the different wavelengths, by brightening or darkening
these points in the space where the wavelengths are focused. By using this
focusing element, a clearer image can be obtained, allowing to better separate
the different wavelengths. Applied to the VLC transmitter being build, this
results in better distinguishable channels.
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Figure 3.3: Dispersion through a diffraction grating. Each wavelength
is bend to a different angle. After some distance, the colours diverge
far enough so they start to be non-overlapping. At that point we can
see a spectrum emerging.

Figure 3.4: Focusing lens after dispersion. Since the rays of a single
wavelength are parallel to one another, they get focused to a single
point.

Recombination The fourth and final stage recombines the spectrum back
into a single ray of light. At the output of this stage, we want to recreate the
collimated beam as created by stage 1. Since the used optical elements are
actually reciprocal, this can be done by applying the inverse of stages 3 and
2. So, we use the exact same elements but now backwards to step by step go
back to the collimated beam of light. There are two reasons why we want to go
back to this type of beam. The first is that, because its a non-diverging beam,
it should be possible to transmit over larger distances. The second is that in
more advanced versions of this concept we likely want to use the source for the
communication link as a normal light source as well. This means that we want
approximately white light at the output.

3.2 Challenges

In the creation of the physical setup, some challenges had to be overcome.
However, before discussing those let us take a look at the requirements of the
optical design:

1. The creation of the spectrum should be such that it allows for the creation
of distinguishable wavelength channels in a multi-channel VLC link.
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2. The recombination of the spectrum should be such that beam divergence
at the output is minimised to a point where a receiver at 5 cm distance is
able to catch all wavelength components of a transmission.

It is important to note that these requirements are the very minimum of what
must be achieved to be able to get the rest of the communication link working.
The reason for choosing minimal requirements here comes from the fact that it
was unclear upfront what performance was actually achievable. This is because
of this work being a novel concept, but in part also because of a lack of expertise
in optics design. Instead of going for high performance we will go for at least the
minimal. Then, in the process we will see and evaluate how much is achievable,
without going overboard on expenses, and what the expectations should be for
future work on this.

Now let us take a look at why the optical design was challenging in the first
place. The first challenge, actually, was finding a theoretical design that would
be able to accomplish the desired functionalities of splitting and recombining
the light. The resulting design has already been presented above. The other
challenge is getting a high enough accuracy in the light transformations of each
stage to fulfill both of the presented requirements. The accuracy depends on
both the alignment of the optical components as well as on the accuracy of each
individual component.
The combination of these challenges led to the development of an experiment

rail. This rail helps in both enhancing accuracy in the alignment, as well as
making it easier to replace components when testing different iterations of the
theoretical design. The design of this rail is one of the things that will be shown
in the implementation section below.

3.3 Implementation

Now, with the theory and the practical challenges in mind, we can finally take a
look at the system as it has been implemented. A photo of the complete system
can be found in figure 3.5. Below we will see, how this design came to be.

Component Selection The component selection forms part of what determ-
ines the accuracy of the optical system. In general higher accuracy components
are also the more expensive ones, as can be seen in table 3.1. Considering
the exploratory nature of this work, it was opted to work with the cheaper,
less accurate options, or in some cases what components were already avail-
able. Though less accurate these components are still at least able to satisfy
the requirements as stated in the previous section.
With this first decision out of the way, there is only one more decision to

make for the component selection. This is the choice between using a prism or
a diffraction grating as a dispersive element in the final design. Both of these
elements are expected to satisfy the requirements of above section. In the end
the diffraction grating has been selected for the design for two reasons. First of
all, the alignment of a diffraction grating is less critical than that of a prism.
Especially an offset in the incidence angle of the incoming light beam can have
a large effect on the output spectrum. Secondly, a diffraction grating creates a
wider spectrum. This influences the number of pixels of the LCD that are lit by
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Figure 3.5: Full test setup design

the spectrum and thus the number of channels we can create. For this specific
grating, 36 pixel columns are illuminated by the light and, therefore, we can
expect to create 36 channels in the transmitter at most.

Component Mounting For the component mounting two things should be
considered. The first of which is the accuracy in the alignment to satisfy the
requirements. The other is the ease with which different optical elements and
setups can be tested, without having to spend a lot of time on realignment of
the test setup.
In order to do this a rail system has been created. 3d-printed railcarts can

slide along a metal rod as shown in figure 3.6. In this particular figure, a lens
is mounted on top of the cart, but it can also hold mounts for all the other
components. Using this system, we can place different components and easily
alter the distance between them. At the same time they can only move along
one axis (following the red arrows), thus minimising misalignments in other
directions.
One small complication is the fact that at the dispersive elements an angle is

introduced in the setup, as can also be seen in figure 3.5. To account for this
an extra element was 3d-printed as shown in figure 3.7. This element can hold
a second piece of rail under an angle compared to the first piece. The piece can

Table 3.1: Comparison of the prices of high end optical components (as
sold from Thorlabs [21]) compared to components bought off Amazon.
All prices are an approximate starting price in euros. The total is
computed from an order of 4 lenses, 2 prisms and 2 diffraction grat-
ings.

Lenses Prisms Diffraction Grating Total
Amazon 5 5 1 32
Thorlabs 20 80 80 400
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be rotated as indicated to adjust the angle θ.

Figure 3.6: Photo of a railcart (orange) and mount of a specific com-
ponent (black). These carts are designed to slide over a metal rod
such that their movement is constrained to the axis indicated by the
red arrows. All component mounts can be mounted to the same rail-
cart.

Figure 3.7: Photo of a rotation ring (orange) placed under a railcart
(black). The rotation ring can create an angular offset between two
pieces of rail (θ). The rotation ring can be rotated relative to the
railcart along the blue arrows, such that θ can be adjusted.
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Chapter 4

Transmitter Design

In this second design chapter, the transmitter of the communication link will be
presented. First we will look at the hardware components and choices. After
this the software designed to drive the transmitter will be presented as well.

4.1 Transmitter Hardware

To transmit some data we need something to modulate the spectrum created in
Chapter 3. We also need a micrcontroller to drive the modulator. And, lastly,
the two must be interconnected. An image of this construction is shown in
figure 4.1.

LCD

Driver Chip

Connection
PCB

8-wire data

Control signals + power

Microcontroller
8-wire data

Control signals
+ power

Figure 4.1: Macro view of the LCD based transmitter.

Modulator The main requirement for the modulator is that we need to be
able to create multiple channels alongside one another. In Chapter 2 we have
seen that both LCDs and DMDs are capable of this. A short summary of some
other important traits is given in Table 4.1.

Table 4.1: Summary of some traits of the LCD and DMD modulators.

Response Time Price Driving Complexity
LCD milliseconds 10-100 euro low
DMD microseconds 60+ euro high
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Considering again the exploratory nature of the work, the LCD was chosen
as the best option. The most important aspect is to be able to create multiple
channels. Therfore, although the data rate is seriously lower for an LCD, due
to its response time, price and ease of implementation were considered of higher
importance.
The specific LCD that has been used is the MIDAS MCCOG128064B12W-BNMLW

[15]. The specifications considered in this choice are the construction of the
driver chip and the type of LCD. Both are important since we want to be able
to deconstruct the LCD such that only the transparent layers remain and the
spectrum can actually pass through the modulator. Ofcourse the response time
is also very important, however, all available LCDs reported the same response
time of around 250 ms.
The possible different layers of an LCD are shown in figure 4.2. In the end

we want to deal with as little blocking layers as possible to ease deconstruction.
Now, the driver chip option determines whether or not the PCB layer is present.
The Chip on Glass option was chosen here as this means the driver chip is
mounted onto the glass LC layer and the LCD will come without a PCB layer.
For the type of LCD a transmissive LCD screen was chosen. Other options

would be reflective or transflective. In terms of light blocking layers, the trans-
missive LCD would only have a backlight, which from previous experience I was
pretty sure I could remove cleanly. The other two types add a reflective film at
the back of the LCD instead of or together with the backlight.
A note to add here is that these requirements left a blue LCD screen as the

best option. This means that in its opaque state the LCD will turn blue instead
of black. This, in turn, results in the inability to block the blue part of the
spectrum. How this will affect the overall system is further discussed in the
system evaluation in chapter 6.

Polariser

LC

Analyser

Reflective
coating

Backlight

PCB

Transparent layers Blocking layers

Figure 4.2: Layers of an LCD. The blocking layers present in an LCD
vary per LCD type. Therefore, LCDs may come with or without
reflective coating and/or PCB.

Microcontroller The microcontroller should be able to communicate to the
driver chip (Sitronix ST7565P) of the LCD. A readily available microcontroller

22



board was the Nucleo-F446ZE [20]. In terms of communicating with the LCD
driver chip, it supports both Serial Peripheral Interface (SPI) and parallel in-
terfaces advertised in the datasheet of the LCD. In terms of processing power
the required software demands very little, and the Nucleo board is more than
capable of delivering this.

Interconnection The connector cable leaving the LCD driver chip is a flat
cable, so a conversion to a more compatible type of connection is required. Also,
some additional capacitors are required for proper working of the chip’s DC/DC
converter and voltage regulator.

These two functionalities have been combined on a single interconnection
Printed Circuit Board (PCB). The layout of this PCB is shown in figure 4.3.
The LCD can be connected with a flat cable connector. For the connection
towards the microprocessor a pin header is added. This allows for the use of
jumper cables or a custom connector.

(a) (b)

Figure 4.3: Layout of the PCB forming the interconnection between
the LCD driver chip and the microprocessor. (a) shows the front,
and (b) the back side.

The capacitors are chosen and placed according to the datasheets of the LCD
itself, as well as that of the driver chip [15, 19]. The schematics of this circuitry
are shown in figure 4.4.

4.2 Transmitter Software

The transmitter software is what will allow us to modulate a data sequence
upon the light spectrum using the chosen LCD. Therefore, this piece of code
must be able to transform a string of input data to the proper commands being
send to the LCD to activate the right pixels. This transformation is done in
a couple of steps, as shown in figure 4.5. Below we will go through them in a
bottom up approach, starting from the communication protocol and ending up
at the main file.
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(a) (b)

Figure 4.4: Schematics of the supporting circuits for the voltage regu-
lator (a) and the DC/DC converter (b) for the ST7565P LCD driver
chip.

First, however, it is important to get a basic insight in how the data is mapped
to the LCD. This is shown in figure 4.6. An input string first gets divided in
symbols. In the example we use a four channel transmitter, so each symbol
should consist of four bits as well. The symbol is then mapped to an array to
fill one page of the screen. Each bit maps to the pixels corresponding to the
respective channels. All other pixels are set to 0. Writing this array to the LCD
happens per column, so one column of the array is sent at a time to map to one
column of the current page on the LCD. After a page has been filled column
by column, we move on to the next page where we write the same data array
column per column. This repeats until the screen is filled with the proper data.
For the actual screen there are 128 columns and 8 pages (64 rows). As can

be seen from figure4.6, a channel is made up of a set of consecutive columns.
How to best divide the columns over the different channels is a topic that will
further be investigated in chapter 6. For now, let us take a look what are the
steps taken in the software to perform the mapping of the data and write that
to the LCD.

Communication Protocol For the communication with the LCD driver the
parallel protocol was chosen over SPI. The reason for this being that while
implementation complexity is roughly the same, the parallel protocol supports
higher data rates.
The protocol works such that the LCD is seen as an extension of the Random

Access Memory (RAM) of the microprocessor. Meaning that if we want to send
a byte over the bus lines, we can do so by writing this to a specific memory
address. Two addresses are specified, one for writing an 8-bit command to the
driver chip, the other for writing data for the LCD to display.

Basis Command Set This layer contains the most basic communication
functions. It has a function to write a sequence of data bytes to the LCD
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Main:
Transform input string to bit stream

Multichannel Transmitter:
Mapping bit stream to the transmission channels

Display Control:
High level functions to control the LCD

LCD Commands:
Basic commands between microcontroller and LCD

Communication Protocol:
Interface between microcontroller and LCD

Figure 4.5: Layers of the transmitter software. The arrows indicate
the data flow through the layers, from the main to the actual com-
munication link between microcontroller and LCD.

'H' =
'e'
'l'
'l'
'o'

0 1 0 0 1 0 0 0
1st symbol 2nd symbol

0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0
0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0

Ch1 Ch2 Ch3 Ch4

Ch1 Ch2 Ch3 Ch4

Page 1

Page 2

Figure 4.6: An example of mapping data to the pixels of the LCD. The
characters of an input string get converted to a bit sequence divided
in symbols. Per symbol a mapping is made from the bit sequence to
fill the channels on the LCD. Then the data is written to the LCD
one page at a time.

and a function to issue 8-bit control commands. All available commands are lis-
ted in the software for ease of use. The core of both functions is to simply write
a byte to a specific memory address. In the end these commands are processed
by the microcontroller to generate the right signals for the communication link.
An example of a communication sequence on this most basic layer is given in
figure 4.7.

When it comes to writing data for the pixels to display, usually one first has
to set the page address and column address to which you would want to write.
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Setting these pixel addresses is part of the available command set. An exception
is when writing to consecutive columns on a single page. Namely, after writing
data to a page/column combination, the column address is updated afterwards
to increment by 1. This makes writing an entire page in a single run more
efficient, which is handy to take into account when writing the rest of the code.

Display Functions In this layer the basic commands of the layer below are
grouped to more advanced functions. For example, a reset function will issue
a hardware reset of the LCD and afterwards reinitialize all settings to their
desired values.
The most important function here, however, is the writeToDisplay function.

This function combines the commands to set the page and column addresses and
sending the data to the selected pixels. Besides a single byte, this function also
allows to write a byte array to consecutive columns on a single page.

Multichannel Transmitter The transmitter layer forms the bridge between
the LCD operating functions and using the LCD as a light modulating device.
Here is where the channels are specified, both the number of channels and what
pixel ranges they cover. Furthermore, it houses the functions that allow the
transmission of data over these channels.
First of all, the data should be converted from a bit string to a byte sequence.

This is done because a single bit in the data stream does not just control a single
pixel, but instead all the pixels that belong to a single channel. Therefore, first
the data is expanded into a byte sequence that can fill an entire page on the
screen. Then this same byte sequence is communicated to the display for each
page, thus filling the entire screen with the right modulation pattern.
The modulation itself is kept simple. Using On-Off Keying (OOK), a 1 in the

bit stream translates to the pixels of a channel turned transparent, while a 0
translates to an opaque channel.

Main File In the main file one can specify the message to be transmitted in
string format. The bits that make up the string are shifted into an array. This
array has the size of the number of channels of the transmitter. After a new
batch of bits is shifted in, the transmission is initiated, and the data is processed
through the other layers to be send to the LCD.
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Set page address

Set column address MSB

Set column address LSB

Write Data

Page address = 0b (xxxx 0101)

Column address = 0b (0011 0110)

Command = 0b (1011 xxxx)

Command = 0b (0001 xxxx)

Command = 0b (0000 xxxx)

Write to memory:

Address = cmd_address
Data = 0b (1011 0101)

Address = cmd_address
Data = 0b (0001 0011)

Address = cmd_address
Data = 0b (0000 0110)

Address = data_address
Data = 0b (1101 0101)Data = 0b (1101 0101)

Figure 4.7: Example of a command sequence to drive the LCD. In this
example the pixel addresses are chosen by setting a page and column
address. After doing so data can be written to the selected pixels.
Note that in the last step we write to a different memory address.
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Chapter 5

Receiver Design

To conclude the design is a chapter about the receiver. As for the transmitter
this includes a piece of hardware and software. The hardware will be detecting
the light, the different colours and changes in intensity. It is then up to the
software to make sense of the received signals and process them to decode back
to the message that was transmitted in the first place.

5.1 Receiver Hardware

The detector requires a piece of hardware that should be capable of two things
mainly. First of all, it should be able to detect light intensities and changes in
them. Secondly, it must be able to distinguish between wavelength components
to be able to distinguish between the channels.
We will be reviewing the same receiver options as presented in chapter 2.

Some more technical details will be introduced and, based on those, one of the
three options will be selected for the final design.
To recap, the three options presented before are: a colour sensor, a camera

and a spectrometer. To make a decision between them, their important technical
details are presented in table 5.1. For a quick validation of the designed system,
it was decided to use a camera as a receiver as this option requires no driver
software to be written. As we can see from the table this will mean lower
sampling rates and less channels. The sampling rate of the receiver specifically
is however not a limiting factor in this system as we will see in chapter 6. The
low number of channels is unfortunate, but at least we can still validate the
creation of a multi-channel VLC system. The specific camera used is that of a
Motorola Moto G31 smartphone, which can sample at 30 Hz.

Table 5.1: Technical specifications for the possible receiver options.

Sampling Number of Driver software
rate (Hz) channels required

Colour sensor [1] 20 3-11 Yes
Camera 30-120 3 No
Spectrometer [10] 13 k 288 Yes
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5.2 Receiver Software

Now that the camera has been chosen as a receiver, let us take a look at the
software to process the video captures of a transmission. The decoding of the
videos requires two components working together. These components are some
image processing functions and a state machine for the decoding. Both are
detailed below.

Image Processing All image processing functions are combined in a single
class. An image can be loaded into an object created from this class, so all
functions have easy access to the current image being processed. A list of the
relevant functions and a short description can be found in table 5.2.

Table 5.2: A list of the written image processing functions along with
a function description.

Function Name Description
roiDetection Determine the area where the transmitted light beam is

incident on the image. This is done by setting a threshold
for the light intensity. All pixels with a grayscale intensity
above the threshold are considered part of the ROI. Based
on this a mask is created to single out the ROI in later
images.

setMinMaxValues This function aids in finding a threshold for decoding a
sample value as a 1 or a 0. It keeps track of a maximum
and minimum value encountered across the samples. When
a new value is either higher than the current maximum or
lower than the minimum, the respective variable is updated.

getThreshold Function to set a threshold to determine if a data sample is
considered a 0 or 1. The threshold for each channe; is chosen
as the average value of the currently stored maximum and
minimum value of that channel (see setMinMaxValues).

readValue This function determines a value per colour channel of the
camera, used for further processing afterwards. The value
is determined as the average value for all non-zero pixels.
Since a ROI mask is already applied when loading an image
into the object, the average colour values of the pixels within
the ROI are obtained.

Decoder The actual decoder comes in the form of a state machine that makes
use of the image processing functions. A schematic overview of the state machine
can be found in figure 5.1. Frame by frame the video is being processed by this
state machine to try and retrieve the transmitted data. To keep the amount of
data processing manageable, the camera is set to a low resolution at 640 by 480
pixels.

Let us now see how the decoding works, following the state machine and the
example data provided in figure 5.2. The decoding process starts by finding
the pixels of the camera that are actually influenced by the light from the
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transmission. Using the roiDetection function, this region is determined at
start up. After creation of a mask for the ROI, this same mask is applied to
every new image being loaded. For each masked image the values per channel
can then be computed using the readValue function.

With the masking applied, two parameters need to be determined. To avoid
making the system unnecessarily complex, it is assumed that the symbol period
is already known at the start of the decoding. The symbol period in the example
is 1 second, or 30 frames. Then, the only other parameter to be determined is
the threshold per channel. To this end the setMinMaxValues function is run
for a couple of periods to find some extreme values. In figure 5.2 these values
are indicated by the cross markers. The getThreshold function then uses these
values to set a threshold per channel as the average of the minimum and the
maximum, as is indicated by the dashed grey line.
To know at what frame numbers to sample, threshold crossings are used as

synchronisation points. The detection of such crossings is shown as an orange
vertical line. In the detect threshold state we wait for the first detection of a
crossing in either channel. After a crossing has been detected the data sampling
can start.
Data is being sampled at the blue lines. Above the threshold a logic 1 is

sampled, below it a 0. The basic principle here is to sample at every symbol
period, which means sampling every 30 frames. However, when new threshold
crossings are detected these are used to re-synchronise the sampling. The latter
will counter a possible drift in sampling times due to uneven frame rates of the
camera.
The data sampling continues throughout the detect preamble state until a

preamble is detected in the decoded data. Then we move on to the last state
where the data bits of the actual message are decoded. This state terminates
when a newline byte is decoded, signalling the end of a message. Finally, the
process loops back to the detect preamble state to wait for the start of a new
message.
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State 0:
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Parameters
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State 4:
Read Data

Figure 5.1: State machine of the receiver code.
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Figure 5.2: Example plot of data decoding for two channels. At the
start of a decoding the minimum and maximum values are tracked
(indicated by the crosses). Taking the average of the minimum and
maximum sets a threshold (dashed grey line). Then we wait for a
threshold crossing in either of the channels (orange lines). Finally
the blue lines show at what frame numbers the data is sampled.
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Chapter 6

Evaluation

With the design complete, it is time to evaluate that design. For this evaluation
we are mostly interested in the number of channels we have been able to create
and what data rate has been achieved. We will also take a look at some of
the design choices made earlier and their influence on the performance of the
complete system.

6.1 Theoretical Performance

Before heading over to the results, let us first quickly recap the theoretical
system performance. The main reason for introducing a passive VLC system
with multiple colour channels is to enhance the data rate. The data rate is
determined by two factors: the bandwidth of transmitter and receiver and the
number of channels (equation 6.1).

R = B · nr channels (6.1)

The limiting bandwidth is that of the transmitter at 2.63 symbols per second. To
get to this bandwidth an additional factor was taken into account besides the LC
response time of 250 ms. This other factor is the amount of time it takes to write
data to not one, but all pixels of the LCD, and this is mentioned to take 130 ms
as well [19]. The new bandwidth is then computed as 1/(0.250 + 0.130) = 2.63
Hz. For the number of channels the camera as a receiver is the limiting factor,
supporting only three channels. Therefore, at most we can expect a data rate
of 12 bits per second. A summary of these parameters is also shown in table
6.1.

Table 6.1: Transmitter and receiver bandwidth and number of chan-
nels. These factors together will determine the maximum achievable
data rate. The limiting factors for both bandwidth and number of
channels are displayed in red.

Bandwidth Number of channels
Transmitter LCD 2.63 Hz 128
Receiver Camera 15 Hz 3
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Another important aspect of the performance of any wireless communication
link is the maximum transmission distance. In theory, the range is only limited
by the light being dispersed through the air. This would mean tens to hundreds
of meters should be achievable. This is, however, under the assumption that at
the output of the transmitter the light forms a perfectly collimated beam. In
practice we will see that this is not achievable and some dispersion takes place
after wavelength recombination at the output of the transmitter.
With the theory in mind, the following section will show how the implemented

system holds up to the predicted performance.

6.2 System Evaluation

The system evaluation will take into consideration all of the aspects mentioned in
the theoretical performance as well. We will take a look at the maximum number
of channels that can be created in practice, then the transmission/reception
bandwidth will be investigated and, lastly, the transmission distance will be
evaluated.

Number of Channels For the maximum number of channels, the receiver
seems to be the limiting factor, since a camera only knows three colour channels.
For the implemented system, however, the number of channels had to be reduced
to two channels even. The reason for this is illustrated in figure 6.1.
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Figure 6.1: Receiver response to consecutively switching on and off the
pixel columns of the LCD transmitter. The three plots each represent
one of the three colour channels of a camera, from top to bottom: red,
green and blue.

In this figure, the red and the green channels show a response as can be
expected. When columns of the LCD in their wavelength regions are turned
on, an increase in the measured intensity value is detected. The same can
however not be said for the blue channel. What would be expected is another
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peak, further to the left compared to the green channel. We see a very small
peak around pixel column 50, however, not enough to create decodable signals.
Furthermore, a much larger dip is observed when the columns in the green region
of the spectrum are turned on.

The small peak for the blue channel can be contributed to the choice of a blue
LCD screen. When a pixel is turned on it is transparent and colourless, while in
its off state it basically turns into a blue colour filter. Therefore, in its off state
it blocks all wavelengths but the blue part of the spectrum. Since blue light
is allowed through no matter the state of a pixel, the transmitter is unable to
very effectively influence this part of the spectrum. The dip in the blue channel
is another story. A problem here is that because the blue and green receiver
channels respond to largely the same part of the spectrum, there will be a lot of
interference between the channels. A possible source of this behaviour might be
the calculation of the receiver channel values done by the camera software. It
could be that if more green is detected, the blue value is adjusted downwards.
More research is required, however, to find the exact reason.

Two techniques were attempted to still be able to reduce Inter Channel In-
terference (ICI) and recover the blue channel. First, the channels can be spaced
some distance apart to reduce their effect on one another. Secondly, if the chan-
nels are distinct enough, the overlap might be removed through some matrix
calculations.

First of all, the channel separation was attempted by leaving some part of the
spectrum in between the channels blocked at any time. An illustration of this
method is shown in figure 6.2. As can be seen from this figure, there generally is
an overlap in the wavelength response of the different receiver channels. On the
right it is shown that when the channels are separated a bit, the overlapping
parts can be (partially) removed from the channels. Though this technique
decreased the ICI for the red and green channel, and was kept in the design for
this reason, the blue channel was still irrecoverable.

Tx red Tx green Tx blue

Rx response
per channel

Tx red Tx green Tx blue

Figure 6.2: Illustration of how channel responses of the receiver may
overlap for certain parts of the spectrum. Leaving the overlapping
parts out of the transmission channels as shown on the right side, will
reduce the interference between the channels.

As a second attempt there are the matrix calculations, to try and recover the
transmission values per channel. The matrix calculations are based on a model
presented in equation 6.2. This equation tells us how to compute the receiver
values per channel (r) from the transmitter values (t), the influence of each
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transmitter channel on each receiver channel (A) and ambient light values per
channel (c). Also, an example of what the equations would look like for three
channels is given in equation 6.3

r = At+ c (6.2)r0r1
r2

 =

A00 A01 A02

A10 A11 A12

A20 A21 A22

t0t1
t2

+

c0c1
c2

 (6.3)

Now, in the ideal case A would be a diagonal matrix, as this would mean every
receiver channel is only influenced by the corresponding transmitter channel. In
other words, every element in A not in the diagonal represents an interference
term between two channels.
Of course, before calculations can be done using this equation, first the para-

meters must be estimated. This can be done by transmitting a sequence of
known symbols. For the first symbol all transmitter channels are set to zero to
estimate c. Afterwards, the channels are turned on one at a time to estimate one
column of A at a time. How this works for three channels is shown in equations
6.4 - 6.7.

For t =

00
0

 ⇒

r0r1
r2

 =

c0c1
c2

 (6.4)

For t =

10
0

 ⇒

r0r1
r2

 =

A00

A10

A20

+

c0c1
c2

 ⇒

A00

A10

A20

 =

r0r1
r2

−

c0c1
c2

 (6.5)

For t =

01
0

 ⇒

r0r1
r2

 =

A01

A11

A21

+

c0c1
c2

 ⇒

A01

A11

A21

 =

r0r1
r2

−

c0c1
c2

 (6.6)

For t =

00
1

 ⇒

r0r1
r2

 =

A02

A12

A22

+

c0c1
c2

 ⇒

A02

A12

A22

 =

r0r1
r2

−

c0c1
c2

 (6.7)

Once the parameters are known, the equation can then be inverted to go from
receiver values back to transmission symbols. This is shown in equation 6.8.

t = Ainv(r− c) (6.8)

A comparison of a capture with and without correction through matrix calcu-
lations is shown in figure 6.3. Here it can be seen that the red and green channel
after conversion are very similar to the actual data being transmitted. For the
blue channel, on the other hand, this is unfortunately not the case. Instead
it resembles much more the inverse of the green square wave with extra noise
added. In conclusion, we can only use the red and green channel.

Bandwidth For the bandwidth the theoretical limiting factor would be the
bandwidth of the LCD, resulting in transmissions of maximum 2.63 symbols per
second. And as we have seen a transition should, therefore, take around 380 ms.
In the actual received data the fall time was concluded to be the bottleneck.
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Figure 6.3: Two plots of the same capture. (a) shows the received data,
without matrix calculations. (b) shows the computed transmitted
values after matrix calculations, as well as the actually transmitted
square wave in grey.

For both channels it was observed that the fall time takes around 10 frames
on average. At 30 fps, this would equal 333 ms. This is actually a little bit
faster than expected. The reason for this is that the spectrum mainly hits the
top half of the screen. Therefore, the bottom few pages of the LCD, which are
updated last, do not contribute to a channel transition. This is what makes the
transitions end slightly earlier.

Transmission Distance In the ideal case, the transmitted ray of light would
form a perfectly collimated beam. In practice, however, this was not achieved,
and the beam is diverging into its spectrum once more. To still be able to
capture all the wavelengths in the transmission, a lens has been placed in front
of the camera, to roughly focus all colours back to the same point as shown in
figure 6.4.
The lens used here has a surface of 30 x 30 mm. This means that the lens is

only able to capture the full spectrum if its divergence is limited to a width of
30 mm. Since this limit is reached at 40 cm from the transmitter output, the
transmission distance is limited to 40 cm as well.

Lens width:
30 mm

Camera
Aperture

Figure 6.4: In front of the receiver camera a lens is placed to refocus
the diverging spectrum towards the camera aperture.
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6.3 Performance Evaluation

To get an idea of the performance of the VLC system, some transmissions have
been captured and decoded. The structure of the message that was sent can be
found in figure 6.5.

Preamble (1 byte) Data (13 bytes) Newline (1 byte)
0x16 "Hello, World!" 0x0A

Figure 6.5: Graphic of the transmitted message, along with its pre-
amble and newline character.

The evaluation has been done for two different symbol periods and three
different distances. For each setting, three captures have been taken, each con-
taining three times the Hello, World! message. The results are presented in
tables 6.2 and 6.3.

Table 6.2: Performance evaluation of the communication link for total
data rates of 2 and 4 bits per second, at a transmission distance of 3.5
cm.

Symbol Period 1000 ms 500 ms

Preamble Found 100 % 78 %
BER 0 % 2.20 %

Table 6.3: Performance evaluation of the communication link at dis-
tances 3.5, 20 and 40 cm, for a symbol period of 1000 ms.

Distance 3.5 cm 20 cm 40 cm

Preamble Found 100 % 100 % 78 %
BER 0 % 0 % 0 %

In these tables the preamble found rows show what percentage of the messages
was actually detected by the decoder. The Bit Error Rate (BER), on the other
hand, shows how many of the total number of bits of a message were decoded
to a wrong value. For the BER only the messages for which the preamble was
detected are counted.
What we can see in these tables is that for the base case all messages could be

decoded without error. Also, at a slightly larger distance of 20 cm, all messages
were decodable. This means that the system works properly up to a data rate
of 2 bits per second, and up to a distance of 20 cm. However, issues start to
occur for larger distances (of 40 cm) or when the data rate is increased to 4 bits
per second.
What is interesting to note as well, is that sometimes relatively few preambles

are found, while BERs are not so high. What was observed is that while the
decoder is locked on properly to a data stream, it can decode long sequences
without error. However, as soon as an error occurs it can get locked in decoding
wrong values as well. Therefore, when one preambles is decoded wrong and
remains undetected, the next one is likely to be the same. Since these missed
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packets are not counted against the BER, the BER will remain relatively low.

Now let us consider what happens when the data rate is increased. By in-
creasing the data rate to 4 bits per second, the decoder is having a harder time
to find the right moment to sample. This is due to the fact that the transitions
start taking up a significant amount of the symbol period, thereby decreasing
the amount of time a valid sample can be obtained. Therefore, sometimes wrong
values are being sampled resulting in bit errors or packet losses. Going to even
higher data rates, renders the messages completely undecodable.
For the longer distance of 40 cm, it was observed that the amplitude of the

received signal is rather low, likely causing the errors in the decoding. The
reason for the low amplitudes compared to the short distance transmission is
the divergence of the light spectrum. This can be explained using figure 6.6.
Over short distances, the total ROI in the captured recording is relatively

small. Over longer distances, however, the ROI is much larger. In case of
the latter, the same amount of energy is split over more pixels, resulting in
lower average colour values per pixel. A consideration could be to either get
a brighter source or to use something other than the average colour value per
pixel as indicator for a channel value to compensate for the spread.

(a) (b)

Figure 6.6: Screenshots of two different captures of a transmission. (a)
shows a transmission over a short distance, where the spectrum is
contained to a small region. (b) shows a transmission over a longer
distance, where the spectrum is spread over an entire frame.

6.4 Discussion

In the evaluation it was proven that the system is capable of passive VLC over
two channels. The resulting total data rate is 2 bits per second for a transmission
range of up to 20 cm.
Especially the data rate of this system can be considered rather low. However,

from the evaluation some steps can be suggested that should help to improve
this low data rate in future works.
The most important takeaway is to consider another transmitter receiver pair.

For the transmitter, a Thin Film Transistor (TFT) LCD could be considered
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[18]. These were unfortunately overlooked in the LCD choice for this thesis,
but they support higher bandwidths than traditional LCDs in the order of tens
to hundred Hertz. Also, a coloured LCD should be avoided, since it introduces
interference in some of the channels. For the receiver a spectrometer should be
considered. Not only does it offer more channels than a camera, but it can also
sample at faster rates.
Another advantage of getting a spectrometer would be that much more de-

tailed information about the entire transmission and optical setup can be ob-
tained, since it is a much more fine grained measurement tool.
These two improvements alone, should result in much higher data rates already.

From there on it would be interesting to see how much channels can be created
without causing too high levels of ICI. And eventually gradual improvements
to the optical system and the receiver code can be implemented to really get
the most out of the system.
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Chapter 7

Conclusions

In this thesis we have been taking a look at a new passive VLC concept. It
was discussed how data rate is currently a limiting factor of passive VLC. In
this thesis specifically, it has been investigated whether this might be improved
by creating a wavelength based multi-channel communication system based on
dispersion of light. This led to the following question being asked:

How can light dispersion be used in a passive VLC system to create a multi-
channel communication link and boost overall data rates?

This question has been answered by creating such a multi-channel communic-
ation system and evaluating its performance. The design was divided in three
steps:

1. An optical part, used for dispersion of light.

2. A modulation device, used for transmitting data.

3. A receiver, used for detecting and decoding a transmission.

The main performance metric for the combined system was the data rate,
calculated as the bandwidth of the system multiplied by the number of channels.
From the experiments we can report a stable system at a data rate of 2 bps,
some decoding errors at a rate of 4 bps and undecodable data at higher rates.
Compared to other passive VLC systems these are low data rates. The reason
for this is twofold. The first is that only 2 channels are available in the final
design, due to the combination of the chosen transmitter and receiver. Secondly,
the bandwidth of the transmitter is very limited at 2.63 Hz.

Another metric that has been assessed is the transmission distance. Here the
limitation lies within the optical system. Due to beam divergence at the output
of the optical system, the current transmission range is limited to 40 cm.
Though the performance is low, it should be considered that this thesis

presents a new concept for passive VLC transmissions. A lot of insights have
been gained, in the challenges this concept presents, but also how to make im-
provements on the current system. Most importantly, it is still believed that the
presented concept can provide data rate enhancements compared to the current
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standard, by creating a multitude of transmission channels. Below suggestions
are given for directions future work might take.

7.1 Future Work

With only the very basics of this multi-channel passive VLC system explored,
there is a lot of room for further research and further improvement. Below we
will take a look at some possibilities that would have the biggest positive impact
on performance, or might present another interesting take on the system.

• Transmitter: The transmitter, together with the receiver is responsible
for the low data rates. Other options here would be TFT LCDs or DMDs.
Both would provide higher bandwidths (tens of Hz at least) and thus
higher data rates.

• Receiver: As a receiver it is suggested to have a look at spectrometers.
This is expected to scale the number of communication channels up to 10
to 100+ channels. Combining a new transmitter with a new receiver is
thus expected to improve the current data rate at least by a factor of 100.

• Measurements on optical system performance: Getting a spectro-
meter in the system also allows for more detailed measurements on how
well the optical system performs. For example, one could start to measure
how many wavelength components are actually distinguishable or, what
wavelengths are actually present at the different stages of the optical sys-
tem and how they are influenced throughout these stages.

• Add diversity to measurement conditions: All measurements so far
have been done in the same room under the same lighting conditions.
It would be interesting to see how the system might react to different
conditions and make it robust against changes in these conditions.

• Laser pulse shaping research [17]: Laser pulse shaping is a technique
to shape a laser pulse by altering its wavelength components. To do so,
it applies very much the same principle of dispersion and recombination
as was used for the communication system of this thesis. It would be
interesting to see what can be learned from this technique that could be
applied to passive VLC as well.

42



Bibliography

[1] AMS. As7341, 11-channel spectral sensor frontend. https://mm.digikey.
com/Volume0/opasdata/d220001/medias/docus/324/AS7341_DS.pdf,
2019. Last accessed: Nov. 18, 2023.

[2] Alexander G. Bell. Production and reproduction of sound by light. Am.
Jour. Sci, 20(118):305–324, October 1880.

[3] Germain Chartier. Analytical expression of the laws of dispersion. In
Introduction to Optics. Springer, Grenoble, France, 2005.

[4] Germain Chartier. The bragg formula in the optical case. In Introduction
to Optics. Springer, Grenoble, France, 2005.

[5] Douglas B. Murphy and Kenneth R. Spring and Thomas J.
Fellers and Michael W. Davidson. Principles of Birefringence
. https://www.microscopyu.com/techniques/polarized-light/

principles-of-birefringence. Last accessed: Nov. 20, 2023.

[6] ForeverDC. All You Need To Know About Mini Spectrometers. https://
foreverdc.com/all-you-need-to-know-about-mini-spectrometers/,
2019. Last accessed: Nov. 15, 2023.

[7] Seyed K. Ghiasi, Vivian Dsouza, Koen Langendoen, and Marco Z. Zamal-
loa. Spectralux: Towards exploiting the full spectrum with passive vlc. In
Proc. IPSN, San Antonio, USA, May 09–12, 2023. ACM.

[8] Seyed K. Ghiasi, Marco Z. Zamalloa, and Koen Langendoen. A principled
design for passive light communication. In Proc. MobiCom, New Orleans,
USA, October 25–29, 2021. ACM.

[9] Giovanni Giusfredi. Dispersive prisms. In Physical Optics; Concepts, Op-
tical Elements, and Techniques. Springer, Cham, Switzerland, 2019.

[10] Hammamatsu. Mini spectrometer, c12880ma. https://www.hamamatsu.

com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_

LIBRARY/ssd/c12880ma_kacc1226e.pdf, 2022. Last accessed: Nov. 18,
2023.

[11] Harald Haas. High-Speed Wireless Networking using Vis-
ible Light. https://spie-org.tudelft.idm.oclc.org/news/

4773-high--speed-wireless-networking-using-visible-light?

SSO=1, 2013. Last accessed: Oct. 24, 2023.

43

https://mm.digikey.com/Volume0/opasdata/d220001/medias/docus/324/AS7341_DS.pdf
https://mm.digikey.com/Volume0/opasdata/d220001/medias/docus/324/AS7341_DS.pdf
https://www.microscopyu.com/techniques/polarized-light/principles-of-birefringence
https://www.microscopyu.com/techniques/polarized-light/principles-of-birefringence
https://foreverdc.com/all-you-need-to-know-about-mini-spectrometers/
https://foreverdc.com/all-you-need-to-know-about-mini-spectrometers/
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/c12880ma_kacc1226e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/c12880ma_kacc1226e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/c12880ma_kacc1226e.pdf
https://spie-org.tudelft.idm.oclc.org/news/4773-high--speed-wireless-networking-using-visible-light?SSO=1
https://spie-org.tudelft.idm.oclc.org/news/4773-high--speed-wireless-networking-using-visible-light?SSO=1
https://spie-org.tudelft.idm.oclc.org/news/4773-high--speed-wireless-networking-using-visible-light?SSO=1


[12] Augustus E. Ibhaze, Patience E. Orukpe, and Frederick O. Edeko. High
capacity data rate system: Review of visible light communications techno-
logy. JEST, 18(3), September 2020.

[13] Jiangtao Li, Angli Liu, Guobin Shen, Liqun Li, Chao Sun, and Feng Zhao.
Retro-vlc: Enabling battery-free duplex visible light communication for
mobile and iot applications. In Proc. HotMobile, Santa Fe, USA, February
12–13, 2015. ACM.

[14] James C. Maxwell. A dynamical theory of the electromagnetic field. R.
Soc., 8(155):459–512, January 1865.

[15] Midas Displays. Mccog128064b12w-bnmlw. https://midasdisplays.

com/wp-content/uploads/2023/08/MCCOG128064B12W-BNMLW.pdf, 2019.
Last accessed: Nov. 06, 2023.

[16] Bloom Rens, Marco Z. Zamalloa, and Chaitra Pai. Luxlink: Creating a
wireless link from ambient light. In Proc. SenSys, New York, USA, Novem-
ber 10–13, 2019. ACM.

[17] Alok Sharan and Debabrata Goswami. Prospects of ultrafast pulse shaping.
Current Science, 82(1), January 2002.

[18] Sharp Corporation. Device specification for lcd module, module no.
ls027b7dh01. https://mm.digikey.com/Volume0/opasdata/d220001/

medias/docus/1272/LS027B7DH01_Rev_Jun_2010.pdf, 2010. Last ac-
cessed: Nov. 20, 2023.

[19] Sitronix. St7565p, 65 x 132 dot matrix lcd controller/driver. https:

//newhavendisplay.com/content/app_notes/ST7565P.pdf, 2009. Last
accessed: Nov. 06, 2023.

[20] ST Microelectronics. Nucleo-f446ze. https://www.st.com/en/

evaluation-tools/nucleo-f446ze.html. Last accessed: Nov. 09, 2023.

[21] Thorlabs. Optical Elements. https://www.thorlabs.com/navigation.

cfm?guide_id=7. Last accessed: Nov. 17, 2023.

[22] Purui Wang, Lilei Feng, Guojun Chen, Chenren Xu, Yue Wu, Kenuo Xu,
Guobin Shen, Kuntai Du, Gang Huang, and Xuanzhe Liu. Renovating road
signs for infrastructure-to-vehicle networking: A visible light backscatter
communication and networking approach. In Proc. MobiCom, London,
UK, September 21–25, 2020. ACM.

[23] Yue Wu, Purui Wang, Kenuo Xu, Lilei Feng, and Chenren Xu. Turboboost-
ing visible light backscatter communication. In Proc. SIGCOMM, New
York, USA, August 10–14, 2020. ACM.

[24] Talia Xu, Miguel C. Tapia, and Marco Zúñiga. Exploiting digital micro-
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