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SUMMARY

Nowadays, wireless connectivity is ubiquitous: humans use smartphones, smartwatches,
laptops and other devices, while at the same time, the Internet of Things (IoT) is adding
millions of connected objects. This large number of devices uses mainly the radio fre-
quency (RF) spectrum for communication. And a direct consequence of this exponential
growth is the scarcity of free RF bands to cope with this demand.

To tackle this challenge, researchers have proposed using a different carrier: visible
light. With Visible Light Communications (VLC), devices communicate with each other
by modulating the intensity of their light-emitting diodes (LEDs) and demodulating it
using light sensors. The key advantage of VLC is the utilization of the visible light spec-
trum, with free bands that do not interfere with traditional RF systems. Nonetheless,
despite the efficiency of LED technology, luminaries still require several Watts to gen-
erate light. The need for this considerable amount of energy has triggered interest in a
new research area: Passive VLC. The fundamental principle of Passive VLC is to exploit
ambient light to create wireless links, thus reducing the energy required by transmitters
to generate their own light.

Passive VLC is a promising area, but poses a daring challenge: modulate light with-
out any control over the source. The research community has proposed using optical
surfaces that block or reflect light dynamically as modulators, but these platforms pro-
vide limited data rates, ranging from a few tens of bps to a few kbps. Moreover, using the
sun as the source of ambient light introduces another challenge: variations in position
and intensity.

This dissertation aims to improve the performance of Passive VLC systems operating
with sunlight, with a particular focus on increasing the data rate and resilience to the
changing sun’s position.

Our first contribution is a short-range wireless link using a tiny screen as a trans-
mitter and a camera as a receiver. The screen is a reflective surface, adapted to work
with ambient light. The sunlight reaching the screen is modulated to transmit informa-
tion to a smartphone’s camera, creating a stream of optical data. This screen-to-camera
link using sunlight attains up to 10 kbps, ten times faster than previous similar systems,
working from sunrise to sunset - independent of the sun’s position.

Inspired by the concept of Li-Fi, which combines illumination and VLC, our second
contribution envisions the creation of a naturallight bulb with wireless communication
capabilities. Our design combines optical modulators, optical filters and sunlight collec-
tors to track the sun’s position during the day and radiate modulated beams of sunlight
in indoor scenarios. These beams of natural light provide illumination and communica-
tion and are the first to divide sunlight into two color channels to double the data rate.

Our third contribution proposes a novel link for robots to communicate using sun-
light. We leverage a material used in solar technology, the Luminescent Solar Concen-
trator (LSC). An LSC surface absorbs light from its top and emits it on its edges. We place

Xi
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LSCs on top of robots, together with liquid crystal cells (LCs), so sunlight arriving from
the top can be modulated into data packets transmitted toward the edges. This novel
communication system allows task coordination between robots using sunlight.

Overall, this dissertation presents new Passive VLC systems focusing on applications
that exploit the sun as the light source. Within this scenario, our focus has been to in-
crease the data rate, with the first two contributions, and on making the systems resilient
to the sun’s position, with all three contributions.



INTRODUCTION

There is a crack in everything,
that’s how the light gets in.

Leonard Cohen



2 1. INTRODUCTION

IRELESS connectivity is an essential component of people’s daily interactions and

there is a growing demand for faster and more pervasive wireless communication.
The arrival and advances of the smartphone changed how humans study, work, manage
their finances, shop, listen to music, watch films and interact socially, among other tasks.
The demand for these devices is evident: mobile network subscriptions have grown from
less than 2 billion in the early 2000s to almost 9 billion in 2023 [1]. But users do not
only demand more wireless network connections: applications such as media stream-
ing, video-conferencing, social media and gaming leverage higher connection speeds
provided currently by LTE (60 % of mobile subscriptions in 2023) and it is projected that
by 2028 5G will surpass LTE as the major technology for mobile connectivity while pro-
viding speeds 100 times faster [2]. People crave fast and ubiquitous mobile wireless con-
nectivity.

There is, however, a relative newcomer in the market with its own demand for wire-
less connectivity and growing at an astonishing rate: the Internet of Things (1oT). IoT
devices, which are embedded systems featuring sensors and network connectivity, are
used to collect and share different types of data. Due to their ease of installation, IoT de-
vices are currently used in various industries such as smart cities/homes, supply chain,
agriculture, wearables, smart factories, utility supply and healthcare among others. The
rapid rise of these devices is clear: the number of IoT connections increased from less
than 2 billion in the early 2010s to 15 billion in 2023 with a forecast to increase to ~30
billion by 2030 [3, 4]. The current IoT demands significant wireless connectivity and the
deployment of more devices in the future will only push this demand up.

A consequence of the increasing demand for wireless systems, aside from the in-
creased research interest in the topic, is the high demand for energy required to oper-
ate them: mobile networks account for around 66 % of the total transmission networks’
power [5]. The energy transition to greener technologies is transversal to, and impacts,
multiple industries, if not all. Therefore, wireless technologies should also explore the
possibilities of more energy-friendly solutions to reduce their energy footprint.

1.1. WIRELESS COMMUNICATIONS

Sending messages over the air is an activity that humans have performed since ancient
times. Thousands of years ago, people signaled each other using torches, smoke signals,
and flags. These rudimentary ways of communication are still used nowadays, for in-
stance in airports to give indications to pilots while taxing. However, around 100 years
ago, a pivotal event in wireless communication took place: the spawn of radio frequency
technology.

1.1.1. RADIO FREQUENCY SYSTEMS

In 1873, Charles Maxwell published four equations explaining the behavior of electric
and magnetic (or electromagnetic) fields. Based on the principles outlined by these equa-
tions, Heinrich Hertz expanded the electromagnetic theory and, between 1885 and 1889,
Hertz transmitted electromagnetic waves over the air at a short distance, which were con-
verted into electricity at the receiver. But it was in 1895 when Guillermo Marconi trans-
mitted wireless telegraphy messages using radio over a distance of 2.4 km, that radio
frequency wireless communication was born.
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Figure 1.1: Electromagnetic Spectrum. Modified from [6].

Radio frequency has been the dominant technology for wireless communication,
constantly evolving for the last 100 years. The early applications of radio wireless were
in maritime, military and transatlantic communications. During its history, radio sys-
tems were and are still used for audio broadcasting (AM and FM radio), television (TV)
broadcasting, navigation, satellite communication, and mobile telephony, among other
services. However, during the last 30 years, the appearance of mobile devices such as
portable personal computers and smartphones spawn a new application of radio: ubiq-
uitous data access. Whether using a wireless local area network (WLAN), commercially
known as WiFi, or cellular networks for smartphones, radio provides the last-mile con-
nection to such devices. Finally, the more recent development of IoT devices has also
triggered new radio-based links, such as LoRaWAN, BLE, Zigbee or NB-IoT, to provide
network access to these devices. Nowadays, radio wireless connectivity is a ubiquitous
asset for humans and mobile computing systems.

CURRENT STATE OF RADIOFREQUENCY COMMUNICATION

The popularity of services based on radio wireless systems has created a critical draw-
back: a spectrum crunch. The radio frequency spectrum spans from 3 Hz to 3 THz in the
electromagnetic spectrum (Figure 1.1) and within this range, each service is allocated a
specific frequency band. The large number of services requiring radio bands has occu-
pied most of this spectrum and as an example Figure 1.2 presents the US radio frequency
spectrum allocation, showing almost no free bands available to allocate new services.

We can list two direct consequences of the scarcity of radio bands:

1. The decommission of services or the borrowing of RF bands from existing ser-
vices. During the London 2012 Olympics, the demand for wireless connections
was so high that the British communication regulator had to decommission ana-
log TV signal bands and borrow bands from the Ministry of Defense to increase the
capacity of wireless systems [7].
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Figure 1.2: RF spectrum allocation in the US[10]. Each colored box represents a service.

2. A high price for RF band auctions. A recent bid for 5G bands in the US led to the
highest auction cost in history, adding up to 81 billion US dollars for a spectrum
of 280 MHz in the 3.70-3.98 GHz band [8]. To put this amount in perspective, one
could buy the 3 most profitable airlines in the world with the amount paid in that
spectrum auction [9].

To tackle the so-called spectrum crunch, the research community has explored al-
ternatives to radio frequency to create wireless links. In the next section, we explore one
popular solution.

1.1.2. VISIBLE LIGHT COMMUNICATION (VLC)

Light is the fastest physical carrier to transfer information between two points: the in-
ternet backbone is underpinned by links of optical fibers connecting computing devices
separated by large distances. The use of light to create wireless connections was ex-
plored by Alexander Graham Bell in the 1880s with the invention of the photophone,
which transmitted voice by modulating sunlight over a distance of a few hundred me-
ters'. However, it was not until the early 2000s [11] that the research community started

INote that this predates the transmission of speech by radio.
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Figure 1.3: Types of VLC modulations and multiplexing techniques. A key aspect of VLC output is that it should
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bination of colours. FSK: frequency shift keying, WDM: wavelength division multiplexing. Using icons from
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to explore again the use of visible light using light-emitting diodes (LEDs), which can be
directly modulated to send data, a technique called visible light communication (VLC).

Visible light and radio are electromagnetic waves”, and they are both located within the
electromagnetic spectrum. Nonetheless, the visible light spectrum is located outside of
the already crowded RF spectrum, as shown in Figure 1.1. VLC systems have the poten-
tial to increase the capacity of wireless communication by creating links using a different
carrier, light, located in a free band of the electromagnetic spectrum.

VLC MODULATION

One key difference in the nature of light compared to radio waves is its visibility: the
human eye can perceive visible light. Thus, while modulating a light source, special at-
tention needs to be considered to avoid distressing people’s perception due to flickering.
To avoid this effect, we can leverage the fast response of LEDs in combination with vari-
ous modulation techniques®. Figure 1.3 presents some of these modulation techniques.
For instance, intensity modulation using Manchester encoding balances the high- and
low-intensity symbols equally, maintaining a constant average intensity of 50 %. Another
type of modulation is frequency shift keying (FSK) in which each symbol is represented
by a different frequency, while the average intensity is kept constant. The evolution of
VLC in the last two decades has led to attaining speeds in the order of Gbps, leveraging
sophisticated optical methods such as wavelength division multiplexing (WDM), which

2Light is considered both a wave and a particle according to quantum mechanics.
3Due to the relatively slow response of human vision, for light oscillations higher than ~200 Hz, the human eye
perceives the oscillation’s average intensity.
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Figure 1.4: Different types of devices used as receivers in VLC. Using icons from Flaticon.

divides light into independent color channels to increase link capacity while still render-
ing a white light when the channels are combined.

VLC DEMODULATION

The nature of a VLC carrier requires the use of a light sensor for detection and demod-
ulation, a device that plays a similar role as an RF receiving antenna. The light sensor
performs an optoelectrical conversion: it gathers photons and produces electrons or
changes electrical properties. Some of the most popular light sensors are:

* Photodiode. A current, the reverse flow of electrons, is created depending on the
intensity of light reaching the PN junction.

* Phototransistor. Similar to a regular transistor, an electrical signal is produced and
amplified proportionally to the photons reaching the base/gate of the transistor.

* Color sensor. An array of photodiodes with color filters, thus each single device
can only detect the part of the light spectrum corresponding to the color.

* Image sensor. By implementing more complex optical elements, image sensors or
cameras capture an area using an array of single photodetectors.

Figure 1.4 shows these types of devices within a VLC link.

1.2. ENERGY COST OF WIRELESS SYSTEMS

All over the world, there is a general trend to switch to green technologies rapidly. Due to
the large amount of electricity used in mobile networks, reducing the energy footprint
of wireless communications can play a significant role and the research community can
also contribute to greener solutions: wireless systems with reduced power consumption.

A subtype of wireless systems, aimed at reducing energy consumption, is known as
passive systems. These systems leverage energy already present in the environment to
create wireless links and send information.
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1.2.1. PASSIVE WIRELESS SYSTEMS

RF AMBIENT BACKSCATTERING SYSTEMS

The pervasiveness of RF signals (such as radio and TV) allows the creation of links that
harvest these radio waves and convert them to electricity. While the amount of har-
vested electricity is limited, it can provide enough energy to power a simple modulator
that changes an antenna’s impedance. These changes in impedance reflect (or backscat-
ter) the radio waves present in the environment but are embedded with the modulated
information. A schematic of an RF ambient backscattering system is presented in Fig-
ure 1.5.

PASSIVE VLC SYSTEMS

Whether by artificial or natural means, light is a ubiquitous resource because human
activity requires its presence. The almost omnipresence of light has triggered research
interest in using ambient light to create VLC links. These systems, known as Passive VLC,
utilize two types of light sources:

1. Artifical light. Several of these passive VLC links implement a type of backscat-
tering reflection towards the source, such as ceiling lights [12, 13] or vehicle head-

- Sunlight Sunlight
LS
Light Modulated Modulated

Light light
Modulated
light
LC
= s 0):=]
LC LS
RR DMD

(a) Passive VLC using artificial light (b) Passive VLC using sunlight passing (c) Passive VLC using sunlight being re-
only. through an LC. flected by a DMD.

Figure 1.6: Passive VLC systems using different sources. LC: liquid crystal, RR: retro-reflector, LS: Light sensor,
DMD: digital micro-mirror device. Using icons from Flaticon.
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(a) Photophone transmitter [19]. (b) Photophone receiver [19]. (c) Heliograph [20].

Figure 1.7: Early systems employing sun for wireless communications.

lights [14, 15], using special reflecting surfaces (retro-reflector). For example, by
using a liquid crystal (LC) shutter, an optical device that dynamically blocks light
or allows it to pass through, the reflected light is modulated and later captured by
a light sensor close to the light source, as depicted in Figure 1.6a.

2. Sunlight. In the 1800s, systems like the photophone and the heliograph, depicted
in Figure 1.7, leveraged mirrors or reflective surfaces to modulate sunlight. While
the idea of using sunlight for communication was not further explored after this
period, more recent Passive VLC studies employ a similar system using novel op-
tical modulators, such as LC shutters to modulate light coming through a win-
dow [16, 17], or Digital Micro-Mirror Devices (DMDs) to reflect sunlight towards
the light sensor [18], as depicted in Figure 1.6b and Figure 1.6¢, respectively.

Comparison among passive wireless systems. While both the passive RF and VLC sys-
tems outlined in this section use energy from the environment to create wireless links,
only Passive VLC systems can exploit natural resources. Radio waves are naturally gen-
erated by cosmic sources, but they cannot be harnessed for communications. Passive
RF requires human-made signals, such as those created for TV, radio, WiFi, and LoRa.
Passive VLC, on the other hand, is the only one able to leverage a vast source of natu-
ral light, such as the sun, enabling sunlight communications. Using a natural resource
potentially reduces energy consumption because no power is required to generate light
to backscatter. Nonetheless, advances in Passive VLC using sunlight have been limited
mostly by the speed of the light modulators available. To briefly capture this situation,
Table 1.1 compares different passive wireless systems.

1.3. PROBLEM STATEMENT

Overall, most active wireless systems, including RF and VLC, achieve high speeds, ren-
dering links in the order of Mbps or even Gbps. If we focus our attention towards power
consumption, passive systems consume less power but their adoption has focused mainly
on low data rate links. Passive VLC systems attract attention due to their ability to reuse
the vast and free energy provided by the sun. However, these systems have two main
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Source Power
TV tower 0.1kWto 11kW [21]
Ambient radio Radio tower 0.5kW to 20 kW [22]
Cellular tower 40 W to 160 W [23]
Ceiling light (LED) 4 W to 22W [24]
Ambient light | Car headlights (LED) 13Wto 24 W [25]
Sun oW

Table 1.1: Electrical power required by sources of passive wireless communication systems.

limitations. First, the attainable data rates of most Passive VLC systems are limited to a
few kbps, due to the slow speed of the light modulators. Second, the position of the sun
has a dramatic effect on the performance of the system. This occurs because changes
in the sun’s position require (re)aligning the link between the transmitter and receiver,
affecting the link’s reliability. This dissertation aims to address these gaps by answering
the following research question:

What new optical devices and methods can be implemented in Passive VLC to
improve its performance?

1.3.1. THE APPROACH AND OUTLINE OF THIS THESIS

For this dissertation, we aim at improving Passive VLC in two main ways: higher data
rates and independence from the sun’s position. Our vision is straightforward: leverage
devices, materials or methods developed in other optical fields, and use them to build
Passive VLC systems that can work with artificial light sources, such as ceiling lights, but
must also work using the sun as the source of light. The structure of the dissertation is
described next and Figure 1.8 depicts each contribution.

#tSunbox. Previous works in Passive VLC use liquid crystal as the light modulator. The
most common type of liquid crystal used is the nematic liquid crystal (or a sub-variant)
with a particularly slow optical switching speed between its transparent and opaque
states. The slow response, in the order of ms, stems from the chemical properties of
the nematic liquid crystal material. In Chapter 2, we explore the use of a different type:
a ferroelectric liquid crystal (FLC) that has a faster response, in the order of pus. However,
the commercial availability of FLC is limited to the projection technology in the form of
small FLC pixel arrays that cast images using sophisticated optical components and con-
trol electronics. Using one small FLC, part of a micro-projector, we implement a system
dubbed Sunbox that manages to backscatter both ceiling light and sunlight towards a
smartphone camera to convey information, creating a short-range passive VLC link with
several kbps.

$#8+Sol-Fi. In 20112, Prof. Harald Haas coined the term Li-Fi in his TED talk "Wireless Data
from Every Lightbulb", demonstrating the potential of using VLC lightbulbs that can pro-
vide illumination and wireless connectivity simultaneously. In Chapter 3, we combine
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Figure 1.8: Summary of contributions of this dissertation.

the concept of Li-Fi and Passive VLC by using daylighting systems in combination with
light modulators to create a natural VLC light bulb. This novel light bulb renders indoor
sunlight illumination and wireless connectivity using a single phototransistor as a re-
ceiver. Furthermore, expanding on the concept of WDM, vastly used in optical networks,
our system implements a multichannel Passive VLC system, modulating two colors inde-
pendently and recombining them into white light used for illumination while doubling
the attainable data rate.

{tEdge-Light. The development of solar technologies is a source of inspiration for Pas-
sive VLC. A particularly valuable technology is the luminescent solar concentrator (LSC),
which has been used for around 40 years in combination with solar cells. An LSC absorbs
a part of the sunlight spectrum (or color band) and re-emits light in a different spectrum
on its edges. The spectrum emitted at the edges is captured by solar cells to harvest
energy. In Chapter 4, we explore the possibilities of implementing a Passive VLC link us-
ing LSC layers in combination with liquid crystals as modulators. The light modulated
in different spectrum bands is decoded by color sensors on the receiver. We demon-
strate a potential application of this system in short-range robot-to-robot communica-
tions that exploits sunlight-fueled wireless communication to coordinate tasks between
two robots.

RELATED PUBLICATIONS
Chapters 2, 3 and 4 are based on the following publications:

* Miguel Chavez Tapia, Talia Xu, Zehang Wu, Marco Zuiiiga Zamalloa (2022). Sun-
Box: Screen-to-Camera Communication with Ambient Light. Proceedings of the
ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies IMWUT).

* Miguel Chdavez Tapia, Talia Xu, Marco Zufniga Zamalloa (2024). Sol-Fi: Enabling
Joint Illumination and Communication in Enclosed Areas with Sunlight. Proceed-
ings of the ACM/IEEE International Conference on Information Processing in Sensor
Networks (IPSN).
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* Miguel Chéavez Tapia, Diego Palma Rodriguez, Marco Zufiiga Zamalloa (2024). Edge-
Light: Exploiting Luminescent Solar Concentrators for Ambient Light Communi-
cation. Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous
Technologies IMWUT).

Additionally, the following publications are also a result of the doctorate program,
but are not part of the dissertation:

e Talia Xu, Miguel Chavez Tapia, and Marco Zuiiga (2022). “Exploiting Digital Micro-
Mirror Devices for Ambient Light Communication”. Proceedings of USENIX Sym-
posium on Networked Systems Design and Implementation (NSDI).

e Talia Xu, Mirco Muttillo, Miguel Chavez Tapia, Patrizio Manganiello, Harald Haas,
Marco Ztiniga Zamalloa (2024). Sunlight-Duo: Exploiting Sunlight for Simultane-
ous Energy Harvesting & Communication. Proceedings of the International Con-
ference on Embedded Wireless Sensor Networks (EWSN).

* Miguel Chavez Tapia Daniel Tomas Menacho Ordofiez, Kiara Micaela Rodriguez
Bautista, Talia Xu, Davorka Medvedovi¢, Marco Zaniga Zamalloa (2024). T-light:
A Platform Based on Flashlights and Robots to Teach Wireless Communication to
Children and Teenagers. Proceedings of the International Conference on Embedded
Wireless Sensor Networks (EWSN).






SUNBOX: SCREEN-TO-CAMERA
COMMUNICATION WITH AMBIENT
LIGHT

In this chapter, our exploration of Passive VLC begins by analyzing the use of a camera as a
receiver, which has the advantage of being a ubiquitous device. However, as a receiver, an
average smartphone camera is slow, sampling frames at 30 FPS or 240 FPS for high-speed
video recording. Its use in Passive VLC has been limited to single-pixel transmitters, an
LC cell, with speeds of a few bps. Inspired by screen-to-camera communication of Active
VLC systems, which use both multi-pixel transmitter and receiver, we design a system that
adapts a small reflective screen to backscatter ambient light. The screen embeds informa-
tion into the reflected light, and the smartphone’s camera captures and decodes it.

Our final prototype is tested under different conditions and light sources: artificial ambi-
ent light and natural sunlight, reaching speeds between 2 kbps and 10 kbps using a low-
end camera with just 30 FPS.

13
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2.1. INTRODUCTION

While VLC systems leverage the free light spectrum, they can also leverage the perva-
siveness of various types of LEDS in our environments, as transmitters, and cameras on
mobile devices, as receivers. Broadly speaking, there are two kinds of optical links using
light sources as transmitters and smartphones as receivers: LED-to-camera and screen-
to-camera. In these two systems, the light sources transmit information by modulating
their intensity at relatively high speeds (hundreds of Hz), and smartphones capture these
patterns with cameras that usually operate between 30 to 120 frames-per-second (FPS).
When a single LED is used for transmission, every captured frame contains one bit or
at most a few bits of information. LED-to-camera links are simple to implement but re-
sult in low data rates. Depending on the type of modulation, binary or rolling shutter,
those systems achieve from less than 100 bps [26, 27] to 100 kbps [28, 29, 30]. Screens,
on the other hand, contain millions of tiny LEDs (pixels). With those pixels, displays
can create more complex patterns, similar to QR codes, containing thousands of bits on
every frame. This property enables screen-to-camera links to reach data rates beyond
100 kbps [31, 32, 33, 34, 35].

The above systems are enabling a wide range of new applications, from indoor po-
sitioning [36, 37] and human-computer-interaction [27, 26], to streaming services [35,
38]. The transmitters of these systems, however, have two limitations. First, they require
modifying the operation of the light source (LED or screen), which is not always possible.
Second, they often require a significant amount of power. For example, a standard LED
bulb can consume several watts, and a simple monitor requires several tens of watts.

To overcome the above limitations, researchers are proposing passive methods that
use ambient light for communication. Contrary to the aforementioned active systems,
which require direct control of the light source to modulate its intensity, passive meth-
ods work with any ambient light, natural (coming from the sun) or artificial (coming
from a light bulb). The basic principle of most passive systems is to modulate the inten-
sity of ambient light using liquid crystals. A liquid crystal (LC) cell placed between two
polarizers can be seen as an optical shutter that switches between opaque and semi-
transparent states to transmit logical Os and 1s. In these novel LCD-to-camera systems,
the LCD transmitters consume power in the order of a few tens of mW and do not require
any modification of the light source [17].

Challenge. Similar to LED-to-camera systems, the main limitation of current LC-to-
camera links is their low data rate. The problem of using a single LED (or a single LC cell)
is that the transmitter only has a single pixel to send information. To increase the data
rate, we require a multi-pixel modulating surface, similar to a screen but operating with
the surrounding ambient light.

Contributions. Motivated by advances in reflective display technology, which backscat-

ters sunlight to create images [39], we propose the first screen-to-camera system that
works solely with ambient light. The aim is to deploy small screens, a few millimeters in
size, so users can place their phone near the screen to receive data: such a system im-
plements an optical wireless link with a range similar to near-field communication (NFC)
technology but using ambient light as the carrier and the smartphone’s camera as a re-
ceiver. Our system, called SunBox, will enable all types of smartphones, from low- to
high-end, to rely only on their camera to obtain a near-field optical link. Overall, our
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work provides three main contributions.

Contribution 1 [section 2.3]: A system that achieves secure screen-to-camera commu-
nication with ambient light. Taking as a basis a tiny projector designed for near-eye ap-
plications (short-range projection), we propose a novel optical design that removes the
embedded LEDs of the original system so it can operate solely with ambient light. The
system is enclosed in a custom-designed 3D box that prevents eavesdropping.

Contribution 2 [section 2.4]: A robust optical link under varying lighting conditions.
SunBox is designed to work indoors, with different types of artificial lighting; and out-
doors, where the spectrum and intensity of sunlight change constantly. This wide range
of conditions affects the performance of the optical link. We combine various signal pro-
cessing and error-correcting methods to provide reliable ambient light communication.

Contribution 3 [section 2.5 and section 2.6]: A prototype implementation and a thor-
ough evaluation. We build a prototype and test it with different types of phones, data
densities and ambient light. Considering all these variables, our results show that the
goodput reaches between 2 and 10 kpbs, providing reliable connections indoors and out-
doors, even with low-end phones.

2.2. BACKGROUND

2.2.1. SHORT-DISTANCE WIRELESS TECHNOLOGY

Traditional short-distance wireless links, like NFC or Bluetooth Low Energy (BLE) use ra-
dio waves as their carrier and their hardware modules consume low power. BLE is widely
adopted and NFC hardware is available in around 60% of smartphones'. However, both
are prone to interference with other signals in the radio-frequency spectrum.

To overcome this limitation, the research community has proposed the use of mag-
netic fields, such as Pulse[40] and MagneComm[41]. These approaches exploit the mag-
netic sensor present in all smartphones, but it has a limited data rate and it is exposed
to the magnetic field created by different appliances. Our work presents SunBox. An ap-
proach that uses the free and open spectrum provided by ambient light and requires only
a camera as a receiver, which is present in virtually all smartphones. SunBox achieves
datarates that are orders of magnitude higher than magnetic approaches while consum-
ing less power than some of them. Table 2.1 positions the pros and cons of SunBox with
respect to other short-distance wireless technologies. In the next sections, we analyze
different types of displays to find the best fit for our screen-to-camera approach.

2.2.2. IDENTIFYING THE RIGHT TYPE OF DISPLAY
Display technology offers different options for various kinds of scenarios. A popular op-
tion is e-ink, but it is too slow, as it offers refresh rates of ~3 Hz. Among other low-power
display technologies, two types have (partial) properties suitable for SunBox: microdis-
plays and reflective displays.

Microdisplays are small, a few mm in size, and they are designed to work in enclosed
near-eye applications, such as virtual reality headsets. This setup is similar to the one
envisioned for SunBox, where the enclosed environment provides a secure optical link

INFC Forum: https://nfc-forum.org/fresh-smartphone-statistics-and-what-they-mean-for-you-nfc-and-the-
world/
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Table 2.1: Wireless short-distance communications

Presence Interference in
Protocol | Throughput Power Band in phones the same band
WiFi, Zigbee,
BLE 2Mpbs ~50 mW Radio ~100% microwave oven
NFC 424 kbps ~30mW Radio ~60% RFID
Magnetic Appliances with high
Pulse[40] 44 bps ~0.83 mW field ~100% magnetic induction
Magne- Magnetic Appliances with high
Comm[41] 110bps ~5.2W field ~100% magnetic induction
Sunbox (2-10) kbps | ~110mW | Visible Light ~100% -

because the image is projected only to the intended receiver. The main limitation is that
microdisplays require embedded LED lights to operate. Reflective displays, on the other
hand, do not need embedded artificial lights, they simply reflect ambient light to render
an image. Reflective displays are particularly suitable for outdoor deployments because
they achieve a high contrast under sunlight. The shortcomings of reflective displays are
their size, there are no micro-display versions, and their inherent broadcast nature, the
field of view is broad. These two shortcomings would allow eavesdropping.

Our application, secure short-range communication using ambient light, requires
a microdisplay but with reflective properties. Next, we describe various microdisplay
technologies and identify one that will allow us to remove the embedded LEDs and re-
design the optical enclosure to work as a reflective display with ambient light.

2.2.3. MICRODISPLAYS FOR SHORT-RANGE COMMUNICATION

Microdisplay technologies include micro-OLED, Digital Micro-mirror Devices (DMDs)
and Liquid Crystal over Silicon (LCoS). We are looking for two properties in their optical
designs, the possibility to disconnect the LEDs and the ability to backscatter light. Micro
OLED displays have tightly integrated organic LEDs. DMD and LCoS displays, on the
other hand, work as reflective surfaces with hundreds of thousands of pixels. Embedded
LEDs radiate light onto the pixels, which either reflect or absorb light to render the image.

DMD and LCoS are, in principle, suitable for our application. Their embedded lights
can be removed, they use backscattering surfaces, and they have similar low-power con-
sumption. Their main difference is the reflective material. DMDs use an array of micro-
mirrors that are moved mechanically between two fixed angles: towards the intended re-
ceiver or towards a light absorber. These micro-mirrors work well with custom-designed
LEDs that provide constant illumination at the same incidence angle, but sunlight is vari-
able and changes its direction throughout the day. LCoS do not have strong constraints
for the incoming light. Instead of mechanical movements, they use liquid crystals above
a layer of reflective coating with a wide incident angle. This property makes them suit-
able to operate with various types of light.

The more relaxed requirement for the incident angle is a key factor for our system to
work indoors and outdoors. Next, we describe in more detail the operation of LCoS, and
the difference with other types of LCs used in the SoA. This background is necessary to
understand the optical modifications required to make LCoS work with ambient light, as
will be discussed in section 2.3.
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Figure 2.1: (a, b) Basic LC modulation and (c,d) the operational difference of LCs. ON and OFF are polarization
states set by the control voltage.

2.2.4. TYPES OF LCOS MICRODISPLAYS

LCs have the ability to change the polarization of light and are commonly used as opti-
cal shutters, as shown in Figure 2.1a. First, a light source emits unpolarized light, which
passes through a first polarizer. Then, depending on the applied voltage on the LC, the
polarization direction remains the same or rotates 90°. A second polarizer, called ana-
lyzer, either blocks or allows the passing of light. Microdisplays have hundreds of thou-
sands of tiny LC cells, each a few microns in size, and every cell (pixel) exploits the above
principle. The important difference of LCoS is the presence of the reflective layer under
the LC cell, as shown in Figure 2.1b. LCoS has the potential to work with external sources
(like sunlight) because the light rays are reflected off the surface’.

A central property of an LC cell is the switching speed between its two states. The
faster the speed, the more colors a display can convey’. The pixels are manufactured
with different types of LCs, called mesophases, and the two main are nematic and smectic,
depicted in Figure 2.1c and Figure 2.1d, respectively.

Nematic LCs have slow and asymmetric response times but allow a flexible control.
The rise and fall times are in the order of ms and the fall time is slower than the rise time.
On the positive side, any status of the cell (on or off) can be maintained for an arbitrary
period, which allows flexibility in the modulation process.

Smectic LCs have symmetric and fast response times, in the order of tens of ps, which
allow refresh rates as high as 360 Hz. On the negative side, they have a relatively rigid op-
eration. Due to their internal molecular alignment, the modulation has to switch con-
stantly between the two polarization states and needs to maintain, on average, a 50 %
duty cycle.

Current research in ambient light communication focuses on big nematicL.Cs [13, 12,
14,15, 17,42]. Those LCs lead to designs that are simple and low-cost, but bulky (the area
of a single cell is bigger than 10 cm?) and slow (the data rate of single-pixel transmitters
using cameras as receivers is below 100 bps, and around 1kbps when photodiodes are

2Note that sunlight, like artificial light, is unpolarized. Thus, reflective displays still need the polarizers shown
in Figure 2.1a to operate.

3Displays create colors by duty-cycling their pixels. For example, an image transmitted at 60 Hz is decomposed
into its RGB components (180 Hz). Denoting the period of each primary color as T = m, the colors red
and white are conveyed by keeping a pixel ON for T and 3T, respectively. But a shade of red, say at 10%,
requires a pixel to be ON only for 0.1T. Hence, faster pixels can render more color combinations.
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|
Figure 2.2: Overview of SunBox. A microdisplay reflects encoded ambient light to a smartphone camera placed
at close range.

used as receivers). We use a microdisplay based on Ferroelectric LCoS (FLCoS), a type of
smectic LC, that is designed to work with tightly synchronized LEDs. In section 2.3, we
show that, after removing the embedded LEDs, the duty-cycling requirement of smectic
LCs poses non-trivial challenges to make them work with ambient light.

2.2.5. DATA REPRESENTATION

Having a screen at the transmitter enables the modulation of 2D codes. The design of
these codes needs to balance range, reliability, and throughput. SunBox aims at short-
distance communication in the range of centimeters, hence our main trade-off is be-
tween reliability and throughput. Prior studies using traditional screens as transmitters
have either used well-known standards [43], such as QR codes, or defined their own cus-
tomary code [35, 44]. We use standard codes because they are designed to have high-
density capabilities, error correction, and resilience to image distortion.

Two standards are widely used for 2D codes: QR and Datamatrix. The pixels in 2D
codes are divided into two main areas: recognition (masks, alignment, etc.) and data
(information plus error correction). A Datamatrix can carry more information because
fewer pixels are used for recogniti0n4, but we select QR codes for two main reasons. First,
Datamatrices have a fixed 30% error correction overhead, while QR codes are more flexi-
ble, allowing 7%, 15%, 25%, and 30%. Second, QR technology is more mature and widely
deployed in mobile applications, which eases the code generation and decoding pro-
cesses. In our evaluation, however, we also present results with Datamatrices to show-
case the generality of our approach to different formats and data densities.

2.3. PASSIVE MICRODISPLAY-TO-CAMERA COMMUNICATION

We propose a passive communication system, depicted in Figure 2.2, that has three main
components: an emitter (any type of light source, natural or artificial), a transmitter (a
screen that backscatters 2D patterns with ambient light), and a receiver (a smartphone
camera). To provide a user interface, a keyboard could be added to allow the user to
enter a specific code. In this section, we focus on the design of the transmitter. First,
we describe the original off-the-shelf microdisplay, which contains various optical and
lighting components in addition to the microdisplay itself, and then, we present our de-
sign which removes all these components and proposes a novel design that works solely
with ambient light.

4 Approximately, a Datamatrix uses 15% of the area for recognition, while QR codes use 25%.
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Figure 2.3: Operation and components of the microdisplay. In(b), the black cap contains a polarizer and a
diffuser for the RGB LED, and a polarizing beam splitter (PBS), which works as the analyzer. Removing this cap
gives access to the FLCoS

2.3.1. OFF-THE-SHELF MICRODISPLAY

We build our system based on the LCOS720 micro-projector from Control Electronic [45].
It has a small microdisplay with a diagonal size of 5mm and is used for short-range
near-eye applications, such as augmented reality headsets. The microdisplay is based
on FLCoS technology and has a resolution of 720x540 pixels, a video refresh rate of 60 Hz,
and costs 70€.

The LCOS720 micro-projector works in the following manner. Inside the projector,
embedded RGB lights are integrated with polarizer screens. Polarized rays reach the mi-
crodisplay and are reflected with either the same polarization (pixel on) or with a ro-
tated polarization that is blocked by the analyzer (pixel off), similar to the design in Fig-
ure 2.1b. In principle, the ability to backscatter the incident light allows the microdisplay
to be used with any ambient light, instead of dedicated RGB lights.

However, in spite of the backscattering property, transforming the FLCoS display into
an ambient light display is not as trivial as simply removing the ‘unnecessary’ compo-
nents of the original micro-projector (LED lights, Polarized Beam Splitters, etc.). The
intrinsic 50% duty cycle of the smectic LCs requires a fundamentally different system
design to work with ambient light.

2.3.2. BENCHMARK WITH ORIGINAL DISPLAY

The FLCoS display renders color by dividing each frame into six sub-frames for red,
green, and blue: RGBRGB. To satisfy the duty cycle requirement of smectic LCs, ev-
ery time a pixel is on for a given color, it has to be off for the same period. Hence, the
frames also need to include the negative states: RGBRGBRGBRGB. To project the in-
tended image, the device tightly synchronizes its RGB LED to illuminate only the positive
pulses (RGB), as shown in Figure 2.3a. To capture the radiated image, cameras average
the light intensity received over the exposure time, as illustrated in Figure 2.3a. Depend-
ing on the exposure time, a camera may capture only part of the RGB pulses (resulting in
a colored code) or a full RGB period (resulting in a black&white code), as shown in Fig-
ure 2.4b. The exposure time can be set initially via the exposure value (EV) parameter,
but it changes in time according to the amount of ambient light. In general, the darker
the environment, the longer the exposure time.
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Figure 2.4: Results using COTS microdisplay

SETUP

The setup we use to test the micro-display is depicted in Figure 2.4a. The display trans-
mits QR codes at 15FPS, and it is positioned 10 cm away from a Xiaomi Redmi 5A (a
low-end phone), which captures the frames at 30 FPS. To recreate an enclosed casing,
we carry out the experiments in a dark environment.

PROCESSING

SunBox requires tailored signal processing and error correction methods to work reliably
(section 2.4). However, to set a baseline for our evaluation, we use a basic processing
toolchain. An OpenCV script is used to identify the area of the FLCoS screen, and the
ZXinglibrary is used to decode the QR codes.

RESULTS
We transmit 100 messages, each containing 100 QR codes. Figure 2.4c shows the sta-
tistical distribution of the success rate, which is defined as the percentage of QR codes
decoded in a message. As expected, most QR codes are decoded, with a success rate of
96.4 %+1.7 %. Occasionally the camera misses a frame, which can be caused due to jitter
or because the exposure time is long and gets close to the frame rate of the transmit-
ter [46, 47].

We will see next that the high success rate of the original projector gets severely af-
fected when the embedded lights are removed and the system operates with ambient
light.

2.3.3. FLCOS WITH AMBIENT LIGHT

The operation with ambient light is different from the operation with the embedded RGB
LED in two key aspects: a lack of synchronization with the positive pulses and a shorter
exposure time due to a more illuminated environment. Both effects, combined with
the inherent jitter of the camera, mean that the exposure time can cover positive pulses
(RGB), negative pulses (RGB), or their combination, rendering a low contrast QR, its
negative version, or gray images, respectively. To highlight these effects, we assess the
modified system with ambient light.

SETUP
After removing the embedded RGB LED (Figure 2.3b), we consider two setups. The first
setup is used to capture the reflection properties of all pulses: RGBRGB. This setup uses
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Figure 2.5: Setups for experiments using the FLCoS. For each setup, the second polarizer (analyzer) has a
degree of freedom (DoF) to change its orientation w.r.t the first polarizer.

an external flashlight as the light source and a photodiode as a receiver (Figure 2.5a),
which has a higher sampling rate and allows capturing in detail the pulses’ trend. The
second setup is used to capture the success rate (Figure 2.5b). This setup uses the phone
as a receiver and considers only the ambient light present in the room, around 500 Ix,
which is the average illuminance in an office space. Since the FLCoS requires two polar-
izers to work, c.f. Figure 2.1, a polarizer is placed on top of the FLCoS and an analyzer in
front of the photodiode or camera.

RESULTS

For the first setup (flashlight & photodiode), we send a series of white and black screens.
Figure 2.6a shows the results. The top plot depicts the pulses for the white screen and
the bottom for the black screen. In both cases, we can see the RGBRGB trend. Note that
both screen colors need to maintain an average duty cycle of 50%. Below the plots, we
place sample exposure times to showcase the possibility of getting positive, negative, or
gray images. For the second setup (ambient light & camera), we send 100 messages with
100 QR codes each. A few samples of the captured frames are displayed in Figure 2.7a,
showing (as expected):

* Positive (normal) image: when the exposure time covers only (mainly) the regular
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Figure 2.6: Output of the photodiode for the setup in Figure 2.5a. Each plot shows the sequence of voltage
pulses. And, at the bottom of each figure, we show the expected images (positive, negative or gray) for different
exposure times.
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Figure 2.7: Output of the camera for the setup in Figure 2.5b. FLCoS and cross polarizers: (a) & (d). FLCoS with
cross polarizers and no alignment layer: (b) & (e). FLCoS with analyzer at 135° and no alignment layer: (c) &
(£). The left column shows sample QR codes and the right column the QR success rate.

pulses RGB. Note that even in this “optimal” case, the contrast is lower than the
one obtained with embedded LEDs (c.f. Figure 2.4).

° Negative image: when the exposure time covers only (mainly) the negative pulses
RGB. In this case, the color of the image is inverted.

* Grayimage: when the exposure time covers partially the regular and negative pulses,
the intensity of the colors averages out, rendering an unreadable gray screen.

The negative and gray images, which the system cannot decode, cause the success
rate to drop drastically to 31.9 %+3.8 %, as illustrated in Figure 2.7d. Next, we propose
two methods to eliminate these types of images.

2.3.4. FLCOS WITHOUT THE "ALIGNMENT LAYER"

A unique (and counter-intuitive) feature of smectic LCs is that rendering both, black and
white screens, require providing and blocking illumination, c.f. Figure 2.6a. This behav-
ior is widely different from the nematic LCs used in the SoA [17, 13, 42, 35, 12, 15, 14]: the
white state, set by V., provides illumination, and the black state, set by V; (ground volt-
age), blocks it. Smectic LCs, on the other hand, need to balance the polarization states
by using three voltages: V., V_, and Vp, and an alignment layer. Due to the effect of
the alignment layer, the transitions from V, to V block illumination and from V_ to V}
provide it. With these transitions, the positive pulses (RGB) require sending a series of
(V4+, V,), and the negative pulses (RGB) require sending a series of (V_, V,), as depicted
in the voltage plots of Figure 2.6a.

The alignment layer simplifies the control signals required by the smectic LC because
switching between the orthogonal states requires only removing the driving voltages. For
our purposes, this continuous switching makes it highly probable for a camera to cap-
ture low-contrast or gray images. Motivated by research studies that analyze the prop-
erties of smectic FLCs [48, 49, 50], we hypothesize that by releasing the FLCoS from the
alignment layer, we could get illumination patterns that will increase the contrast be-
tween the black and white states across time.
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Figure 2.8: Transformation of the polarization domain. The P-axis reflects the angle of the polarizer, and the
A-axis the angle of the analyzer. (a) With the alignment layer, the black and white displays only project two
intensity levels: bright and dark. (b) Without the alignment layer, the white display remains relatively close
to the original polarization states, but the black display shifts its brightness towards a cluster centered around
45°. (c) Phase modulation creates new projections, the black display becomes relatively dark, while the two
clusters of the white display render medium-brightness.

SETUP

Since the microdisplay is contained in one package, we release the alignment layer from
the FLCoS by mechanically releasing the pressure of the package®. Afterward, we test the
same setups of our prior experiment: flashlight & photodiode to capture the reflected
patterns, and ambient light & camera to capture the success rate.

RESULTS

Figure 2.6b shows the results for the reflected patterns. Without the alignment layer,
the white display has a clearer alternating pattern between high and low, and the black
display is mainly low. This setup still renders gray and negative images (Figure 2.7b).
Thus, the success rate improves minimally to 34.0 %+6.9 %. In the next section, we show
that a particular type of phase modulation provides a final solution to creating a screen-
to-camera link with ambient light.

2.3.5. PHASE MODULATION: REMOVING "NEGATIVE" AND "GRAY IMAGES"
The main limitation of the previous steps is the presence of gray and negative images.
Adding phase modulation [51] will remove these issues. In essence, the alignment layer
forces the FLCoS to have only two possible polarization states: parallel or orthogonal
to the analyzer (Figure 2.8a). Thus, all pixels —black and white- are limited to using a
combination of bright and dark polarizations to render their desired state. The removal
of the alignment layer releases a wider range of polarization states (Figure 2.8b) because
they are no longer forced to be in either of the two states. For a white pixel, the polar-
ization state presents two clusters, one cluster is close to the parallel orientation of the
analyzer (bright) and the other cluster is close to the orthogonal orientation (dark). For

5The process was repeatedly applied to several FLCoS with similar results.
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a black pixel, there is a single cluster, approximately at 45° from the analyzer (medium
brightness). If we rotate the analyzer to an angle of 135° (Figure 2.8c), the black cluster
becomes orthogonal to the analyzer, rendering a darker tone, and the two white clusters
get projected to similar magnitude values, rendering brighter tones.

Note that this phase modulation method would not work if we do not release the
alignment layer. With a 135° analyzer, the white and black states in Figure 2.8a would
project to the same medium-brightness levels, making them indistinguishable from each
other.

SETUP

To evaluate our joint solution, releasement of the alignment layer, and phase modula-
tion, we test the same setups with the photodiode and camera, but with the analyzer at
an angle of 135° w.r.t. the polarizer.

RESULTS

Figure 2.6c shows the reflection of the pulses, and we can notice that, in spite of the
50% duty cycle, we are able to provide different intensities for the white and black states
across the entire time. For a white screen, the illuminance provides a medium-to-high
brightness, and for a black screen, the illuminance switches between two low-brightness
states. Figure 2.7c shows that changing the angle eliminates the negative and gray im-
ages, which boosts the QR success rate to 91.2 %+3.5 %, as illustrated in Figure 2.71.

2.3.6. TRADE-OFF OF ELIMINATING "NEGATIVE" AND "GRAY IMAGES"

The main side-effect of the transformation of the polarization domain is the reduction
of contrast between bright and dark states. Table 2.2 shows the contrast for all the se-
tups in this section. Despite the low contrast of the SunBox setup, the QR success rate
improves to 91.2 %, similar to the original microdisplay. In the next section, we present
some techniques to deal with low-contrast images and variable light intensities.

2.4. ATTAINING RELIABLE LINKS

The prior section describes the optical design required to use FLCoS with ambient light.
The images, however, can still appear distorted due to the variable and noisy nature of
ambient light. In this section, we present the methods used to overcome those limita-
tions in order to provide reliable links.

Unless stated otherwise, the following libraries are used in the development of the
smartphone App: OpenCVfor signal processing, ZXing for QR decoding, and Backblaze’s
JavaReedSolomon® for error correction.

2.4.1. DETECTING THE REGION-OF-INTEREST (ROI)

In the experiments done so far, the detection of the region of interest was a manual pro-
cess. To ease this requirement, we implement an automatic detection process. The de-
tection takes advantage of the reflective nature of the FLCoS, which is surrounded by

6Source: https://github.com/Backblaze/JavaReedSolomon
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i Table 2.2: Image contrast for different setups.
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Figure 2.9: Frame processing. Figure (a) shows a sample Black* 0 27+16 49£5

frame [left] and its binarized version [right]. The ROl is cap- * Intensity values range between 0 and 255.

tured by a green contour. Figures (b) and (c) are the signal
processing methods used to enhance the images within the
ROLI.

a dark and opaque surface. Therefore, the camera sees the FLCoS as a high-brightness
area over a dark background and performs the following three steps to detect the ROI:

* Binarization: the adaptiveThreshold function renders a black and white image
(Figure 2.9a).

° Rectangle detection: the f indContours function detects all shapes, and the approxPolyDP
function approximates the shapes to the closest polygon.

* Rectangle selection: we filter rectangles by ratio and size. The aspect ratio of the
FLCoS is 4:3, and we filter out rectangles larger than 2% and smaller than 20% of
the entire screen.

The identified region is then sent to the QR library. The ROI method reduces the
computation time and increases the QR success rate. Handling the entire frame takes
~205 ms and has a 65 % success rate, whereas handling only the ROI takes ~140 ms and
has a 100 % success rate. This ROI method is used in the remainder of the paper.

2.4.2. ENHANCING THE IMAGE QUALITY FOR DAWN AND DUSK

Thus far, the system has been tested under constant and direct ambient light (~5001x).
However, we need to consider diffuse conditions with low light, such as those present

during dusk and dawn or in low-lit indoor scenarios. We implement a simple toolchain
toincrease the contrast under those conditions. The tool chain uses equalization (equalizeHist)
and normalization (normalization), as depicted in Figure 2.9b and Figure 2.9c.

These signal-processing methods have a minor effect under normal ambient light
conditions. For example, with the setup used in section 2.3, the success rate increments
scarcely from 91.2 % to 92.5 %, but the contribution of the methods is more noticeable
in challenging setups. To assess this effect, we attenuate the light reaching the FLCoS.
Using this low-lit setup, the signal processing stage increases the success rate from 70 %
to 85 %.

2.4.3. CREATING A RELIABLE SIMPLEX LINK

SunBox implements a simplex channel with no feedback nor re-transmission of lost
frames. Thus, to obtain a reliable link, SunBox requires the use of Forward-Error-Correction
methods (FEC).
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A well-known FEC method is Reed-Solomon codes (RS-FEC), also used internally by
QR codes to recover from errors. The basic principle is to add extra bytes (e) to the orig-
inal data, so the link can recover from g errors at any unknown location or from e era-
sures at known locations. SunBox implements RS-FEC using the first byte of each QR as
anumbering sequence, thus the receiver knows the location of the missing QRs, and can
recover from missing frames. We can assume that the decoded QRs are correct due to
their internal RS-FEC and parity checks.

To provide an example of how to choose the parameters for RS-FEC, we use the sta-
tistical distribution of the success rate for an experiment considering 15 FPS at the trans-
mitter and 30 FPS at the receiver. Figure 2.10a and Figure 2.10e depict the pdf and cdf,
which follow a Gaussian distribution. Gaussians concentrate ~97% of their probability
mass between p +20. Hence, for this setup, designing a RS-FEC that can recover from
15 % of erasures (u— 20 = 85 %) implies that 97% of the messages will be reliably deliv-
ered.

RS-FEC increases reliability but adds overhead. To distinguish the goodput of our
system (in section 2.6), it is important to quantify the amount of overhead. Denoting N
as the total number of QR codes in the message and B as the number of bytes in each
QR code, the total amount of information is NV x B. But out of the N QR codes, only K
carry data (N—K carry redundancy), and each QR code has a sequence number to detect
erasures (1 byte). Hence, the amount of application-level data is reduced to K x (B — 1),
and the overhead ratio is given by:

_(N-K)xB+K
B NxB

0] 2.1

In spite of this overhead, the strong advantage of RS is that the receiver only needs
to get K out of N codes to successfully decode the message. It does not matter which
K codes are received, it can be any combination. There are other erasure correction
methods, such as rateless codes, which can adapt the data rate to the channel conditions.
Those types of codes can be evaluated in future studies.

2.4.4. REDUCING THE TRANSMISSION DELAY

Many screen-to-camera systems follow the Nyquist sampling theorem, where the cam-
era’s frame rate is set to twice the screen’s [33, 34, 52]. This approach introduces an over-
head since many frames are sampled twice. Due to this reason, some studies increase
the frame rate at the transmitter. For example, Zhang et al. set the transmission rate to
29.9 FPS for a camera rate of 30 FPS [53], reducing in this manner the transmission delay
to half compared to a camera transmitting at 15 FPS. We follow this latter approach to
trade off a few packet losses for a reduction in delay. For SunBox, a few extra losses are
not an issue because we have RS-FEC to overcome erasures.

To obtain the optimal transmission rate, we first estimate the number of error-correction

packets (N — K) required for different screen rates, from 15FPS to 30 FPS, in steps of
5FPS. In all these experiments, the rate of the camera is kept at 30 FPS. The statisti-
cal distributions of these results are presented in Figure 2.10, where the threshold for
a success rate of ~97 % is set to u — 20 for all cases. Based on the determined thresh-
olds (u—20) and assuming K = 54 QR codes (application-level data), Table 2.3 estimates
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Figure 2.10: Figures (a) to (d): pd f of the success rate for 100 messages at different speeds (each message sends
100 QR codes). Figures (e) to (h): cd f with thresholds at £ — 2 x ¢ to define the RS-FEC parameters.

Table 2.3: Parameters for a system with K = 54 and a success rate of 97%

FPS | p—20 | N (frames) | Overhead | Duration (s)

15 85% 64 20.6 % 4.26
20 70% 77 34.0% 3.85
25 58% 93 45.3 % 3.72
30 25% 216 89.1% 7.20

the total number of QR codes required by RS-FEC (N = ﬁ, which includes data and
redundancy); the overhead ratio (Equation 2.1); and the time required to receive the N
frames at the given FPS (IN/FPS). From that table, we can observe that, even though
all the alternatives transmit K codes of data, the rates at 20 FPS and 25 FPS provide the
shortest transmission delays. In section 2.6, we perform a more thorough evaluation and
show that 20 FPS is the optimal transmission rate for various lighting conditions.

2.5. SYSTEM IMPLEMENTATION
On the basis of the previous experiments and observations, we now present a prototype
for SunBox.

2.5.1. TRANSMITTER

The main components of the transmitter are presented in Figure 2.11a. The steps to
generate the video with the sequence of QR codes are as follows. First, a processor (in our
case, a laptop or a Raspberry Pi Zero) generates the sequence of QR codes and adds the
necessary numbering and error correction bytes. The complete information is arranged
in a 2D array, as presented in Figure 2.11b. Each row includes a numbering byte and
payload bytes. The payload represents either data or RS-FEC redundancy. This sequence
is then converted to a video stream. Some processors (laptop) need a video converter,
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the numbering bytes. Each row produces a QR.

others (Raspberry Pi Zero) do not. The video converter adapts the signal to the format
required by the FLCoS microdisplay. Finally, the FLCoS controller generates the signals
to modulate each pixel of the matrix.

To assemble everything, we fabricate a small 3D-printed container and attach a phone
holder, as shown in Figure 2.11c. The polarizer is placed on top of the container, and the
FLCoS is inside the container. The encoded light is backscattered towards the smart-
phone. The analyzer is fixed within SunBox at an angle of 135° w.r.t the polarizer. The
user’s smartphone does not require any extra components for the system to work. The
user simply has to push a button so the transmitter can start sending the video (contin-
uously in a loop), and then, places the phone on top of the holder and starts the App to
get the backscattered data.

2.5.2. RECEIVER

The receiver is a simple commercial smartphone. The main goals of our Android App
design are to reduce the processing time and use of memory to allow SunBox to be used
with any type of smartphone, including low-end devices. To accomplish these goals, our
App performs four main tasks: camera configuration, ROI detection, frame capturing,
QR decoding, and message recovering, as shown in Figure 2.12a.

Camera configuration. The first step is to configure the smartphone camera. By de-
fault, the App sets the zoom to its maximum value and the EV parameter to its lowest.
The resolution is also a key parameter because it determines the quality of the image
and the amount of memory used for processing. The App determines the best resolu-
tion automatically, based on the real-time capabilities of the phone, as described in the
next section.

ROI detection. Following the method outlined in subsection 2.4.1, the program de-
tects the FLCoS on the screen and, once detected, surrounds the FLCoS area with a rect-
angle in the UI and enables the capturing button.

Frame capturing. After the ROl is detected, the camera starts processing the frames
in real-time. This step implements an extra optimization to reduce the delay. That opti-
mization is explained next.

QR decoding. In this step, we enhance the image quality and decode the QR codes
by applying the methods outlined in subsection 2.4.2. Three threads are run in parallel,
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Figure 2.12: Description of the Android App. Note that for the recording approach in (b) the capture ends when
N QR codes are received and for the real-time the capture stops earlier, when K QR codes are received.

each corresponding to an image processing method: grayscale, equalization and nor-
malization. Each of these methods tries to decode a QR code. If any of the threads re-
turns successfully, it kills the other threads, saves the data of the QR code into a queue,
and marks the sequence number as ‘present’. Otherwise, the QR code is marked as ‘miss-
ing’.

Message recovery. In the last step, the Reed Solomon algorithm uses the QR-data
queue and the ‘present/missing’ marks to recover the message. The Backblaze RS-FEC
processing time depends on the capabilities of the phones and the length of the mes-
sage. In our experiments, we select the RS-FEC engine with N between 64 and 128, so
low-end phones can run the algorithm.

The frame capturing process exploits the real-time features of Android using the
Camera2 APIL In general, a camera can capture a sequence of frames in real-time or
record a video, Figure 2.12b compares both approaches. Given that most phones can
operate in real-time at 30 FPS, we take the following steps:

* Capturing. Read a frame from the camera buffer instead of the internal storage (no
file access stage).

* Processing. A frame’s processing is done during the capturing of the next frame
using multiple threads.

* Decoding. The final RS-FEC decoding process starts when K QRs are received,
instead of waiting for all N.

To quantify the time saved, we implement both the recording and the real-time pro-
cessing methods in Android. The run-time for the recording app is ~5.73 s and for the
real-time app ~3.12s. Figure 2.12b decomposes the amount of time taken by the individ-
ual steps of both approaches. A further improvement for the capturing stage would be
to use the real-time feature at higher FPS (some phones are capable of operating at real-
time with 60 FPS, c.f Table 2.5). However, we notice an image distortion when applying a
zoom at that speed, rendering unreadable QR codes.




30 2. SUNBOX: SCREEN-TO-CAMERA COMMUNICATION WITH AMBIENT LIGHT

2.6. EVALUATION

In this section, we assess the SunBox system under different conditions using the setup
presented in Figure 2.11c. Even though the FLCoS is inside a 3D case, any system using
visible light modulation should check that there are no flickering effects. Given that the
(backscattered) modulation is based on polarization, which is invisible to the human
visual system, SunBox has no noticeable flickering effect. We asked five individuals to
report if they noticed any flicker or disturbances while transmitting. All reported seeing
a constant reflection from the FLCoS but without any flickering.

2.6.1. GENERAL SETUP AND METRICS
We assess SunBox under different conditions. Unless stated otherwise, the default set-
tings are:

Message. The information sent by SunBox consists of a sequence of QR codes imple-
menting RS(N,54): 54 QR codes for data and N total QR codes. After pushing a button
in the transmitter, the video message is sent in a loop, thus the capture can start at any
time.

Distance. The 3D casing provides a stable ~10 cm distance between the smartphone
and the FLCoS transmitter. During capture, the phone is on the holder, not in the user’s
hands.

Camera. The phone is a Xiaomi Redmi 5A. The App sets automatically the resolu-
tion to 640 x 360, the zoom to the maximum value (8x), and the exposure value to the
minimum (-2).

Light source. A desk lamp providing ~500 Ix, which is the typical illumination in an
office environment.

GOODPUT

Using the real-time approach, the app calculates the total time (#;,,;) from the start of
the capture until the whole message is decoded. Denoting B as the number of bytes in a
QR code, and recalling that K = 54, we define the goodput G based on an RS(N,K) as:

g=KxXB-Dx8, g 2.2)

Liotal

MESSAGE SUCCESS RATE

Because the QR sequence is displayed in a loop, if the receiver fails to receive enough QR
codes in the firstloop, it keeps capturing frames until it completes the necessary number
of QR codes to run the RS-FEC algorithm. We consider a message to be successfully
delivered if it is received within one iteration of the loop. Because the transmission rate
(frx) and the reception rate (fr,) do not match, the number of transmitted frames (V)
is different from the number of received frames (Ng,). The number of received frames is
defined as:

Npe = N x JR%. (2.3)

Tx
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The App has a progress bar that displays the number of unique frames received. We
consider a message to be successfully delivered if the number of received frames is less
than Ngy.

2.6.2. IDENTIFYING THE OPTIMAL TRANSMISSION RATE

In subsection 2.4.4, we provide a preliminary analysis of the benefits of increasing the
transmission speed beyond the Nyquist rule. Now, we test the system to identify the
best transmission speed considering all the methods in section 2.4 and section 2.5. Fig-
ure 2.13 presents these results and shows that a transmission speed of 20 FPS, using an
RS(77,54), has the highest goodput with low variance. Therefore, we set the system to use
these parameters: N =77, K = 54, and, we use Equation 2.3 to determine if a message is
received successfully during the first loop (the number of received frames must be less
than Ngy, =116).

To showcase the strength of our approach, we compare the goodput of SunBox, which
uses ambient light, against the goodput of the original FLCoS projector, which uses em-
bedded LEDs. The results are presented in Figure 2.13. First, we determine the optimal
RS parameters for the original system (because the use of the RGB LED requires less re-
dundancy in the RS parameters). Then, we perform the experiments at different speeds.
The results show no significant effect over the goodput, with the extra advantage that,
removing the embedded LEDs reduces the power consumption (as described in subsec-
tion 2.6.9).

2.6.3. ANALYZING THE EFFECT OF ZOOM AND DIFFERENT CODE DENSI-
TIES

After selecting the suitable speed, we evaluate the effect of the camera’s zoom and the
code density. The prior experiments use the maximum zoom provided by the Xiaomi
phone (8x) and the lowest code density (QR v1). Our aim is to study the correlation be-
tween the applied zoom, the data density of the QR code, and the camera resolution. The
evaluation considers three zoom levels (4x, 6x, and 8x) and four QR codes with capacities
of 17, 32, 53, and 78 bytes, corresponding to versions 1, 2, 3, and 4, respectively. Addi-
tionally, if the success rate is lower than 90%, we increase the resolution of the camera
from 640 x 360 to 960 x 720.
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Figure 2.15: Camera zoom effect on performance for different QR densities. For denser codes, we increase the
resolution of the image. At the top of each bar is the message success rate.

The results, in Figure 2.15, show two main results. First, even for the most basic
phones in the market (30 FPS with 4x zoom, c.f. Table 2.5), SunBox provides a baseline
performance above 2 kbps. Second, while basic phones (with a limited 4x zoom) would
not benefit from increasing the code density and/or camera resolution, the majority of
phones in the market would. Most medium-end phones provide an 8x zoom, which al-
lows using dense codes (v4) to increase the goodput above 10 kbps, without the need to
increase the camera resolution.

2.6.4. SELECTING THE BEST 2D CODES

As mentioned in subsection 2.2.5, two of the most widely used 2D codes are QR and
Datamatrices. In this subsection, we identify the best code for SunBox. The main differ-
ence between QRs and Datamatrices is that QRs allow adjusting their error-correction
rate, but Datamatrices do not. For example, QR version 4 provides four error-correction
rates (7%, 15%, 25%, and 30%), while Datamatrices have a fixed rate of 20%. The higher
the error-correction rate, the stronger the resilience of the message, but the lower the
goodput.

Figure 2.14 compares QRs and Datamatrices containing a similar number of data
bytes. Both codes provide a similar goodput when the error-correction rates of QRs
are above 15%, but QRs significantly outperform Datamatrices with the lowest error-
correction rate (7%). This occurs because, to maintain the 20% correction rate, the den-
sity required by Datamatrices is so high that the smartphone camera can no longer de-
code the messages reliably. Due to this insight, in the following sections, we keep the QR
error-correction rate to the lowest value.

2.6.5. ANALYZING THE EFFECT OF LIGHT INTENSITY AND RADIATION PAT-
TERNS

While artificial light is usually constant, we also evaluate the relationship between light

intensity and SunBox’s performance. Similar to subsection 2.6.3, our goal is to assess the

resilience of the different code densities under various light conditions.

To control the light intensity, we add a dimmer to the setup. The results in Fig-
ure 2.17a show that SunBox is able to work even at very low light intensities. To put
these results in context, it is important to note that 2001x is the illumination required
in a non-working environment (e.g. aisle), and 5001x is the illumination required in a
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(a) Setup using the ceiling lamp and the dif- (b) FLCoS reflection without (c) FLCoS reflection with the
fusing film. the diffusing film. diffusing film.

Figure 2.16: Experiments in an office space (~500 Ix) using a diffuser film for locations with strong light inten-
sities. The image in (c) is clear enough to trigger the transmission.

working setup (e.g. desk). QR version 4 starts failing only at 1001x, versions 2 and 3 start
failing with 501x, and version 1 continues to work even at 50 Ix.

Intensity is not the only important parameter in lighting, the type of radiation (dif-
fused or directed) is relevant as well. We find two main cases: rooms designed with
(warm) diffused lights, such as living rooms; and rooms with (cold) directed lights, such
as office spaces. SunBox operates without any modifications with warm diffuse lights,
but with cold directed lights there are locations where the light is too intense. The is-
sue and modification are depicted in Figure 2.16. Depending on the relative location
between SunBox and the direct light source, in this case a ceiling light, the FLCoS may
receive an intense beam that saturates the camera’s sensor. To cope with this effect,
a simple diffusing film can be placed over the polarizer, as shown in Figure 2.16a. This
film distributes the focused light across the surface of the FLCoS, and its effect is demon-
strated in Figure 2.16b and Figure 2.16c.

As shown in this section, SunBox is able to work with different types of indoor am-
bient light. However, as presented in subsection 2.6.8, we will see that natural sunlight
presents other challenges.
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2 8000 QRv3 .
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# | | l QRv2 | ~3.6kbps 75%
50'qu 1od lux ZSd lux BSd lux QRv3 ~4.9 kbpS 50 %
QRv4 | ~5.3kbps 10 %
(a) Goodput for different artificial light intensities. (c) ROI at 30°

Figure 2.17: Results under different external conditions.
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Table 2.5: Features of the phones used during the experiments.

Phone Max. | Resolution Camera | Camera
model Year | zoom used RAM | Size (mm) | position Speed
Samsung
Galaxy A50 | 2019 4x 1280 x 720 4GB 158.5x74.7 Right 30FPS
Xioami
Redmi 5A 2017 8x 640 x 360 2GB 140.4x70.1 Right 30FPS
Morotorla 30FPS
Moto G6 2018 8x 640 x 360 3GB | 153.8x72.3 Center 60 FPS
Smartisan
DE106 2018 8x 1280 x 764 8GB 153.3x74.5 Right 30 FPS

2.6.6. DIFFERENT PHONE ORIENTATIONS
In this section, we assess the performance of the system related to changes in the phone’s
position. We first change the phone’s rotation, which makes the FLCoS appear inclined
w.r.t. the camera. We use the QR version 4 and rotate the Xiaomi Redmi 5A phone 15°
and 30°. The effect of the rotation, in Figure 2.17b and Figure 2.17c, is a larger ROI which
causes a penalty in the goodput because the phone processes more pixels. Without ro-
tation, SunBox provides more than 10 kbps, with a 15° rotation ~9.5 kbps, and with 30°
~9.0kbps. These issues could be fixed with a more elaborated ROI detection method.
Another important requirement for the current version of SunBox is to use the phone
holder. That is, the user has to place the phone on the 3D structure, instead of hold-
ing it with the hands. To show the importance of this requirement, we hold the phone
in front of the analyzer, placing the wrists over the table where SunBox is located. We
send information using QRs from version 1 to 4, and we notice that the success rate de-
creases for all densities, as presented in Table 2.4, being version 1 the most resilient to
the user’s handshaking. Overcoming this effect would require utilizing signal processing
techniques that compensate for motion dynamics in smartphones [27].

2.6.7. PORTABILITY WITH DIFFERENT PHONE MODELS

Thus far, we have tested a single low-end phone (Xiaomi, 2017). To demonstrate the
adaptability of SunBox, we test three other smartphones: a Samsung Galaxy A50, a Mo-
torola Moto G6, and a Smartisan DE106. These phones are all low-end to mid-end phones
launched a few years ago. Table 2.5 shows the features of each phone.

—— Samsung
é 10000 1 : Ii(dlsfon:(;Ia §
ot - 2 Samsung
E —— Smartisan ﬁ ° Xiaomi
8 50004 4 Motorola
3 E] Smartisan
& Fails
0- 0
QRv1 QRv2 QRv3 QRv4 QRv1 QRv2 QRv3 QRv4
(a) Goodput of the system. (b) Success rate of the system.

Figure 2.18: Goodput and success rate for different QR versions and different smartphones with (artificial)
ambient light.
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Figure 2.19: SunBox performance using sunlight. Note: at 15:00, a light rain started.

The Samsung Galaxy A50 features a camera with a maximum zoom of 4x, thus, the
App increases the resolution to 1280 x 720. The results in Figure 2.18 validate the rel-
evance of the camera’s zoom: even with the higher resolution, the Samsung phone is
only able to work with the QRv1 and QRv2, the latter with a smaller success rate. With
the denser versions QRv3 and QRv4, the Samsung phone is unable to receive any QR.
The Motorola Moto G6 and the Xiaomi Redmi 5A have similar performance, working ef-
ficiently with all the QR code densities. For QRv4, the Motorola Moto G6 shows a slight
increase in goodput variance and a slight decrease in the success rate. The Smartisan
DE106 has more RAM, which allows faster image processing, providing a slightly higher
goodput. However, the camera resolution has a big influence on the exposure value (EV),
requiring a resolution of 1280 x 768 to work reliably. Overall, SunBox is able to operate
reliably with different types of phones.

2.6.8. NATURAL LIGHT

A critical difference between artificial and natural light is that the intensity and direc-
tion of natural light change over time. There is a significant difference between a clear
day (tens of thousands of lux with light coming from mostly one direction) and a cloudy
day (a few thousand lux with light coming from all directions). Furthermore, the geo-
graphical location (latitude) also impacts the amount of sunlight. We test SunBox during
a challenging day in terms of sunlight: an overcast day during winter in the Northern
Hemisphere, with some rain hours. We find that even on this challenging day, the sys-
tem can successfully deliver messages from dawn to dusk. Similar to the experiments
done in previous subsections, we test various code densities.

The setup of this experiment consists of placing the SunBox close to a large window
and using the smartphone Xiaomi Redmi 5A as the receiver. The indoor light is turned
off, so we are communicating only with sunlight. During an entire day, we send four
messages every fifteen minutes, one corresponding to each QR version. Figure 2.19 and
Table 2.6 show the results. The yellow background reflects the amount of sunlight (at
15:00, a light rain started), and the vertical bars capture the goodput with different data
densities. We can observe that for sunlight intensities higher than 550 Ix approximately,
which occurs between 8:15 and 15:15 in a winter day (7h00m period), SunBox obtains




36 2. SUNBOX: SCREEN-TO-CAMERA COMMUNICATION WITH AMBIENT LIGHT

Table 2.6: Message success rate with sunlight. The right column shows the period when the success rate was
steady at 100%

Message Range of 100%

QR Version | Bytes per QR | successrate | message successrate | Total Time
QRv1l 17 bytes 100.0% 08:15 to 15:15 7h00m
QRv2 32 bytes 100.0% 08:15 to 15:15 7h00m
QRv3 53 bytes 89.7% 08:30 to 14:30 6h00m
QRv4 78 bytes 51.7% 09:30 to 12:00 2h30m

an almost constant goodput for QRvl and QRv2, 2kbps, and 4 kbps respectively, with
a 100% message success rate. For QRv3, the goodput is around 6 kbps but the 100%
message success rate occurs between 8:30 and 14:30 (6h00m). This stable period starts
with an intensity higher than 11001x but ends with an intensity of 8001x. QRv4 has a
100% stable message success rate between 9:30 to 12:00 (3h00m) when the light intensity
is over 2500 Ix.

The key advantage of sunlight is that SunBox can be placed anywhere outdoors (we
tested a few other outdoor locations with similar results), but we noticed an interesting
phenomenon. At times, the goodput does not increase or decrease monotonically with
the intensity of light. For example, during the period between 8:30 to 9:30, the sunlight
intensity increases, but the goodput remains the same or even decreases. On the other
hand, during the time 14:00 to 15:15, the goodput is high despite the low light intensity.
Furthermore, SunBox only operates when the sunlight intensity is above a few hundred
lux, while 50 Ix were sufficient indoors. The reason for these phenomena is that, as stated
before, not only the intensity of the ambient light matters but also its radiation pattern,
which can change depending on the cloud conditions.

Overall, the results show that low-density codes, QRv1 and QRv2, are robust, attain-
ing a 100% success rate for a long duration during a cloudy day (6h45m). The success
rate of denser codes, on the other hand, tends to follow the intensity and radiation pat-
tern of the ambient light. During summer or close to the equatorial line, SunBox would
provide significantly better performance.

2.6.9. A STANDALONE SYSTEM RUNNING AN URBAN APPLICATION

Thus far, the experiments for SunBox have been performed using a laptop to provide
the video input and power, and the payload has been text (a tale by Edgar Allan Poe,
“The Black Cat"). In this section, we design a standalone system and develop a simple
application based on Google Maps.

STANDALONE SYSTEM
To demonstrate the potential of SunBox, we combine a few components to create a self-
contained embedded system, as shown in Figure 2.20a:

* Single board computer: Raspberry Pi Zero W, which can produce the input signal
required by the FLCoS without the need of a video converter. Cost: 10€, Power
(consumption): 400 mW, low-power mode.



2.6. EVALUATION 37

* Battery and DC/DC booster: ALP785060 lithium-ion polymer battery and an Adafruit
Powerboost 1000C. In combination, they output 5V to feed the board. Cost: 20€,
Power (provided): up to 5W.

* Solar panel: SLMD262K 10L from IXYS (220 mm x 126 mm x 2.1 mm) to charge the
battery. Cost: 65€, Power (provided): up to 5W, depending on illuminance.

Overall, the total cost is below 200€, and the solar cell provides enough power to run
the system.

POWER ANALYSIS OF MICRODISPLAY.
An important feature of using ambient light is the reduction in power consumption. To
quantify the energy savings, we analyze the power consumption of the microdisplay.
The LCOS720 micro-projector has 4 different power supplies: VCC (supply for FLCoS
panel), VIO (supply for I/O serial interface), DAVCC (supply for the embedded lights and
their driver), and VCCX (supply for panel / EEPROM for LED calibration). In SunBox,
we no longer need the DAVCC power supply, since the embedded lights are removed
and the system communicates with ambient light. VCCX is used for color calibration of
the embedded lights and is not needed either. We hypothesize VIO to be involved only
in the start-up phase to configure the registers of the device, and it is not involved in
the operation of the FLCoS. The nominal consumption of the entire micro-projector is
180 mW. However, considering only the VCC supply, which supports the operation of
the FLCoS, the power consumption of the FLCoS core panel is 110 mW. Thus, if we could
design a microdisplay for ambient light, the power consumption could be reduced by up
to 40%.

AN URBAN APPLICATION.

With SunBox as an embedded system, several transmitters could be deployed across a
town for travelers to get coordinates for touristic places nearby. The user would not need
to rely on any type of radio signal, she would only need to put the phone on the SunBox
holder and get information for restaurants, events, museums, etc.
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Figure 2.20: SunBox standalone components (a) and App view. (b) Select different QR versions and camera
resolutions. (c) The progress bar location is top-left. (d) Simple text output: fragment of The black cat by Edgar
Allan Poe. (d) Markers on the map with transmitted coordinates.
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We develop a simple app based on Google Maps for this purpose, the screenshots of
all the stages are presented in Figure 2.20:

1) We have a GUI to select the type of QR code, the values of N and K for RS-FEC,
and to detect automatically all the possible configurations based on the real-time
capabilities of the phone. This part does not need to be presented to the user. It is
solely used to facilitate the evaluation of the different parameters.

2) The user starts the App, places the phone on the holder and the ROI is selected
automatically. After the ROI is found, the user can push a button to start reading
the video.

3) A green progress bar on the top left of the screen shows the number of received QR
codes. When the App receives K unique QR codes, it stops and runs the RS-FEC
algorithm to decode the message.

4) Initially we send only plain text. But sending geographical coordinates is simple
too. The longitude and latitude contain 8-bytes each. Thus, even the least dense
QR (version 1) can carry the coordinates for one location. The transmitter knows
its location and sends coordinates for nearby places. The coordinates are then
presented as markers in a map view using the GoogleMap SDK.

2.7. RELATED WORK

2.7.1. L1QUID CRYSTAL TO PHOTO-DIODE

The first group of studies related to our work is systems that use LCs to modulate light
and photo-diodes (PDs) at the receiver. For our purposes, we divide them into two
groups: single-pixel and multi-pixel.

SINGLE-PIXEL

These studies have a single LC surface at the transmitter and a single PD at the receiver.
Due to the slow switching speed of the LC, their throughput is relatively low, around one
kbps. Some of these studies require flashlights or lightbulbs to operate, such as Retro-
VLC [12] and PassiveVLC [13], while others can work with sunlight, like LuxLink [42] and
ChromaLux [54].

MULTI-PIXEL

To overcome the limited speed of single-pixel approaches, systems like RetroTurbo [14]
and Retrol2V[15] use multiple LC surfaces at the transmitter and/or multiple PDs at the
receiver, together with more sophisticated modulation schemes. These MIMO systems
can reach speeds up to 8 kbps. However, they require transmitters with big surface areas
and powerful artificial light sources that consume between 3W and 30 W.

A common aspect of all the above systems (single- and multi-pixel) is that they use big
nematic LCs, with surfaces of several tens of cm?, and photodiodes, which are signif-
icantly faster receivers than cameras. SunBox uses a microdisplay with smectic LCs,
which have different optical features. And, in spite of using low-end smartphones with
slow cameras (30 FPS), we can exploit any type of ambient light (artificial or natural) to
achieve speeds between 2 kbps to 10 kbps.
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2.7.2. CAMERA AS A RECEIVER

Other VLC systems exploit cameras as receivers instead of photodiodes. Cameras are
slower but they have two appealing features: they are widely deployed in smartphones,
and they have a 2D array of photo-sensors, which gives the advantage of spatial diver-
sity. The key difference among these studies is the type of transmitter they use, and we
identify three main groups.

LED TO CAMERA

These systems leverage the rolling shutter effect of cameras and require LEDs switching
at kHz to transmit information. Luxapose[36] was one of the first methods to exploit this
approach to transmit 8 symbols for indoor positioning. A more recent study proposes a
more complex transmitter, using several LEDs to exploit the color and space dimensions,
so the rolling shutter effect can still be exploited to achieve more than 100 kbps[30].

LED&LC TO CAMERA
Systems like POLI [55] combine RGB LEDs and LCs to transmit information exploiting
the color dimension and achieving speeds ~500bps. All the aforementioned systems
(LED and LED&LC) need active control of the light source, which is something that Sun-
Box does not require.

LC TO CAMERA

PIXEL [17] is the only study we found using ambient light and LCs to convey information,
but the transmission is limited to 14 bps. Following a similar direction, systems such as
PolarTag [56] do not modulate light actively, but they use a static 2D pattern, similar to
a QR code, to change ambient light polarization and transmit static information. Like
these LC-to-camera systems, we do not have active control over the light source, but by
using a dynamic screen-like device, we can obtain speeds comparable to systems that
modulate LEDs.

2.7.3. SCREEN TO CAMERA

Several studies have leveraged screen-to-camera communication to achieve multi-pixel
data transmission. Studies such as ChromaCode [35] and Pixnet [32] exploit standard
displays to achieve data rates above 700 kbps and 12 Mbps, respectively, and their range
can reach the order of meters. COBRA [52] and RD Codes [57] develop custom 2D color
barcodes to attain data transmissions greater than 100 kbps at short ranges. Softlight [33]
adds the concept of rateless codes for different channel conditions, Uber-in-Light [58]
uses color channels and MFSK for high throughput and reliability, and SBVLC[34] im-
plements a "fast QR filtering" for consecutive QR codes. All of these approaches make
use of active screens on smartphones, except for Uber-in-Light which makes use of a
traditional screen. Compared to our approach, we only use ambient light as the carrier
of the system and use a microdisplay for secure short-range communication. Further-
more, our system works under sunlight, which reduces the performance of most screens
or demands more power to increase the screen light intensity.
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Table 2.7: Different VLC systems

| Type | Source | Datarate | PowerTx | Range | Receiver | Outdoors
3 RGB Camera
CVLC[30] Active LED >100kbps 250 mW* 40cm with lens Nof
LED 400 W + Photo-
Passive-VLC[13] | Passive | Flashlight 1kbps 3Wt 1m diode Yes
Ambient
PIXEL[17] Passive Light 14bps 1mwW 10m Camera Noi
Ambient 4.5m to Photo-
LuxLink[42] Passive Light 80 bps 30mW 65m transistor Yes
Ambient 1mto Color
Chromalux(54] Passive Light 1kbps 27.3mW 50m sensor Yes
LED 0.8mW + Photo-
RetroTurbo[14] Passive lamp 8kbps 8W+ 7.5m diode No#
Ambient
SunBox Passive Light 10kbps 110 mW 10cm Camera Yes

* Estimated value as no power consumption is reported. 1 Corresponds to the power of the LED used.
1 No reported outdoor experiment.

2.7.4. REFLECTIVE DISPLAYS

Overall, our work can be seen as an advancement at the intersection of the three areas
mentioned above: LCs as transmitters, cameras as receivers, and screens as 2D surfaces
with higher data densities. Our main motivation to merge these areas comes from re-
flective display technology [39], which exploits sunlight to backscatter images. Most of
these reflective displays, however, are based on nematic LCs, making them slow, and
are rather big. These two properties make them better suited for billboards. To create
a secure and reliable link, we select a tiny microdisplay, which has the backscattering
property but is not intended to work with ambient light due to the use of smectic LCs.
In principle, our approach could be extended to larger screens for long-range broadcast
channel applications instead of short-range personal channels.

2.8. DISCUSSION

SunBox is a novel platform that leverages ambient light, sunlight or artificial, to create a
short-range wireless link. In this section, we discuss our system’s limitations and possi-
ble improvements.

Hybrid systems. SunBox works from sunrise to sunset fueled by the light coming
from the sun, as shown by our results in subsection 2.6.8. This limitation encourages
designing a hybrid system that works during low-sunlight conditions. One possible sys-
tem could place an LED light bulb on top of SunBox, which a rechargeable battery can
power up. Once the system detects dim light conditions, it activates the artificial light to
illuminate the surface of SunBox. A second alternative is to merge SunBox with another
short-range wireless solution, like NFC, to cope with conditions when natural light is too
low for the system to work, provided that the phone implements such a solution.

Effect of motion. Our system uses a smartphone holder to fix the position of the
phone. However, we also tested SunBox holding the phone by hand and noticed a re-
duction in its performance. There are two consequences of adding motion to the system.
First, the system detects the ROI at the beginning of the transmission process. Thus, if
the motion leaves the reflective surface out of the ROI, the link is broken. Second, if
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motion is minor and the surface is still inside the detected ROI, noise is added to the sys-
tem, as pixel intensity can change due to motion. Potential solutions include adding a
ROI-tracking mechanism and a more sophisticated image processing to account for the
motion-related noise.

2.9. CONCLUSIONS

We propose a reliable short-range wireless system that exploits ambient light using a
COTS microdisplay as a transmitter and a smartphone as the receiver. To the best of
our knowledge, this work is the first to modulate ambient light using a screen-based on
smectic LCs. SunBox obtains between 2 kbps and 10 kbps with a low-end phone (30 FPS)
operating indoors, with standard lighting, and outdoors, during a cloudy day.







SOL-FI1: ENABLING JOINT
ILLUMINATION AND
COMMUNICATION IN ENCLOSED
AREAS WITH SUNLIGHT

In Chapter 2, the scenario considered is to create a short-range wireless link using a backscat-
tering principle in an already illuminated environment. This chapter considers the totally
opposite scenario: an enclosed area, such as a room without windows or a basement. Due
to the advances in VLC, artificial light bulbs can provide illumination and wireless com-
munication simultaneously. Artificial lighting, however, has some drawbacks compared
to using daylight in enclosed spaces. First, using sunlight consumes less power. Second,
the use of natural light improves the health and comfort of the occupants.

We propose a system, dubbed Sol-Fi, to provide joint illumination and communication in
enclosed spaces using sunlight. Our system relies on two main components: commercial
sunlight collectors and a novel transmitter to modulate ambient light. The sunlight col-
lectors utilize optical fibers to guide natural light from open to enclosed spaces, and our
transmitter modulates the incoming light providing two novel features. First, to analyze
the pros and cons of the optical devices used in the literature for ambient light commu-
nication, Sol-Fi examines the properties of Liquid Crystals (LCs) and Digital Micro Mirror
Devices (DMDs). Second, to investigate the trade-off between single- and multi-band com-
munication, Sol-Fi proposes an optical design that can modulate the entire spectrum or
divide it into different (individually modulated) bands. Second, to investigate the trade-
off between single- and multi-band communication, Sol-Fi proposes an optical design
that can modulate the entire spectrum or divide it into different (individually modulated)
bands. Our evaluation shows that, depending on the number of bands (single or dual) and
the type of modulator (LC or DMD), Sol-Fi provides a data rate between 0.8 to 80 kbps, a
range between 0.5 to 5m, and a field-of-view between 30° to 60°.

43
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3.1. INTRODUCTION
This chapter aims to create a new type of light bulb, one that provides joint illumination
and communication with sunlight. This new light bulb builds upon two main concepts:
Li-Fi and sunlight collectors.

Li-Fi. The most popular application of VLC: is a technology that can transform light
bulbs into wireless transmitters through the fast modulation of light intensity [59]. These
systems use fast-switching and high-power LEDs to render illumination and wireless
communication.

Sunlight collectors. Natural illumination is fundamental for humans and several stud-
ies report that the type of light affects our physiological [60] and mental well-being. Re-
garding the latter, rooms without windows lack natural light and visual stimuli [61], with
consequences such as increased risks of depressive disorders [62] and reduced perfor-
mance in workers [63] and students [64]. To quantify this situation, a wide study consid-
ering 3600 employees from eight countries, mainly in Europe, found that 42% of workers
have no natural light [63]. The benefits of sunlight have motivated innovative daylighting
systems that bring natural light to enclosed areas. These systems are classified as passive
and active. Passive systems, known as sun tunnels, place a concave lens on a roof and
use tubes to guide sunlight indoors. This approach is simple and not so expensive but
does not provide much sunlight. Active systems have the opposite trade-off, they use a
set of lenses to track the sun and optical fibers to guide natural light. Active systems,
known as sunlight collectors, are more costly, but provide massive amounts of light at
further distances [65], enabling the creation of ‘natural’ light bulbs. In this way, people
enjoy the full benefits of natural illumination, even in the absence of windows.

Motivation. Inspired by the area of VLC and its application on LiFi, we focus on the
following research question: if a sunlight collector is already installed to bring natural
light indoors, can we embed data inside sunlight to create a natural light bulb that pro-
vides illumination and communication?

Such a communication system could provide three advantages: (i) a free, safe, and
healthy spectrum, (ii) reduced power consumption, and (iii) reduced economic costs.
Regarding the spectral benefits, the broad spectrum of daylight ensures a good quality of
color rendering for the human eye and positively affects our body and mind in terms of
physical, physiological, and psychological aspects [66, 67, 68]. To emulate a light source
with a spectrum similar to sunlight, more than one type of LED is required. Regarding
power consumption, daylight systems offer the advantage of avoiding the double energy
conversion required by solar panels to power LEDs [69]. For example, converting sun-
light to energy using solar cells provides at best a 40% lumen-to-watt conversion [70],
and converting energy to light with LEDs provides a 10-30% watt-to-lumen conversion.
Finally, regarding cost, research in the area of daylight systems suggests that redirecting
sunlight is about 25 times more cost-effective than using solar panels to power LEDs [71].
Moreover, the energy that is not converted to light is usually dissipated as heat, which in-
creases the cooling costs of buildings [72, 68].

Challenges. Modulating ambient light is a complex process studied in the area of
Passive-VLC. Contrary to artificial light (LEDs), which are diodes modulated directly at
high speeds, natural light bulbs are purely optical and require external modulators. This
fundamental difference raises two challenges to design Sol-Fi.
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Challenge 1: Limited optical modulators. Passive-VLC does not have modulators
purposely designed for wireless communication, researchers are re-purposing optical
devices originally designed for image projection. Currently, the state-of-the-art (SoA) re-
lies on two types of modulators: liquid crystals (LCs) and digital-micro-mirror devices
(DMDs). LCs are easy to modulate but have a slow bandwidth, and DMDs have the op-
posite trade-off. The design of transceivers with these optical devices is complex and no
work has analyzed thoroughly their trade-offs.

Challenge 2: Single-band modulation. A salient feature of visible light is its broad
spectrum. Active-VLC (e.g. LiFi) exploits this broader spectrum to attain high-data-rate
links. However, most Passive-VLC transmitters modulate the entirevisible light spectrum
as a single band without exploiting multiple narrower bands to increase the datarate [13,
54,18, 42,17, 14, 12, 73]. Multi-band modulation with sunlight is an open challenge in
Passive-VLC and it is important to tackle it, otherwise, a key spectral advantage of natural
light will remain unexploited.

Contributions. To provide natural light and communication, Sol-Fi makes the fol-
lowing contributions.

Contribution 1: Device analysis [section 3.2]. We propose a system that integrates
novel Passive-VLC methods with sunlight collectors. Our design removes the need of
reflective surfaces to guide natural light and analyzes the pros and cons of the two mod-
ulators used in the SoA (LCs and DMDs).

Contribution 2: Optical design [section 3.3]. We combine optical and embedded sys-
tems to build a natural light bulb that modulates information. The design considers both
modulators (LCs and DMDs) and utilizes Frequency Shift Keying (FSK) to compare their
performance under the same setup.

Contribution 3: Multi-band modulation [section 3.4]. Contrary to other passive plat-
forms, we propose the first method to modulate two independent bands. Our approach
follows a careful optical design to divide the wide spectrum of sunlight into two narrower
bands in order to increase the data rate. We implement a basic multi-band prototype
and test it in two scenarios: a controlled environment using constant light, and under
the changing conditions of natural sunlight.

Our evaluation shows that depending on the number of bands and the type of modu-
lator used (LC or DMD), Sol-Fi can modulate the healthy spectrum of sunlight attaining
links with a data rate between 0.8 kbps and 80 kbps, a range between 0.5m to 5m, and a
FoV between 30° to 60°.

3.2. ANALYZING PASSIVE MODULATORS

The main idea of Sol-Fi is to combine commercial sunlight collectors with a novel frame-
work for passive modulation, as shown in Figure 3.1a. If sunlight collectors are already
present in a building, our framework shows that data could be added to the system. In
this section, we introduce the sunlight collector used in our work and analyze the differ-
ent types of modulators available in the SoA.
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Figure 3.1: Sol-Fi concept and components. With LCs (c), the light is either blocked or let pass through. With
DMDs (d), the light is either directed towards the intended direction or towards a different one.

3.2.1. SUNLIGHT COLLECTORS
Sunlight collectors are a subclass of a broader type of solution, called active daylight sys-
tems [74]. These systems use a mechanism to track the sun’s position in order to gather
and concentrate the largest amount of sunlight. Among the various daylight systems
in the market, the sunlight collector has three main features that make it suitable for
our prototype implementation: mobility (it can be carried to different places), flexibil-
ity (light is guided by optical fibers, which can be bent), and a small output area, which
eases the modulation process. Two types of collectors are provided by Parans [75] and
Himawari [76], both designed to be placed over roofs. Our implementation uses the lat-
ter (Figure 3.1b) because it is lighter and easier to move. The main shortcoming of the
sunlight collector is its price (around €5000) due to its optical components and the com-
plexity of the sun-tracking mechanism. This particular system provides optical fibers for
two natural light bulbs.

Although research studies suggest that daylight systems can save more than 60 % of
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Figure 3.2: Sunlight collector’s power consumption.
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energy consumption [68], it is important to empirically measure the sunlight collector’s
power consumption. Figure 3.2 shows the power consumption of the collector we use
during one hour. At the startup, which occurs once a day, the power goes up to ~8 W and
after that, it oscillates between 1 W to 2 W to track the sun. The realignment occurs every
two seconds, which are the peak values around 2 W, and then reduces to around 1 W. For
this amount of power, the collector provides an average luminous flux of 4500 lumens.
This large amount of flux is attained because sunlight’s illumination ranges from a few
klux at sunrise and sunset to more than 100 klux at midday. To obtain the same amount
of lumen, LEDs would require a power between 35-40 W.

Regarding communication, natural and artificial light systems can complement each
other using hybrid systems. For example, natural light systems are better suited for envi-
ronments that are predominantly occupied during the day, such as classrooms, libraries,
and laboratories that have limited or no access to windows. However, similar to hybrid
daylighting systems [68], which combine artificial and natural light bulbs, our approach
can leverage active-VLC (LiFi with standard LEDs), during the night or periods of low
sunlight intensity. In our Discussion section (section 3.7), we concisely review hybrid
systems.

3.2.2. MODULATOR REQUIREMENTS

There are two aspects that make the modulation of natural light challenging. First, while
optical fiber systems offer a wide range of components for fast switching, attaining data
rates of Pbps [77], they are designed for light that is polarized, monochromatic (around
1550nm) and coherent. Sunlight is unpolarized, broadband and non-coherent, thus,
preventing the use of these fast-switching optical devices. Second, the inherent limi-
tations of LCs and DMDs. Due to the lack of modulators for ambient light, all the ad-
vancement in Passive-VLC relies on devices originally designed for displays (LCs) and
projectors (DMDs). These devices pose various trade-offs that need to be analyzed. Be-
fore describing the unique features of LCs and DMDs, let us introduce six requirements
that an ideal modulator for Sol-Fi should have.

1. Low attenuation. The modulator should not decrease the luminous flux delivered
by the sunlight collector. The efficiency should be close to one.

2. Large area. The larger the area, the more flux that can be modulated. An ideal
modulator should have an area compared to an artificial light fixture (several cm?).

3. Fast switching. Passive modulators have an intrinsic (slow) mechanical compo-
nent. The faster the mechanical switching, the faster the link.

4. No flickering. Contrary to radio waves, light waves can be seen by people. Thus,
all communication systems based on light must be flicker-free.

5. Low power. Passive modulators are low power, but the lower the power consump-
tion, the more cells that can be used to increase the transmitter’s area (R2).

6. Low cost. Similar to the low power case (R5), the lower the cost, the more devices
that can be used to increase the transmitter’s area.
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Requirements R1 and R2 improve the range and coverage of the link. Requirement R3
increases the data rate and requirement R4 is needed to pass the IEEE standard for safe
VLC transmissions. Requirements R5 and R6 facilitate the design of bigger transmitters,
improving in that manner R2.

3.2.3. PASSIVE MODULATORS

To modulate ambient light, all Passive-VLC systems in the literature use either LCs [17,
13, 15] or DMDs [78, 18]. The operating principles of both devices are shown in Fig-
ure 3.1, and the relation between their features and the requirements for our ideal mod-
ulator is summarized in Table 3.1.

LC shutters are transmissive surfaces that either block or let light pass through, based
on a driving voltage. Except for a couple of studies, Passive-VLC has relied almost exclu-
sively on this modulator. Considering Sol-Fi’s requirements, the main advantages are
their large surface area (R2, several cm?), low power consumption (R5, sub-milliwatt),
and low cost (R6, a few dollars per cell). There are, however, a few shortcomings. First,
the attenuation is high due to the use of polarizers (R1), which cut 50% of the luminance.
Second, the switching speed is slow (R3), reaching only a few hundred Hz. These low
switching speeds lead to single-cell data rates that attain at most 1 kbps [13, 15]. Third,
the slow speed leads to a higher probability of observing flickering (R4).

DMDs are reflective surfaces consisting of micro-mirrors that switch between two
angles. By default, DMDs have a slow refresh rate (60 Hz), but a recent study proposed
a new controller that can modulate low-end DMDs at hundreds of kHz [18]. The ad-
vantages of DMDs are (i) their low attenuation, since they reflect more than 97% of light
(R1); (ii) their high switching frequency (R3), which is over 30 times faster compared to
LC shutters; and (iii) the reduced risk of flickering due to the high switching frequency
(R4). However, DMDs have several disadvantages too. The most important is its reduced
area (R2), which is two orders of magnitude smaller than LCs, reaching only a few mm?.
Other disadvantages are the higher power consumption (R5, tens of milliwatts) and cost
(R6, a few tens of dollars per DMD).

3.2.4. TRADE-OFF ANALYSIS

As shown in Table 3.1, no modulator satisfies all requirements. R4 (no-flicker) is satisfied
by both devices because we use FSK to modulate signals, as described later. Thus, the
trade-off analysis has to focus between requirements R1 (attenuation) and R3 (datarate),
which favor DMDs; and requirements R2 (area), R5 (power) and R6 (cost), which favor
LCs.

DMDs have the advantage of providing a switching speed that is 30 times higher than
LCs’ (R3), but comparing R1 (attenuation) versus R2/5/6 (area, power, and cost) requires
more analysis. The (de)modulation of FSK signals in passive systems consumes tens of
mW [42]. Hence, the benefit of the sub-mW operation of LCs is not in reducing the sys-
tem’s overall power consumption, but in enabling a bigger transmitter’s area with negli-
gible extra power. Similarly, the benefit of the LCs’ low cost is its ability to increase the
transmitter’s area rather than on reducing the total cost of the platform. All in all, we
have a trade-off between low attenuation (R1) and bigger areas (R2/5/6). To analyze this
trade-off, we quantify the optical performance of a single LC cell versus a single DMD
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| Rt | R2 | R3 | R4 | RB5 | BR6
LC ‘ ~50% ‘ cm? ‘ 100’s bps ‘ can flicker ‘ sub mW ‘ few $
DMD ‘ ~100% ‘ mm? ‘ 10’'skbps ‘ no flicker ‘ 10’s mW ‘ 10s $

Table 3.1: Comparison between LCs and DMDs

cell. Considering an illuminance .# (in lux), and denoting A and a as the areas of an LC
and DMD, respectively, the luminance provided by the LC is £} = .# A/2 (divided by 2
due to the polarizers), and the one provided by the DMD is ¥p = .#a. However, con-
sidering that the area of the DMD is two orders of magnitude smaller, the luminance
provided by the LC is, approximately, fifty times higher than the one provided by the
DMD (Z1/%p = 50). To match the LC’s luminance, an optical system would need to
concentrate more luminous flux on the DMD.

Contribution 1: Our analysis of LCs and DMDs clarifies their fundamental trade-offs.
Overall, we are left with one modulator (LC) that can provide 50 times more luminous
flux, enabling a longer range and wider coverage; and another modulator (DMD) that
can provide 30 times faster switching speed, enabling higher data rates. Due to this dis-
parate trade-off; we cannot select only one modulator, and thus, Sol-Fi considers different
optical designs to evaluate both modulators.

3.3. SINGLE-BAND LINK

To evaluate the illumination and communication capabilities of Sol-Fi, we consider three
metrics: FoV, range and data rate. These metrics are evaluated on two optical designs,
one for LCs and the other for DMDs. This section first describes the transmitters and
receiver, and then, presents their evaluation.

3.3.1. LC MODULATOR

The simplest implementation of Sol-Fi is to place the optical fiber coming out of the sun-
light collector behind an LC shutter, as shown in Figure 3.1c. Compared to other sunlight
links based on LCs, the advantage of using the sunlight collector is that the optical fibers
provide a wider field of view with the same direction throughout the day. The SoA relies
on reflective surfaces to direct sunlight toward the LC. Those reflective surfaces are not
realigned through the day, and when they are aligned with the sun, usually radiate par-
allel rays that form FoVs close to 0°. Below, we present the nominal (theoretical) values
of our design and later we evaluate them in a real setup.

» Switching speed. The modulator’s switching speed is defined as the sum of the
rise and fall times. We use an LC shutter with a switching speed of 160 Hz.

» FoV. LCs do not change the direction of light passing through. Hence, the FoV is
determined by the aperture of the optical fiber, which in our case has an FoV of
+30°.

* Loss. Since LC shutters utilize polarizers, the optical power is reduced by half. In
theory, this attenuation reduces the range by a factor of v/2.
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Hardware implementation. We build a 3D holder to place the fiber behind the LC and
the LC is controlled by an Arduino-Due. This implementation is shown in Figure 3.9a.

3.3.2. DMD MODULATOR

Contrary to LCs, which are not designed for a specific light pattern (diffused or direc-
tional), DMDs are designed to receive directional light (parallel rays). When used for
Passive-VLC, DMDs have the advantage of low attenuation (R1), but the fact that the
area is small (R2) and the impinging rays are parallel, leads to a reflected beam with an
almost 0° FoV.

To broaden the FoV of our DMD-transmitter, we build upon the principles used in
(mini)projectors. Modern projection technology uses LEDs, filters, mirrors, lenses and
DMDs. These components perform two tasks. First, they guide the light emitted by the
LEDs into the DMD. Second, they cast the image reflected by the DMD into the intended
projection area. For Sol-Fi, we disassemble a commercial mini-projector and modify it
in two main ways. First, we remove the original controller and DMD, which are designed
for video rendition, and connect a controller and DMD designed for Passive-VLC. The
contribution of Sol-Fi is not on the DMD controller, we use methods that have been al-
ready reported in the SoA [18]. Second, we remove the LED lights and filters, and modify
the casing to place our optical fiber as the light source. With these modifications, shown
in Figure 3.1d, our DMD-transmitter is able to (i) receive sunlight, instead of LED light,
and (ii) project a wide FoV, similar to a lamp, instead of a narrow beam. Considering
these factors, the features of this design are:

* Switching Speed. DMDs modified for Passive-VLC operate at switching speeds of
hundreds of kHz, several orders of magnitude higher than LCs.

* FoV. Since we follow the mini-projector guidelines, the FoV should be similar to
the one stated in the datasheet of the original mini-projector, which is +£32.8° [79].

* Loss. The DMD reflects most of the light, but the system faces losses because
the coupling between the optical fiber and the DMD is suboptimal compared to
the coupling between the original LED and DMD. Next, we describe the measures
taken to minimize optical losses.

Hardware implementation. To reduce the losses, it is important to use a projector
where the diameter of the original LED is similar to the optical fiber’s diameter. For
this reason, we select the DLPM2000EVM mini-projector from Texas Instruments and
an Eska® 3mm-diameter plastic optical fiber (POF). A 3D support is built to place the
fiber close to the internal mirror and DMD of our custom projector. For the controller
and DMD, we use an FPGA to modulate the DLP2000 DMD. This DMD has two tilt angles,
12° and —12°, and a rotation axis of 45°.

3.3.3. RECEIVER

Photodiodes (PDs) and cameras are widely used as receivers in Active- and Passive-VLC.
Our receiver uses a PD due to its fast response and low power consumption compared to
a camera. The receiver is the same for both modulators and places a TEPT4400 photo-
transistor on a board that includes a single-stage amplifier with variable gain. Following
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Figure 3.3: Measured MFSK symbols. The blue and green signals are measured at 20 cm and 160 cm, respec-
tively.

the customary principle of adding a lens to increase the received light intensity, our de-
sign uses a 9.5 mm plano-convex (PCX) lens with an anti-reflective coating on top of the
PD. This increases the range of the system without compromising the lightweight prop-
erty (and mobility) of the receiver.

3.3.4. MODULATION

The contribution of our work is not on the modulation approach. We follow the guide-
lines presented in prior studies for LCs and DMDs. FSK is chosen because it prevents
flickering in slow LC modulators (R4). Our Mary-FSK (MFSK) approach is the same for
both transmitters (LCs and DMDs). The only difference is the base frequencies chosen
for each.

Considering the switching speeds of each modulator and the bandwidth of the re-
ceiver, we use four base frequencies for the LC' (M=4, 2 bits per symbol): 400 Hz, 800 Hz,
1.2kHz, 1.6 kHz; and higher frequencies for the DMD: 20 kHz, 40 kHz, 60kHz, 80 kHz, as
shown in Figure 3.3. These schemes lead to a data rate of 800 bps for the LC and 40 kbps
for the DMD. Both data rates fall between the ranges reported for other single-cell trans-
mitters: 0.1 to 1.0 kbps for LCs [42, 17, 13], and 4 to 80 kbps for DMDs [78, 18]. The trans-
missions use the following sequence: IDLE, STX (Start Transmission), DATA PACKET, ETX
(End Transmission), and ETB (End of Transmission Block). And with both modulators,
the transmitters send the message "Hello world!" continuously. The receiver sends
the data to a laptop, where an FFT is used to decode the data.

3.3.5. EVALUATION

The evaluation has two components, illumination (optical loss and FoV) and commu-
nication (BER). Given that sunlight is variable, we use an artificial light source to have a
controlled setup for this section and the next one. In section 3.5, we evaluate the system
with sunlight. To mimic the optical input provided by sunlight collectors, we connect
one end of an optical fiber to a flashlight, and the other end to our transmitters.

To resemble an enclosed space, the evaluations of this section and the next one are
done in a dark room. For each transmitter, we measure the illuminance (Ix) and bit-
error-rate (BER) every 20 cm along two lines. One line goes through the middle of the
FoV (bisector) and the other through one of the edges of the FoV (due to symmetry, the
other edge has the same result). The results for illumination are presented in Figure 3.4

INote that with FSK, we can modulate the carrier at higher frequencies than the switching speed (160 Hz)
because we do not need square waves, triangular waves are sufficient.
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and for communication in Figure 3.5.

OPTICAL LOSSES

Given that we are not interested only in illumination, but also in communication, we
borrow the concept of close-in measurements from wireless communication to analyze
optical losses. We set a luxmeter at a distance of 20 cm from the output of the optical
fiber and evaluate two setups, one connecting the fiber to the LCD-transmitter and the
other connecting it to the DMD-transmitter. With these measurements, we find a loss of
66 % for the LCD-transmitter (higher than the expected theoretical loss of 50 %); and a
loss of 70 % for the DMD-transmitter. This evaluation shows that —in spite of the lower
attenuation of the DMD (R1, 97% reflectivity)— both transmitters lead to similar losses.
The losses of the LC, however, are fundamental due to the use of polarizers, while the DMD
losses can be reduced significantly with a better optical coupling between the fiber and the
DMD (to reach the 97 % efficiency), as discussed later.

FIELD-OF-VIEW.

Figure 3.4 shows that the FoV of the LC design is similar to the aperture of the optical
fiber, 30° versus 25°, which is expected since the LC is agnostic to the radiation pattern.
But the FoV of the DMD-transmitter is narrower, 30° versus 20°. This is likely due to the
suboptimal coupling of the optical fiber with the mirrors, lens, and DMD.

COMMUNICATION
To assess the reliability of the link, we measure the BER along the bisector and one of
the edges of the FoV. As Figure 3.5 shows, both transmitters provide perfect links along
the bisector up to 160 cm. But along the edges, the link becomes unreliable after 100 cm
for the LC-transmitter and after 140 cm for the DMD-transmitter. Having shorter edge
links is not unusual because many radiation patterns are stronger along the bisector and
weaker at the edges (called Lambertian patterns). The reason for the longer range along
the edge of the DMD-transmitter is the optical design. Projector optics aim at casting
light in a more homogeneous manner across all angles.

It is important to note that the highly reliable links in this section are obtained even
for low light conditions (below 80 1x). These lux values are clearly too low to provide ade-
quate illumination, but these are controlled tests done with artificial light to benchmark
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both modulators under the same conditions. With sunlight, which is stronger, we will
see that the illumination increases significantly.

Contribution 2: Our results show that it is possible to connect optical fibers with pas-
sive modulators, which will enable using the output of sunlight collectors. Furthermore,
as we will discuss in the related work section, our optical designs overcome the most im-
portant limitation in current Passive-VLC studies in the SoA: the fact that the FoV of SoA
platforms is close to 0° when working with natural light.

3.4. DUAL-BAND LINK
The prior section uses a single-band link, that is, the entire spectrum is modulated at
once. To increase the data rate, it would be valuable to divide the spectrum into multi-
ple channels. A well-known method for exploiting the spectrum in communications sys-
tems is to divide the available bandwidth into narrower bands. These OFDM approaches
are widely used in Active-VLC. Passive-VLC, on the other hand, has no control over the
light source, and hence, the challenge is greater. To the best of our knowledge, there is no
passive communication platform that attempts wavelength division with natural light.
To tackle this challenge, we apply the general principle of wavelength division mul-
tiplexing (WDM). Applying this principle to Passive-VLC, however, requires considering
some important differences. First, in optical fiber systems, WDM is an efficient tech-
nique because either the laser light is already divided in narrow bands or in-fiber filters
allow band division within the fiber, thus reducing loss. Sol-Fi, on the other hand, re-
quires an efficient filtering approach to divide natural light into narrower bands. Second,
the light transmitted in optical fiber systems is not exposed to users. This means that the
fibers’ output can emit any spectrum. Sol-Fi, on the other hand, needs to guarantee that
the (re)combined bands produce a white spectrum that is suitable for illumination.

3.4.1. SUNLIGHT (DE)MULTIPLEXING

Our prototype divides the spectrum into two bands. With facilities able to build purpose-
designed filters for communication (and not only for human vision) the approach can be
generalized to obtain more bands.
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Figure 3.5: BER for controlled single-band setups.
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Figure 3.6: Spectral response of dichroic filters used at the transmitter (turquoise and orange) and glass filters
used at the receiver (blue and red).

MULTIPLEXER

The goal of the multiplexer is to divide the spectrum into complementary bands, whose
(re)combination delivers white light suitable for illumination. Among the various types
of off-the-shelf filters, the Dichroic filter has a response that satisfies this need. Figure 3.6
depicts the response of a dichroic filter that splits the spectrum into two complementary
bands: one band is transmitted (orange) and the other band is reflected (turquoise).

An important property of dichroic filters is that by changing the light’s angle of in-
cidence (Aol), we can fine-tune the cut-off wavelength. Our implementation uses a red
color dichroic filter from Thorlabs®. We select this filter because at an Aol of 45° the cut-
off wavelength is 550 nm, close to the middle of the light spectrum. These dichroic filters
are used for both modulators, LCs and DMDs. Given that the sunlight spectrum changes
during the day, such as in sunsets with more red components, the system would require
a tunable filter to split the spectrum into balanced bands.

DEMULTIPLEXER

The receiver for the dual-band designs requires two photodiodes, each having an optical
filter in front. However, contrary to dichroic filters, whose response depends on the angle
of incidence, the receivers need to be angle-independent so users can be located at any
position within the transmitters’ FoV.

A suitable filter for the receiver’s requirements is the glass-colored filter, which is
angle-independent, but the trade-off is that it has a narrower spectral response, which
leads to some energy loss. One filter should be close to the blue band, and the other
close to the red band, leaving the green band free to avoid cross-talk. We implement
our receivers with commodity glass filters, with a response depicted in Figure 3.6. Simi-
lar to the case of dichroic filters, tunable filters would be required for different sunlight
conditions, to match the filters in the multiplexer.

3.4.2. TRANSMITTERS AND RECEIVER

Given that both dual-band designs (LC and DMD) use the same filters, we first analyze
their common characteristics regarding speed, FoV, and loss; and then, we provide the
differences regarding the implementation.

* Datarate. Since we use two channels, the speed is double of the single-band de-
sign, leading to 1.6 kbps for the Dual-LC transmitter and 80 kbps for the Dual-DMD
transmitter.

2Dichroic Filters: https: //www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=986
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* FoV. In the dual-band design, the transmitter radiates two beams, each with a dif-
ferent color, as shown in Figure 3.7. With a proper optical design, the coverage
of both beams would overlap precisely, recombining into white light and leading
to the same FoV as for the single-band design. In our prototype, however, the
coverage does not overlap precisely because of the big size of the dichroic filters
(25.4 mm diameter), leading to three regions: a white cone in the middle, where
both bands overlap and generate white light, and orange and turquoise stripes at
the sides of the cone. Due to this effect, the FoV of the overlapping white cone is
narrower than the FoV of the single band.

* Loss. A general principle of multi-band designs is to trade off a higher data rate for
a shorter range. Since the energy of the entire spectrum is divided into sub-bands,
the signals travel shorter distances. This trade-off applies to all wireless systems.

LC TRANSMITTER.

The Dual-LC transmitter is depicted at the top of Figure 3.7a. Recalling that the sun-
light collector has two optical outputs, our emulated setup has two flashlights each con-
nected to one fiber. The fibers’ outputs are orthogonal to each other and launched to-
wards two dichroic filters oriented at an angle of 45°. This design allows rendering one
spectrum with the transmission of the dichroic filter (orange) and the other with the re-
flection (turquoise). The output of each dichroic filter is modulated independently by an
LC shutter but given that both optical outputs point in the same direction, they recom-
bine into white light.

DMD TRANSMITTER.

The Dual-DMD transmitter is depicted at the top of Figure 3.7c. Given that the size of the
dichroic filter is bigger than the optical enclosure of the mini-projector, instead of plac-
ing the filter before the modulator (as with the LCs), we place the filters after the DMD
modulates the signal. The hardware setup duplicates the single-band design, we use two
optical enclosures (mini-projectors) each with a DMD that is independently modulated.

RECEIVER.
The receiver is the same for both designs and it duplicates the setup of the single-band
receiver: two phototransistor boards, each with a glass filter in front.

3.4.3. SPECTRAL ANALYSIS
To gain a deep understanding of Sol-Fi, we need to analyze the transformations of the
spectrum at various points throughout the illumination process, as shown in Figure 3.7.
Step 1: Light source. The spectrum of the light source, point (i) in Figure 3.7, helps
determine the width of the bands to balance the division of luminous flux. In our dual-
band design, we use 550 nm as the spectral boundary. Note that for the sunlight spec-
trum (Figure 3.10), the spectral boundary should be slightly above the 600 nm mark. But
given that the spectrum of the sun changes throughout the day, cooler (bluer) in the
morning and warmer (more yellow) in the afternoon, we leave the boundary at 550 nm,
at the risk of having one band stronger than the other.




3. SOL-F1: ENABLING JOINT ILLUMINATION AND COMMUNICATION IN ENCLOSED AREAS
WITH SUNLIGHT

or— aE=
Dl/D% [ONE———T. @
LCD:! :LCD @ Z @
20cm > £ &
108 lux 110 lux £ ) £
g 00 500 600 700 g
® 60 @ z ®  Wavelength (um) =
00 500 600 700 I 00 500 600 700
Wavelength (nm) z Wavelength (nm)
50cm - Z
0 lux 00 500 600 700 ® 00 500 600 700 F
28 lux] Wavelength (nm) Wavelength (nm) g
A » A
00 500 600 700 2 00 500 600 700
Wavelength (nm) £ Wavelength (nm)
U U S NN
100 500 GO0 700
Wavelength (nm)
(a) [llumination for Dual-LC. (b) Spectral analysis for Dual-LCD modulator.
DMD!@ @
G
DI/ D2 DMDZ 5 Q
20cm 2
51 lux 110 lux = 2
g E
© 6 '@ z 00 500 600 700
@ = @ Wavelength (nm)
= ! F 400 500 600 700 =
E @ Wavelength (nm) z
= 0 0 =
60cm 0Tk 400 500 600 700 400 500 600 700 Z 400 500 600 700
Wavelength (nm) Wavelength (nm) M 7)  Wavelength (nm)
8 Tux| g
e 00 500 600 700 Z
Wavelength (nm) E
S= A
400 500 600 700
Wavelength (nm)

(c) Nlumination for Dual-DMD.

(d) Spectral analysis for Dual-DMD modulator.

Figure 3.7: Illumination and spectral analysis for the dual-band setups.

Step 2: Modulator. The modulator should, in principle, cause only attenuation but
no spectral distortion. The DMD does not cause any distortion, since there are no spec-
tral changes between points (1) to (2) in Figure 3.7d; but the LC causes some distortions,
which can be particularly noticed at points (3) and (5) in Figure 3.7b. This occurs be-
cause the LC is not really a shutter that blocks light, but rather a device that transforms
the color of the incoming light via internal polarization changes [17]. Thus, the LC trans-
forms the incoming spectrum into a different tone of white, but these tones are still per-
ceived as white color by the human eye.

Step 3: Dichroic Filter. It is important to consider if all rays reach the filter in paral-
lel, else each ray —arriving at a different angle— will be mapped to a different spectrum.
Given that the FoV of the optical fiber (30°) is bigger than the FoV of the mini-projector
(20°), the rays coming out of the fiber reach the dichroic’s surface with a wider range of
angles. Due to this reason, the bands of the DMD-transmitter (points (3) to (+) in Fig-
ure 3.7d) have less overlap (cross-talk) than the LC-transmitter bands (points (2) to (3) in
Figure 3.7b).

Step 4: Recombined white light. The light coming from the dichroic filters will recom-
bine. Some of the original spectra will be lost, but the remaining spectrum should still
fall within the range associated with white light for the human eye. For the LC (point
in Figure 3.7b), the illumination attains a warmer tone (because some of the blue energy
is lost), while for the DMD (point (5) in Figure 3.7d), the illumination does not change
much compared to the original source.
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Figure 3.8: BER for dual-band setups in a controlled environment. The color represents each channel.

Step 5: Glass filter. The glass filters have a narrower response than the dichroic filters,
which helps to limit cross-talk. It is important to note that the spectra of the LC bands
are a bit noisier than those of the DMD bands. This noisier behavior explains why LC
links perform slightly worse than DMD links in the controlled scenarios (Figures 3.5 and
3.8), in particular for the blue channel (Figure 3.8).

Overall, our spectral analysis shows that the DMD is a better modulator because it
sharply divides the communication bands, adds less noise, and provides illumination
that is close to the original source. However, in our sunlight evaluation, we will see that
the bigger area of the LC (R2) provides an important advantage due to the amount of
luminous flux it modulates.

3.4.4. EVALUATION

Similar to subsection 3.3.5, we assess the illumination and communication of the dual-
band systems inside a dark room. The bands send different data: one sends "Hello
world!" and the other "Bye, aliens!", at the same rate. Thus, we have two channels
with a joint data rate of 1.6 kbps and 80 kbps, for the LC and DMD setups, respectively.

OPTICAL LOSSES

Following the same ‘close-in measurements’ method as for the single band, we place the
luxmeter at a distance of 20 cm from the optical fiber’s output, and in between, we mea-
sure the responses of the dichroic filter. Our design obtains an almost perfect division of
the spectrum, 53.6 % of the energy goes to the orange band and 51.6 % to the turquoise
band (the sum is greater than 100 % due to the overlap in the middle). The efficient di-
vision of the bands, however, is not maintained in the communication channel due to
the mismatch between the filters at the transmitter and receiver. Based on the spectral
responses in Figure 3.6, we estimate a loss of 52 % for the turquoise/blue channel and a
loss of 24 % for the orange/red channel, but it is important to consider that the final loss
depends on the spectrum of the light source, which is variable for sunlight.

FIELD OF VIEW.

Contrary to the single-band case, the FoV has three regions: orange stripe, white cone
and turquoise strip. Given that the overlap of the two bands is not precise, the FoV of
the white cone is reduced to +15°, with the LC setup showing wider stripes at the edges
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because it has a wider FoV than the DMD setup. This non-overlapping issue is not a
fundamental problem, a more elaborated optical design could obtain a precise overlap
delivering the same FoV as the single-band case: +25° for LCs and +20° for DMDs.

It is important to note that, compared to the single-band case, the dichroic filters
change the illumination intensity. In the single-band case, both designs provide an in-
tensity close to 751x at 20 cm, but in the dual-band case, the LCs provide 1101x (Fig-
ure 3.7a) while the DMDs provide 51 Ix (Figure 3.7c). In theory, the illuminance for both
setups should be similar but they are not due to the different angles of incidence arriv-
ing at the dichroic surface, as explained in Step 3 in subsection 3.4.3. In the LC case, the
wide aperture of the optical fibers causes heterogeneous angles of incidence, which lead
to a spectral leakage that increases the overlap between the two bands. In the DMD case,
the angle of incidence is more homogeneous due to the optical design of the projector,
but this good filtering performance removes some energy around the 550 nm band com-
pared to the single-band case.

COMMUNICATION

Since the symmetry along the bisector is lost due to the different color bands, we mea-
sure the BER in three lines: the bisector and two lines at +15° edges. For this evaluation,
the receiver is placed at different ranges, in steps of 10 cm. The results are presented in
Figure 3.8.

Overall, the LC setup does not have a good performance with the controlled scenario.
The bisector and edge lines have locations where the BER is above 1 %, with the left edge
having BERs that are above 20 %. This occurs due to uneven illumination and spectrum.
But with sunlight, we will observe that the overlap gets better at longer ranges, providing
reliable links with both bands. The DMD setup has a stronger performance, with a BER
<1 % for all the positions and directions, due to the better filtering process and more
even illumination and spectrum (compared to the LC setup). Thus, for the DMD setup,
we only assess one edge.

Contribution 3: Until now all Passive-VLC studies have modulated ambient light as
a single band. Our work is the first to provide a basic multi-band communication with
sunlight. Overall, the DMD continues to appear as a device with better properties, lead-
ing to more reliable links.

3.5. SUNLIGHT EVALUATION
Sunlight is inherently variable. During our experiments, it ranged from a few thousand
Ix to values above 100 klx, depending on how clear or cloudy the day is. The luminance
gathered by the Himawari collector is delivered through two optical bundles (6 fibers
per bundle) with an angular aperture of 58°. The sunlight spectrum can include strong
IR (infrared), which radiates heat. Sunlight collectors can mitigate excessive heat with
IR filters and cooling systems [80]. However, to reduce the design complexity, our im-
plementation places the transmitters at a distance of 2 cm from the fiber’s output. This
distance allows heat to dissipate, at the cost of reducing the captured light.

Before proceeding, it is important to put ranges and illuminance in context. A com-
munication range of 1.6 m from a ceiling is valid for user spaces’, and desk lamps have a

3Construction standards suggest a ceiling height of 2.75 m (where light bulbs hang), and working desks (sitting
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Figure 3.10: Measured spectra.

range that is half of that or less. Regarding illuminance conditions”, a cozy (low-light) liv-
ing room receives around 60 Ix and a working desk around 360 Ix. Table 3.2 summarizes
the results of all setups regarding illumination, range, FoV and data rate.

3.5.1. SOL-F1 WITH LCS: EXPLOITING LARGE AREAS

This experiment is performed in a dark room: the sunlight collector is located next to a
window, while the other blinds are closed, c.f. Figure 3.9a. Note that this setup intro-
duces undesirable noise because the room is not completely dark, but we will see that in
spite of these non-ideal conditions, the system provides reliable links.

SINGLE CHANNEL

For the single-channel setup, the two collector outputs are placed behind one LC shutter.
The intensity of sunlight is so high that, in spite of the 66 % attenuation of the LCs, the
illuminance at a 1 m distance is above 1000 Ix (more than enough for any human task),
and at a 5m distance around 100 Ix (sufficient for a living room or hallway). Due to this
high intensity, the links are perfect at all locations and the spectrum still captures all
the bands required for a healthy and comfortable natural illumination, as depicted in
Figure 3.10a. To test the setup under more stringent conditions, we remove the lens
from the receiver, which reduces the SNR. The results of this configuration are presented

or standing) are placed between 0.8-1.2m
4Luminance (in Lumen, Im) and Illuminance (in Lux, Ix) are different metrics: 1 Lumen = 1 Lux x 1m?
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| Single band
Modulator LC DMD
Data rate 800 bps 40 kbps
Range Upto5m Uptol.5m
Angle in the FoV 0° 25° 0°
Iluminationt 1001x 801x 1001x
Channel White White White
BERYT 0.02% | 0.24% 0.0%
Dual band
Modulator LC DMD
Data rate 2 x 800 bps 2 x 40kbps
Range Upto3m Upto0.8m
Angle in the FoV +30° [ 0° -30° 0°
Iluminationt 1001x to 200 1x 301x
Channel Red Blue Red Blue Red Blue Red Blue
BERYt 0.02% | 1.65% | 0.0% | 0.06% | 0.0% | 0.0% | 0.04% | 0.0%

Table 3.2: Results for all setups using sunlight. 1001x is comparable to the light in a hallway. : At the max.
range.

in Table 3.2 for the maximum range of our lab (5m). Even in this case, the BER remains
below 1 % for an FoV of + 25°.

DUAL CHANNEL

For the dual setup, the collector outputs (O1 and O2) are first aimed at their correspond-
ing dichroic filters (D1 and D2), and the bands are modulated independently by the LCs,
as shown in the top view box of Figure 3.9a. For the daylight conditions present during
the experiment, the illumination at a communication range of 3 m ranges from 100 Ix to
200 Ix over the FoV. Table 3.2 presents the results, where we can see that except for the red
channel at +30°, all the other links attain a BER below 1 %. Furthermore, the recombined
spectrum is similar to the original (single-band) sunlight, providing all the health bene-
fits (Figure 3.10a) plus an almost perfect color illumination at the bisector (Figure 3.11b).

3.5.2. SOL-F1 wiTH DMDS: LEVERAGING SPEED
A major advantage of the big LC area is that it can capture all the luminance radiated by
the collector’s output. Each output has six optical fibers put together into a sealed enclo-
sure with a 1.2 cm diameter. Given that the LC’s area has several cm?, all the luminance
radiated by the bundle passes through the LC. For our purposes, an ideal DMD design
would insert the fibers coming from the collector directly into the DMD, but this is not
possible because we cannot disassemble the fibers coming out of the sunlight collector
without damaging them.

To overcome this issue, we place our 3 mm fiber at a distance of 2 cm from the bun-
dle”, as shown in one of the top views of Figure 3.9b (O1 & 02). The losses of this coupling
can be overcome with a professional design. However, despite this loss, we will see that

5The distance of 2 cm is based on the fiber properties: glass fibers (bundle) can tolerate heat, but we use plastic
fibers that are easy to handle but do not resist heat.
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sunlight is so strong, that the DMD setup provides an illuminance similar to a desk lamp.
Compared to the LC setup, the DMD design is more complex and delicate. For this rea-
son, we build a portable dark enclosure, using a black box as shown in Figure 3.9b. In
these experiments, due to the physical constraints of the black box, we only measure the
bisector.

SINGLE CHANNEL.

Different from the LC, the DMD area does not allow pointing both collector’s outputs
into a single DMD. Thus, the setup takes only one of the collector’s outputs and launches
the light into the fiber connected to the DMD. Note that using a single output implies that
in this case, we have half the luminous flux received in the LC case with a single-band.
To place the receiver inside the box, we use a wood plank where the receiver is placed
every 10 cm from a range of 0.7 m up to 1.5 m. The BER was zero for all the locations and
the illuminance ranges from approximately 600 Ix to 100 Ix, providing sufficient light for
aworking space. Table 3.2 shows the results for the longest range.

DUAL CHANNEL

For the dual channel, each collector bundle is coupled to the input fiber of the respec-
tive DMDs and then launched toward the dichroic filters. Considering that the signal
strength of this setup is lower (because we use two bands instead of one), we test dis-
tances from 40 cm to 80 cm, in steps of 10 cm. The BER of both channels is 0.0 % at all
points, and the illuminance ranges from around 1001x at 40 cm to 301x at 80 cm. The
latter is presented in Table 3.2. Regarding the recombined spectrum, most of the sun-
light visible spectrum is present, with a reduced IR spectrum (Figure 3.10b) due to the
heat dissipation of our optical coupling. Despite this loss, the color temperature is not
affected significantly, as presented in Figure 3.11c. Losing some of the IR spectra simply
makes the light cooler (less energy in the yellow and orange bands).

Important trade-off between single and bual bands. Table 3.2 shows that the dual
band designs double the data rate but reduce the range. This is a standard trade-off
in wireless systems because single channels maintain all the energy in one band, while
multi-channel systems divide that energy.

520 ¥ Warm white - V Sunlight

+RGBLED +SOLR V Sunlight

& Sol-Fi

() Artificial light (b) LCD dual (c) DMD dual
Figure 3.11: Color quality of Sol-Fi for the dual band
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Figure 3.12: Sol-Fi’s performance under variable sunlight conditions (30-40 klx with clouds).

3.5.3. VARIABLE SUNLIGHT CONDITIONS

All previous results are obtained during clear days. A thorough evaluation requires cloudy
periods with reduced sunlight intensity and diffused radiation. To anonymously de-
scribe our meteorological conditions, we provide as a reference New York City, which
has a similar latitude to our location. At that latitude, sunlight ranges from a few thou-
sand klx at sunrise and sunset up to values beyond 150 klx at noon. This radiation pattern
holds for most of the year with some variance due to the different seasons [31].

We test Sol-Fi with clear (direct sunlight) and cloudy skies (diffused sunlight) using
the single-channel DMD setup at two distances, 40 cm and 85 cm. Figure 3.12 shows the
results, where the link oscillates between operational (green) and failure (red) depending
on the cloudiness level. We noticed that the link’s performance decreased during cloudy
periods with diffused light intensities around 30 klux or lower.

Another effect of sunlight fluctuation is the variation of the unmodulated light inten-
sity at the receiver. For the setup using LCs and sunlight, there was unmodulated light
(noise) coming from the window and reaching the receiver but the system kept working.
Moreover, there are two possible solutions to filter unmodulated/ambient light. First,
the light can be filtered during the demodulation process as DC bias. Second, the re-
ceivers can restrict their FoV to partially block ambient light and increase the SNR [82].

3.6. RELATED WORK

Passive-VLC with LCs. In the SoA, Passive-VLC systems have widely adopted LCs as opti-
cal transmitters. These systems can be divided into two categories: when the light source
and receiver are co-located (reflective systems), or in different locations (transmissive sys-
tems). In the first category, the LCs require artificial lights and retro-reflectors to mod-
ulate light back in the direction of the light source [12, 15, 14, 13]. In the second one,
the LCs are used alone as a modulator, while another part of the system redirects light
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towards the receiver [42, 54, 83]. The version of Sol-Fi using LCs is similar to the latter
group, but it has two main differences compared to all the reflective and transmissive
systems cited above.

The first difference is only operational. All the above systems have narrow beams
(limited FoV), either due to the inherent behavior of retro-reflectors or the small paral-
lel beams radiated in transmissive systems. Thanks to the default properties of sunlight
collectors, Sol-Fi’s FoV is wide and constant throughout the day. The second difference is
more fundamental. No study has provided WDM with sunlight. The majority of studies
do not modify the spectrum in any way [12, 15, 14, 13, 42], and only two studies modify
the spectrum but do not create independent channels [54, 83]. ChromalLux isolates a
single color channel to obtain a faster-switching response of the LC [54], and SpectraLux
‘distorts’ the entire LC spectrum to transmit different colors [83], encoding multiple bits
per color. Neither of these studies creates independent parallel channels inside the spec-
trum.

DMDs & (Passive) VLC. Even though commercial DMDs are developed primarily for
video projection, they have also been used in applications such as spatial modulation,
microscopy, and data center interconnection [84, 85]. Some studies have also explored
the use of DMDs in VLC, specifically for localization [86, 78, 87]. In those systems, a ded-
icated light source (LED or laser) is required, and in addition, a limited range and data
rate are demonstrated due to the slow switching times of the off-the-shelf controllers.
Another study developed a custom controller and demonstrated that DMDs can be used
for Passive-VLC, attaining data rates up to 80 kbps [18], with a narrow beam. Our system
attains half this data rate (40 kbps) for the single-band case due to the optical losses at
the interface with the sunlight collector, which limits the signal strength. Reducing these
optical losses for the DMD-Sol-Fi setup would improve the data rate. However, aside
from adding a dual-band feature, our system also largely improves the FoV compared to
the SoA.

Sunlight communications. A few recent studies have also identified the benefits of
using sunlight for indoor wireless communication. These are valuable designs, but they
do not provide real implementations, mainly simulations.

In [88, 16], a smart window is embedded with a special dual-cell crystal shutter (DLS).
The connectivity in this setup relies on the relative position of the window and the sun,
while Sol-Fi’s reliance on sunlight collectors provides a stable direction (link) throughout
the day. Additionally, the number of DLS goes up to 70 for a single channel. In Sol-Fi, the
number of LCs goes up to the number of channels. Another study, LiFiTube [89] explores
the use of a tubular light guide (TLG), which could be seen as pipes that guide sunlight,
but their efficiency is lower compared to the sunlight collector, which tracks the sun.
Additionally, the TLG’s output size is large, which requires LiFiTube to use 28 LCs for
modulating a single channel.

The fact that the above studies do not provide real implementations highlights the
difficulty of combining complex optical systems with Passive-VLC. Sol-Fi’s basic proto-
types are the first to implement a natural light bulb that also provides communication
by using not only LCs and implementing a single channel like the studies above but also
using DMDs and dual-channel capabilities.
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Multi-band systems with Active-VLC. The use of multiple bands is also explored in
Active-VLC (LiFi). While the higher speed achieved by Active-VLC is orders of magni-
tude larger than the speed achieved by Passive-VLC, including Sol-Fi (tens of kbps vs.
hundreds of Gbps), this is mainly due to the fact that Active-VLC systems can modulate
LEDs at high speeds, but not because they use numerous channels. In one study [90],
the system uses an RGB LED to provide illumination up to 3 m while providing 50 Gbps
per channel, achieving a total of 300 Gbps with six channels: three color channels (red,
green and blue) multiplied by two polarization directions. Other theoretical studies pro-
pose using more channels: up to 12 channels for short distances [91], and up to 20 chan-
nels for room illumination [92], but they rely on simulations. These studies show that
achieving multiple channels with different spectra (more than three) is not simple even
with artificial light (LEDs). Sol-Fi is a first attempt to get multi-band transmissions with
natural light.

3.7. DISCUSSION

Sol-Fi is the first attempt to provide a natural light bulb with communication capabil-
ities, but the power consumption and optical losses are still high, and its performance
depends on environmental conditions. To describe the first two drawbacks, Table 3.3
shows the power required to provide an indoor area with illumination and connectivity
using various methods.

Hybrid systems. As stated in section 3.2, Sol-Fi is a diurnal technology that would
require interacting with other wireless systems. Considering a room that requires illumi-
nation and communication, Table 3.3 shows that WiFi and LiFi [94] can provide Mbps,
but the costs of illumination and wireless connectivity would be above 10 W (8 W for illu-
mination plus 1.4-6 W for wireless connectivity). The sunlight collector can provide more
illumination using less power, but there are 3 key challenges. The first two are to in-
crease the data rate and reduce the optical losses (as discussed later in this section). The
last one is to integrate this passive VLC with an active VLC system so the illumination
and data rate can be kept constant during the day and night. If these issues are tack-
led, future wireless systems could provide the best combination of energy efficiency and
robustness by designing a hybrid system that exploits natural light during the day (like
Sol-Fi), artificial light during the night (mostly LiFi, since the cost of adding communi-

Setu Light Wireless Speed
P Lum. Flux { Power | Control { Modulator P

WiFi ~8001Im ~8W ~6W [93] Mbps

LiFi[94] ~8001Im ~8W ~1.4W Mbps

Collector 4.5klm <2W - - -

LC-Sol- 30 mwW uw

Fi 1-2klm <2W P TWx LW <1.6kbps

DMD- 1.3W 193 mW

Sol-Fi 10-130lm | <2W W | 45 mWr <80kbps

Table 3.3: Sol-Fi and other wireless technologies, assuming an enclosed area.
* The estimated low-power setup.
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cation on top of illumination is not high), and radio systems to provide coverage in areas
and times where light is not robust.

Optical losses & light quality. Table 3.3 shows that an 8 W LED provides a room with
8001m (recall that lumen is not the same lux). In our experiments, the sunlight collec-
tor gave almost 6x more luminance (4.5 klm) consuming 4x less power (<2 W). However,
even though DMDs have high reflectivity (97%), the luminance of our DMD-transmitter
reduces to 10-130Im. There are three main reasons for this loss. The first two are the
optical couplings between the collectors’ outputs and our fibers, and between our fibers
and the DMD. These losses can be overcome by designing a custom collector with fibers
that can be plugged directly into the DMD with the appropriate lenses. The third loss
is due to the dichroic filters, which are also responsible for light division and further
free-space recombination. An optical design that captures the transmitted and reflected
components could overcome the losses. Moreover, a more elaborated solution is the use
use of in-fiber filters in combination with optical fiber circulators. This system would
keep the light-division system inside the fiber, thus reducing losses and resulting in two
fibers with complementary spectra. After independent modulation, a fiber coupler re-
combines both bands into one fiber, with a better color distribution. This implementa-
tion would require combining cutting-edge industrial methods from sunlight collectors,
optical fibers and projector technologies.

Power consumption. One advantage of Passive-VLC is its low power consumption
compared to WiFi or LiFi, which require several watts. However, our DMD transmitter
still uses too much power, more than 1 W, due to the precise timing required to modulate
the video controller. We generate those signals with the Artix-7 FPGA board, which is not
optimized for low power but for fast prototyping. Looking at the datasheet of the Apollo4
Plus (Ambiq) [95], working at 1.9V and 40 MHz, we estimate that a DMD-transmitter
could consume around 200 mW (controller+DMD), but this alternative requires a careful
PCB design and interrupt handling. A further potential reduction is to design a custom
DMD without the video projection overhead. We use the DMD as a single pixel modulat-
ing at max 80 kHz (all micromirrors move synchronously), we do not need to modulate
each pixel at 40 MHz. The DMD data sheet indicates that bypassing the video control
could reduce the power consumption to 45 mW. Such a design could only be done by a
DMD manufacturer, but we estimate that a simpler slower controller with a ‘single-pixel’
DMD would consume around 50 mW.

Line of sight (LoS). Non LoS (NLoS) VLC is based on light reflections. In those cases,
factors such as the SNR, the number of reflections and the surface reflectivity affect the
link quality [96, 97]. Sol-Fi was not tested under NLoS, but the performance would re-
duce (similar to what would happen to any other VLC system).

3.8. CONCLUSIONS

This work proposes a novel framework to design the first natural light fixtures that pro-
vide all the health benefits of sunlight plus wireless communication. Our framework
proposes a thorough analysis of different modulators, providing a wide FoV channel with
multi-band capabilities. Our results show that even with sub-optimal off-the-shelf com-
ponents, sunlight could provide illumination and communication through a new gener-
ation of low-power passive transmitters.






EDGE-LIGHT: EXPLOITING
LUMINESCENT SOLAR
CONCENTRATORS FOR AMBIENT
LIGHT COMMUNICATION

While Passive VLC systems exploit ambient light, most have a fundamental constraint: the
link can only follow the propagation direction of ambient light. In the previous chapters,
we explored different methods to counteract this effect. In Chapter 2, SunBox relies on a
reflective surface to backscatter ambient light, while, in Chapter 3, a mechanical system
keeps track of the sun and concentrates its light for the Sol-Fi system. This chapter explores
a different scenario: a swarm of ground robots that want to communicate with sunlight.
This robot-to-robot communication requires the redirection of sunlight sideways - parallel
to the ground - regardless of the sun’s position. To allow ‘lateral communication’ with
ambient light, we propose using Luminescent Solar Concentrators (LSCs). These optical
components receive ambient light on their surface and re-direct part of the spectra towards
their edges.

The work presented in this chapter has three main contributions First, we benchmark
various optical properties of LSC to assess their performance for ambient light communi-
cation. Second, we combine LSC with liquid crystal (LC) shutters to form lateral links with
ambient light. Third, we test our links indoors and outdoors with artificial and natural
ambient light. As a sample application, we enhance two robots with our LSC links and
show that they can exchange simple commands and coordinate tasks by communicating
only with sunlight.

67
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Figure 4.1: Different scenarios comparing Edge-Light to SoA.

4.1. INTRODUCTION

As mentioned in Chapter 1, VLC can complement radio wireless communications by
exploiting visible light and it can be divided into two subdomains: Active VLC and Pas-
sive VLC. Among the advantages of Active VLC are the data rate, which achieves several
hundred Mbps (or even Gbps [98]), and the direction of light, which is controlled by the
orientation of the LED. In contrast, Passive VLC's main advantage is the low energy con-
sumption: less than one micro-joule per bit [13], while active VLC with similar ranges
consumes 30x more energy per bit [99]. However, the performance of Passive VLC is
limited to a few Kbps in speed and most of the transmitters use liquid crystal (LC) shut-
ters to control the intensity of ambient light [54, 17, 83, 42, 13, 12, 15, 100, 14], which
limits the link to follow the same direction.

Challenge: link rigidity. Passive VLC is a promising technology for low-end embed-
ded applications but has shortcomings. One of those limitations is the inability to mod-
ify the link’s direction. Contrary to radio systems, whose antenna arrays can determine
the beam direction, passive VLC has no control over the light source. This lack of con-
trol implies that the communication direction is fixed: the link can only follow the same
propagation direction of ambient light. Consider the scenario in Figure 4.1a, where ob-
jects in different areas report information to the light source using existing backscatter-
ing methods [13, 12]. With current techniques, the objects cannot communicate directly
with each other. Placing mirrors on the side could enable lateral communication, but if
the objects move the reflection angles change and the links break (Figure 4.1b). The mir-
rors would need to be mechanically aligned, increasing the complexity and energy cost
of the system. This misalignment issue would be even more critical in scenarios with
mobile robots.

Contribution: lateral communication. To expand the link design space of passive
VLC, we propose using Luminescent Solar Concentrators (LSC). These optical materials
absorb a specific band of light and convert it to a different band (color). LSC also feature
wave-guiding properties, the converted band is emitted towards the edges. A typical
application of LSC is energy harvesting in windows. The LSC receives sunlight over its
surface and redirects part of the spectrum towards the edges (window frame) where solar
panels harvest energy arriving from the converted band [101].

Akey advantage of LSC is that, independently of the incidence angle of ambient light,
it always directs spectral energy towards the edge, no mechanical alignment is required.
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In this work, we analyze the optical properties of LSC and design a novel link to achieve
lateral communication with ambient light. Overall, our study, named Edge-Light, pro-
vides the following contributions.

Contribution 1: LSC analysis [section 4.2]. Two central properties of any wireless link
are its range and field-of-view (FoV). LSC materials have a limited optical conversion
efficiency, around ~5%" or higher for research-based LSC [102, 103]. Due to this low
efficiency, the expected strength of the LSC’s emitted light is limited. We thoroughly
analyze different commercial LSCs to identify the one that provides the best coverage in
terms of range and field-of-view.

Contribution 2: wireless link design and evaluation [section 4.3]. LSC redirect light
but does not modulate it. To build a transmitter, we pair LSC with liquid crystal (LC)
shutters and implement frequency-based modulation to cope with the variable inten-
sity of ambient light. To build a receiver, we consider the fact that LSC absorbs white
light but emits color light. Thus, we analyze two sensing approaches: color sensors and
photodiodes plus color filters. Our final receiver includes various optical components to
increase the link’s SNR. We perform a thorough evaluation of Edge-Light under artificial
ceiling lighting and natural sunlight.

Contribution 3: sample application in robot-to-robot communication [section 4.4].
We build different prototypes of Edge-Light on top of robots and design a protocol for
them to exchange three different commands. Our evaluation shows that robots can re-
liably send these commands (rotate, move forward, stop) for ranges up to one meter.
As a sample application, we show a scenario where a single robot cannot move a box,
but two robots coordinate and move the box communicating their commands only with
sunlight.

4.2. LUMINISCENT SOLAR CONCENTRATOR

In essence, an LSC receives light spectra on its surface and emits a different spectrum
while guiding it to its edges. To describe the LSC operation we need to define three
bands: incoming, absorbing and emitted. Figure 4.2 shows how these bands interact
with each other. First, the incoming band is received over the LSC surface. In our case,
the incoming band is white ambient light. Second, internally the LSC transfers spectral
energy from an absorbing band to an emitted band. In Figure 4.2, the LSC absorbs energy
from the blue band and transfers it to the emitted green band. The incoming light does
not need to be white and the emitted light can be of different colors. Furthermore, inde-
pendently of the angle of incidence of ambient light, the LSC always emits light towards
the edge. This is an important property to maintain a lateral link when the light source
or object moves.

These absorption and emission features stem from the physical structure and prop-
erties of two materials constituting an LSC: a host and a dopant. The host is, in essence,
awaveguide, and its main function is to trap the emitted light by total internal reflection
(TIR), guiding this light to its edges. The dopant is added to the host and it defines the
absorption and emission properties of the LSC. At a molecular level, the dopant absorbs

1We measure the peak intensity in the absorption band and peak intensity in the emission band of one COTS
LSC.
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Figure 4.2: LSC overview. Area: (A), thickness (¢) and field of view (FoV, ). Dopants molecules absorbe photons
(A 4) in the absorption band and emits photons (1) in the emission band.

Manufacturer ‘ Colours ‘ Thickness (mm)
Alt® | Green, Orange | 3mm
Pyrasied© ‘ Blue, Green, Red ‘ 8 mm

Table 4.1: LSC materials

photons from a specific wavelength and then emits a photon in a different wavelength.

The research community has explored various types of materials to manufacture LSC
while tuning and improving its response. There are different types of hosts that imple-
ment different types of TIR, such as refraction-based [104, 105] or photonic crystal [106,
107]; and different types of dopants, such as organic luminophores or quantum dots
(QD) [108, 101], to control not only the LSC’s absorption and emission spectra but also
its response time. Delving into the details of the various types of LSC is not in the scope
of this research, but as this material is a core component of our system, we analyze in
this section the properties of commercial of-the-shelve (COTS) LSC. We purchase an as-
sortment of LSCs from Alt® and Pyrasied©, presented in Table 4.1, and analyze their
performance. For these LSCs, the host is acrylic (Polymethylmethacrylate, PMMA) and
the dopants are fluorescent dyes.

From a wireless communication perspective, we are interested in analyzing three
main LSC parameters. First, the spectral response of the emission band, since color
bands represent independent channels in optical communication. Second, the signal-
to-noise ratio (SNR) of the emission band, because it determines the link quality. Third,
the response time of the dopant, to guarantee that no delays are introduced in the mod-
ulation process.

4,2.1. SPECTRAL RESPONSE
The spectral response of the LSC is defined by the absorption band and the emission
band.

Considering that LSCs have different spectral responses, the research questions we
need to answer are: What LSCs are better suited for passive communication? Which emis-
sion bands provide the stronger signals? Which emission bands could be combined to pro-
vide multiple input channels? To answer these questions, we provide a thorough analysis
of the absorption and emission bands of the four different colors of LSC?. However, since
most COTS LSCs are sold without information regarding their spectral response, we must
empirically determine it.

2Blue, Green and Red from Pyrasied®. Orange from Alt®
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Figure 4.3: Setup to measure the LSC spectrum. SM: spectrometer, BBS: broadband source. TP: test point.
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Figure 4.4: Spectral response of the LSCs. BBS: broadband light source, AB: Absorption band, EB: Emission
band.

Setup. To measure the light spectra of the LSCs, we use a spectrometer and a broad-
band light source (BBS). The first step is to get the spectrum of the BBS as a reference,
which is the test point 0 (T Py in Figure 4.3a). Second, to measure the emission band,
we illuminate each LSC with the BBS and place the spectrometer on the edge of the LSC
(T Py in Figure 4.3b). Finally, as it is not possible to measure the absorption band directly,
we next place the spectrometer behind the LSC to determine the spectrum that passes
through it (TP, in Figure 4.3c) and estimate the absorption band using Equation 4.1,
where S represents a scaling function to normalize the output from 0 to 1.

AB = S(TPy— TPy) 4.1)

Results. Figure 4.4 shows the measured and estimated spectra for each LSC. The
shaded gray curves capture the incoming band spectrum from the BBS, which provides
similar intensities for all bands in the visible spectrum. The black curves represent the
estimated absorption bands, which are normalized.

The measured emission band is presented as a colored line corresponding to each
LSC and normalized based on the highest spectral peak of all emission bands (orange
in our case). The results show that the red and orange LSCs provide stronger intensi-
ties, while the blue LSC provides a weak emission. This occurs because the optical en-
ergy within the absorption band is transferred to the emission band. Since the red and
orange LSCs have broad absorption bands (black curves), they provide more energy to
their emission bands compared to the blue LSC, which has a narrow absorption band.

The red and orange LSCs, however, have overlapping bands, which would cause in-
terference if they are used simultaneously in a network. The green and red LSCs, on the
other hand, could provide independent channels. Due to this reason, we consider the
green and red LSCs in our evaluation.
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Figure 4.5: LSC SNR and response time measurement setup. PD: photodiode.

Dimensions (cmxcm) ‘ Thickness (mm) ‘ SNR (db)

4x4 3 1.89
9.6 x7.6 3 3.48
9.6x7.6 8 3.72

Table 4.2: SNR for different sizes of green-emitting LSCs

4.2.2. SIGNAL-TO-NOISE RATIO

In the prior subsection, we analyzed the effect of the dopant. We measured the strength
of the emission band, which is dictated by the chemical properties of the dopant. In this
subsection, we analyze the effect of the host. In particular, the impact that the host’s size
has on link quality.

Intuitively, a bigger LSC should emit more energy. As shown in Figure 4.2, a larger
area (A;) would allow capturing more light, and a bigger volume (A; x t;) means that
more dopants could interact with the incoming light in the absorption band. Therefore,
the light emitted by a larger and thicker LSC is expected to be stronger than a smaller
and thinner one.

To demonstrate the effect of the LSC’s size on the signal strength, we select similar
LSC materials but with different areas and thicknesses. Using the setup in Figure 4.5 and
a set of LSC with emission band in the green spectrum, we illuminate the LSC sample
with a light source that is oscillating at a frequency of 800 Hz. We place the setup in a
dark room and a photodiode (PD), located at 10 cm from the LSC sample, captures the
signal emitted by the edge of the LSC. We compute the SNR by calculating the power
spectral density (PSD), based on the Fast Fourier Transform (FFT), and comparing the
signal’s spectral power vs. the noise spectral power. The results in Table 4.2 show that
the area plays a dominant role in increasing the SNR, but the thickness does not. Thus,
in our implementation, we try to maximize the area of our transmitter.

4.2.3. RESPONSE TIME
In the prior section, we saw that a bigger host increases the SNR, but the host is also a
waveguide: it steers the emitted light to the LSC edges. And, an important parameter
of a waveguide is its response time, which depends on its material and dimensions. In
general terms, a thicker waveguide has a slower response time. However, for an LSC an
extra factor, related to the dopants, affects the response time.

LSCs have been found to have fast responses (in the order of MHz) [101]. The pri-
mary reason for this is related to a dopant parameter called fluorescent lifetime which
can be as short as nanoseconds [109, 110]. This parameter is related to the speed of
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Figure 4.7: FoV for two LSC samples of the same material but different widths. Distance between PD and LSC
is 36 mm.

the dopants reacting to the incoming photons in the absorption band, it means that a
higher speed will increase the response of the LSC. In the next section, we propose us-
ing liquid crystal shutters as light modulators, and their switching speeds are an order of
magnitude slower than the response time of the LSC. Thus, the response time of LSCs is
significantly higher than needed for our platform, making LCSs a suitable choice for our
purposes.

4.3. WIRELESS LINK DESIGN

Our aim is to create a wireless link using the LSC based on the properties we analysed
previously: its ability to absorb light in a wide angle of incidence and re-emit it in a
different direction (to its edges); and its ability to absorb and emit specific optical bands
of the light spectrum. In this section, we present first the design of the transmitter and
next the design of the receiver.

4.3.1. TRANSMITTER
In this section, we first characterize the field-of-view, then we propose a method to in-
crease the signal strength, and conclude with the description of the modulation.

ESTIMATING THE FIELD OF VIEW

An important parameter in wireless communication is the field of view FoV of the trans-
mitter, which is the angle 6 in Figure 4.2. Since the LSC is a waveguide, the field of view
(also called numerical aperture), depends on the refractive index of the waveguide ma-
terial. The host material is PMMA (acrylic), the same material as plastic optical fibres
(POF), thus it is expected they have a similar FoV of +30°.
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Dimensions (cmxcm) | Thickness (mm) | SNR,;g — SNRpew

4x4 3 1.89dB — 2.40dB
9.6x7.6 3 3.48dB — 3.73dB
9.6x7.6 8 3.72dB — 4.03dB

Table 4.3: Boost in SNR by the use of a retro-reflective surface.

We use the setup in Figure 4.6 to measure the FoV of two green-emitting LSC samples
with different widths, 8 mm and 3 mm. The setup uses an ultrasound proximity sensor
(PS) attached to the PD to measure the distance relative to a reference point’. The results
presented in Figure 4.7, normalized to the maximum intensity, show that the FoV is the
same as optical fibers, +30° and the width has little effect on the coverage.

INCREASING THE SIGNAL STRENGTH

The working principle of the LSC is stochastic: there is a probability (P4) that a photon in
the absorption band triggers a photon in the emission band. A direct way to increase this
interaction is to add a reflector under the LSC, thus the photons that are not absorbed
by the LSC are forced to pass through it one more time, increasing the chances for them
to interact with the dopants and emit more light in the emission band. To test this prin-
ciple, we place the three LSC samples of different dimensions over a retro-reflective (RR)
surface and use the setup on Figure 4.5 to measure the increase in signal strength. The
results in Table 4.3 show an increase of 0.3 dB. Since the RR surface does not add much
overhead, it is thin and light, we use this tape for the remainder of the paper. A mirror
could be used instead of the RR tape, but mirrors are heavier and more brittle.

MODULATION WITH LIQUID CRYSTALS (LCS)

LSC redirects light but does not modulate it. To modulate information, we build on
top of the area of ambient light backscattering [13, 12], which uses liquid crystal (LC)
shutters to control light intensity. An LC’s working principle is based on polarisation
changes controlled by voltage: it blocks light when its pins are driven by a voltage above
a threshold (dark state), and it allows light to pass through when its pins are driven by
a voltage below a threshold (transparent state). LCs are efficient devices that consume
sub-microwatt power, but they have a slow switching speed, which limits the data rate.
In our sample application, we send simple commands between robots, and hence, the
data rate is not a major disadvantage.

Our final transmitter design, presented in Figure 4.8, consists of three layers, from
top to bottom: an LC, an LSC and an RR tape. For the modulation method, we use Fre-
quency Shift Keying (FSK) due to its resilience to ambient light noise [42]. To generate
pseudo-sinusoidal carriers, a micro-controller (Arduino Due) drives the LC input voltage
at different speeds between 0V and 3.3 V to oscillate between the blocking and transpar-
ent states.

The commands for our application are encoded as symbols in different carrier fre-
quencies. We use a total of three commands (symbol frequencies) as shown in Table 4.4

3The FoV of the PD is larger than the LSC
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Figure 4.8: Setup for testing the receivers under a controlled scenario. ¢C: microcontroller.

Symbol ‘ Frequency (Tx) ‘ FFT Frequency (Rx)

S1 5.0Hz 5.0Hz
Sy 6.67 Hz 6.25Hz
S3 10.0Hz 10.0Hz

Table 4.4: Frequencies for each symbol, based on a 25 ms timer.

in the Frequency (TX)’ column. The column FFT Frequency (Rx)’is used at the receiver
side and is explained in the next section. In subsection 4.3.3, we delve into more details
about these symbol’s frequency selection.

4.3.2. RECEIVER

The receiver design considers two main points, reducing the noise level (increasing the
SNR) and selecting the best photosensor to decode the color channels. Depending on
the system, SNR levels require a minimum for successful operation. LoRa requires a min-
imum of 0 dB but the SNR can be as low as —20 dB depending on the spread factor [111].
For a good WiFi connection, the lowest SNR is 25 dB. For our system, we determine an
empirical threshold for the SNR of ~5 dB for the link to work with a high success rate,
from our results in section 4.4.

NOISE REDUCTION

In free-space optical communication, it is not only important to assess the FoV of the
transmitter, which impacts coverage, but also the FoV of the receiver because it affects
the SNR. Ideally, the receiver’s FoV should focus only on the edge of the LSC because
that is the only surface that transmits the signal (S). The space above and below the edge
consists of ambient light noise (N). At short ranges, the receiver’s FoV covers mainly the
LSC edge (high SNR), but as the range increases, the LSC’s edge covers only a small part
of the receiver’s FoV (low SNR).

To cope with ambient noise, a common practice in optical systems is adding a lens
in front of the photosensor to focus on the transmitter area. Since the LSC emits the
modulated signal on its edge, which has a width in the order of mm, and the strongest
light is emitted at the middle point of its width, reducing the FoV allows increasing the
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Figure 4.10: Final receiver physical design, including a

Figure 4.9: Effect of the lens on the receiver: FoV re-
lens, covers and a small slit.

duction and range increase. Distance between PD and
LSCis 76 mm.

Angular Response

range! | time
Light sensor | DFR0026> | DFRobot | +45° | 15ps

Phototransistor | TEPT4400 | Vishay +30° | ~15ps
Color sensor TCS34725 | Adafruit | +55° | Variable

Type Sensor Supplier

Table 4.5: Types of devices used in the receiver design.
1: Angle of half sensitivity.
2: Based on the PT550 phototransistor.

signal strength. To keep a lightweight implementation we select a small 9 mm ball lens*
surrounded by a cap to limit the amount of ambient light further reaching the surface of
the optical sensor.

Figure 4.10 shows the final design of the receiver which we manufacture using a 3D-
printing process. This design enhances the SNR, and thus, the range of our link as de-
picted in Figure 4.9, where the signal strength is increased by a factor greater than 3 x.

SENSOR SELECTION
For the receiver, we consider the three sensors presented in Table 4.5: one ambient light
sensor, a phototransistor (PT) with tunable gain, and a colour sensor (CS). Color sensors
are slow and provide a programmable gain and response time. The response time is
determined by the integration time, which is the exposure period of the sensor to control
its sensitivity. The color sensor has a trade-off: a large integration time renders a higher
sensitivity at the cost of increasing the reading time. To attain the fastest possible link,
we use the two fastest integration times available for the color sensor, which are 2.4 ms
and 24 ms. Moreover, the color sensor features 4 channels: a clear channel, which works
similar to a photodiode measuring the intensity based on the whole spectrum, and 3
RGB color channels, which measure the intensity of the spectrum corresponding to red,
green or blue colors.

The selection criteria for the sensor is the performance under ambient light con-
ditions, using the setup in Figure 4.8 with the transmitter sending a constant pulse at

4Ball lens: 9 mm, K9 glass, Back focal length: ~2 mm
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Figure 4.11: SNR for different receivers using the same transmitter.

1.25Hz (as in Figure 4.5). Using the SNR as a metric, and testing for different distances,
we analyze three configurations:

* Bare ambient light sensor.
 PT, varying gain according to range.
* CS, reading the clear channel.

The results in Figure 4.11a show that the color sensor at the slowest speed outper-
forms the other sensors, which is an expected result since the higher exposure time to
light allows a stronger signal at the cost of a slower sampling rate. A slow sampling rate
is, in general, a shortcoming, but in our design it is not because the LC modulators are
slow to begin with.

Color filtering dimension. Due to the intrinsic ability of the LSC to absorb and emit
different spectrum bands, a further step into the receiver design is assessing its ability
to discern different colors. This ability could enable multiple channels to work simul-
taneously with little interference. To test color filtering, we modify the setup for each
sensor:

* Ambient light sensor with a green glass filter.
* PT with a green glass filter.

* CS, reading the green channel.

Using these setups, we note a degradation of all receivers except for the color sensor
with a 24 ms sampling rate, as shown in Figure 4.11b. Given that the color sensor with
a sampling rate of 24 ms provides the best SNR with three color channels, we use that
photosensor in our system.
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Figure 4.12: Samples of the received symbols S1, Sz and S3, corresponding to 5 Hz, 6.67 Hz, and 10 Hz, respec-
tively.

DEMODULATION.

To decode the information, we use the Fast Fourier Transform (FFT) implementation on
the Arduino libraries (arduinoFFT”). The demodulation considers the following param-
eters:

e Sampling frequency (fs): 40 Hz.
° Number of samples (Ng): 32.

The first parameter (fs) is determined by the color sensor sampling rate. The sec-
ond parameter (Ng) is set to 329, Both parameters set the resolution of the FFT, which
defines the column "FFT Frequency (Rx)" of Table 4.4 as the best match to the transmit-
ted frequencies. Overall, our transmitter and receiver designs allow us to build a novel
short-range wireless communication system, outlined in the next section.

To successfully decode a symbol (instruction) from the received signal, the demod-
ulation process analyzes the frequencies of interest: 5 Hz, 6.25 Hz and 10 Hz, and selects
the one with the highest power. However, using the highest spectral energy as the only
criterion for decoding a symbol could lead to errors due to ambient light noise. There-
fore, we set two conditions for a symbol to be successfully decoded. First, we set a mini-
mum threshold for the spectral power of the highest frequency. Second, the power ratio
between the highest and the second highest symbol frequencies needs to be higher than
a threshold. Both thresholds are found empirically during experimentation. Figure 4.12
shows samples of the three symbols received by the CS.

4.3.3. EDGE-LIGHT: A FULL-DUPLEX TRANSCEIVER

Based on the previous sections, we implement a full-duplex wireless link based on the
transmitter and receiver designs, and Figure 4.13a shows a schematic description of the
Edge-Light transceiver. The goal of this transceiver is to communicate wirelessly over a
short distance using ambient light as the source of illumination for the LSC. Compared
to all prior studies, the key novelty of Edge-Light is that the communication is lateral to
the propagation direction of ambient light.

A 3D-printed structure holds the microcontroller, transmitter, and receiver. The trans-
mitter includes three layers -LC, LSC, retro-reflector-, and radiates the modulated beam
of light throughout the 360°. Additionally, since the aim is to use different types of am-
bient light with different intensities, the Arduino implements a calibration function to
avoid saturation of the receiver’s color sensor, sampling it and tuning its gain.

5arduinoFFT: https: //github. com/kosme/arduinoFFT/tree/master
6 Ng must be a power of two for the ArduinoFFT implementation.
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Figure 4.13: Edge-Light implementation of a full-duplex link. R: robot, D: display.

To showcase our mobile Edge-Light implementation and ease its assessment, we use
the Maqueen PLUS v2’, which is a STEAM educational robot controlled by a micro:bit*
microcontroller, and place an Edge-Light transceiver on top of the robot. Thus, the robot
is able to send and receive commands from other robots.

The robot sends commands using the symbols’ frequencies, switching to a different
frequency to change the command. We set some conditions that limit these frequencies.
First, the color sensor sampling interval must be higher than 24 ms. Second, to avoid
using more than one timer, we set an interval of 25 ms (or 40 Hz) to both read the color
sensor and change the state of the LC, which limits the highest frequency detected by the
FFT to 10Hz’. Furthermore, we discard frequencies below 2.5 Hz to avoid overlapping
with slow changes in light intensity, which can be caused by motion (indoors) or vari-
ation in weather conditions (outdoors). These constraints combined with the selected
FFT size (32 bits) render the frequencies in Table 4.4.

On the other hand, for the robot to receive a command, the transceiver is constantly
trying to decode symbols from the color sensor and sends the result to the robot’s con-
troller via a serial port. We leverage the LED panel of the micro:bit as a visual aid to show
the decoded symbol, so we can validate visually the link. We also use the wheels and
engines to assess Edge-Light under motion, as presented in the next section.

4.4, EVALUATION

In this section, we evaluate the performance of Edge-Light under two conditions: stan-
dard indoor illumination and sunlight. Our setups include a static and mobile evaluation
of the link.
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Figure 4.14: Spectrum of indoor ambient light. Overlaid are Figure 4.15: Setup for indoor experiments.

the absorption spectra of the green and red LSC.

4.4.1. INDOORS: CONSTANT CEILING LIGHT

Indoor environments with human presence usually require around 500 Ix of illumina-
tion. We test Edge-Light in a working environment using a ceiling light that provides
around 450 Ix'°.

Lighting is provided by different types of bulbs. Depending on the architectural de-
sign, light bulbs provide different radiation patterns and spectra. The radiation patterns
do not affect significantly the operation of the LSC, because LSCs are agnostic to the in-
cidence angle of ambient light. The light spectrum may have an impact depending on
the technology used to generate white light, but the green and red bands are well within
the visible light spectrum, and hence, Edge-Light works under different ambient light
conditions, as it is shown later in an outdoor setup.

Given that the ambient light spectra play a role in the emitted band, as mentioned in
section 4.2, the first step of our analysis is to measure the spectrum of the light source.
Figure 4.14 shows this spectrum, which is a typical white light source, noting that its
intensity is weak at lower wavelengths (towards the color blue) and stronger at higher
wavelengths (towards the color red). Thus, we expect the performance of the red LSC to
be better than the green LSC. To analyze the performance of the different emitted bands,
the evaluation includes robots with different Edge-Light transmitters: one with a green
LSC and one with a red LSC.

The distance between both robots is increased, starting from 15 cm, in steps of 15 cm.
At each step, the robots are static and constantly sending one of the 3 symbols. To assess
the link, we use the SNR of each symbol’s frequency (Table 4.4) and the symbol success
rate (SSR), the percentage of correctly decoded symbols.

RESULTS

Figure 4.16 present the results, which show a better performance of the red LSC com-
pared to the green LSC, giving a greater SNR and SSR at all distances and for all symbols
(frequencies). The results show that the SNR decays as the symbol frequency increases.

7Maqueen Plus: https://wiki.dfrobot.com/SKU_MBT0021-EN_Maqueen_Plus_STEAM_Programming_

Educational_Robot

micro:bithttps://microbit.org/

9The FFT detects frequencies below 20 Hz. However, by using the same timer for modulation and demodula-
tion, the highest is 10 Hz

10The light intensity is measured at the floor level of the room used in the experiments.

8
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Figure 4.16: SNR (lines) and SSR (bars) for indoor experiments at different distances with static transceivers,
red and green LSC.

This occurs because as the switching frequency of the LC increases, the contrast between
the dark and transparent states reduces. Another feature of the results is the low per-
formance of the S, symbol, with a performance similar to the symbol with the fastest
frequency, Ss. The reason for this phenomenon is the mismatch between the transmit-
ted frequency and the frequency bin from the FFT, 6.7 Hz and 6.25 Hz, as described in
Table 4.4. The mismatch reduces the link’s performance at this particular frequency.

Overall, we note that, indoors, Edge-Light works better with the red LSC because its
absorption band matches better with the illumination. Next, we test the system in a
mobile setting. From the results, we notice that in the static case an SNR lower than 5dB
drastically reduces the link’s performance.

4.4.2, VARIABLE INCIDENCE LIGHT: THE EFFECT OF MOTION

The previous test does not include motion. Under that setup, the intensity and incidence
angle of ambient light is constant. In this section, we let the robots communicate while
both move in line. The movement of the robots changes their relative position concern-
ing the ceiling illumination, creating a "dynamic" lightning condition with changes in
intensity and incidence angles.

The distance between the robots is set to 30 cm because based on the previous results
that distance gives a reliable SSR for all symbols with both LSCs, green and red. We set
the following conditions for the movement: a speed of ~6 cm/s for both robots and they
move for ~25s covering a distance of ~150 cm.

For the experiments, we placed the robots under the same ceiling light as before and
gave both robots a trigger signal to start the motors. At all times, both robots transmit
and decode information, transmitting only one symbol per experiment. Each experi-
ment is repeated twice per symbol to get one hundred samples per symbol.

RESULTS

Mobility reduces the performance of Edge-Light, more specifically the SNR and the SSR
of the green LSC. Figure 4.17 shows the SNR and SRR for both LSC transceivers. Next, we
describe the reasons why mobility reduces the system’s performance.

SNR under dynamic conditions. For the static conditions under indoor illumina-
tion, all parameters are fixed, including the intensity and incidence angle of light. There-
fore, the signal is constant with a periodic oscillation at the transmitted frequency. How-
ever, under dynamic conditions, the signal becomes highly variable as shown in Fig-
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Figure 4.17: SNR and SSR for indoor experiments with transceivers in motion.
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Figure 4.18: Time and frequency signals comparison between the static and in motion cases for the symbol Sy
(5Hz) for red-LSC Edge-Light (a, b) and green-LSC Edge-Light (c, d)

ure 4.18a. Due to this variability, the FFT leads to a noisy spectrum for the green LSC, as
depicted in Figure 4.18b.

The mobility noise comes from two sources. First, moving towards/away from the
light source creates changes in intensity. Second, the mechanical vibration caused by
the robots’ motion introduces small misalignments that lead to changes in intensity. Re-
gardless of the added noise addition, the red LSC maintains a strong spectral response,
as shown in Figure 4.18b.

4.4.3. OUTDOORS: VARIABLE SUNLIGHT INTENSITY
The main idea behind Edge-Light is to create a wireless link that leverages sunlight using
LSCs. Therefore, our next experiments assess the system’s performance during daylight.
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Figure 4.19: Sunlight spectrum during the outdoor experiments. Overlaid are the absorption spectra of the
green and red LSC.
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Figure 4.20: Outdoors experiment setup.

The experiments are performed between 11:00 and 14:00 the same day. During these
periods we recorded sunlight intensities larger than 100 klx, 20 times stronger compared
to the indoor experiments. Figure 4.20 depicts a sample deployment outdoors. Another
important point is that the spectrum of sunlight differs from the spectrum of indoor
lighting, as depicted in Figure 4.19. Compared to indoor light, sunlight is stronger in the
absorption band of the green LSC but still matches better with the band of the red LSC.

Similar to the indoor experiments, each robot is placed at a fixed distance from the
other, while they send and receive information simultaneously, without any relative mo-
tion between them. Due to the higher light intensity, the calibration function of the CS
is important to avoid saturation.

RESULTS

The stronger sunlight intensity boosts the link’s performance, as shown in Figure 4.22.
More light reaches the LSC surface, boosting the edge light emission. The range is almost
doubled, from 50 cm to 100 cm for the green LSC and from 75 cm to 150 cm for the red
LSC.

While the range is boosted, sunlight also brings variability issues. This variability can
be observed in the higher number of outliers present in the boxplot of the outdoor sce-
nario (Figure 4.21) compared to the indoor one (Figure 4.17a). Sunlight variability can
occur at a slow pace and high pace. At a slow pace, the changes in intensity are grad-
ual and Edge-Light works well. However, at a high changing pace, we observed errors
even at close ranges, as shown in Figure 4.22¢c, where the green LSC has a low SSR at
50 cm. During this part of the experiment, the intensity oscillated rapidly —a few times
per second- due to a cloudy and windy part of the day where sunlight changed between
80 klIx to 50klx, affecting the decoding performance. Since the red LSC has a stronger
signal strength, these variations did not affect the red LSC as much as the green LSC.

The outdoor Edge-Light’s experiments show its ability to harness sunlight to create a
new type of wireless link. In the next section, we take a step further and use Edge-Light
as a communication system for robots.

4.5. ROBOT-TO-ROBOT COMMUNICATION

Thus far, the experiments presented rely only on one color sensor, which is facing the
other robot directly. This setup limits the mobility of the robots, as they can only move
in a straight line. Because the LSC transmitter is omnidirectional, we enhance the Edge-
Light receiver by adding 3 extra color sensors at each side of the robot, thus adding the
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Figure 4.21: SNR for outdoor experiments at different distances with stationary transceivers, red and green
LSC.
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Figure 4.22: SSR for outdoor experiments at different distances with stationary transceivers.

option for the robots to rotate and keep connected.

To attain robot cooperation, we program one robot as the parent and the other as the
child. The robots exchange 3 symbols which translate into 3 instructions: IDLE, MOVE
FORWARD, ROTATE 90°, and the logic for executing a task is the following:

1. The parent detects an IDLE message from the child.
2. The parent sends a MOVE FORWARD/ROTATE message to the child.

3. The child detects the MOVE FORWARD/ROTATE message, and sends the same in-
struction back to the parent, so both robots can start a coordinated movement.
After a specific amount of time, the child executes the instruction.

4. The parent detects the instruction from the child, which acts as an acknowledg-
ment, waits for a specific amount of time and executes the instruction.

In the next section, we use two robots and this set of instructions to carry out two
basic tasks: coordinated movement of the two robots and simultaneously pushing a box.
The box is too heavy to be pushed by one robot, but it can be pushed by two robots.

4.5.1. ENABLING ROBOTS’ JOINT TASKS WITH EDGE-LIGHT

In this section, the robots use the 3 instructions (IDLE, MOVE FORWARD and ROTATE)
to perform coordinated or collaborative tasks. Similar to the previous section, the robots
are placed in different scenarios. Due to the better performance of the red LSC, the ex-
periments are done with that configuration. Additionally, the robot on the right side of
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(a) Starting position. (b) MOVE FORWARD, IDLE. (c) ROTATE, IDLE.

Figure 4.23: Indoor coordinated task. The video is attached to this submission.

all figures in this section is set to be the parent. These experiments are better appreci-
ated in the videos attached to this submission.

INDOOR SCENARIO: CEILING LIGHT.
Under a standard ceiling fixture, the robots perform one coordinated task and one col-
laborative task.

Coordinated task. In this experiment, the parent requests the child to move to a
different point and then come back to the starting point. In the video, the oscillation of
the LCs is visible while transmitting the messages. Figure 4.23 shows snapshots of the
video. The exact instructions sent by the parent are:

1. MOVE FORWARD, IDLE
2. ROTATE, IDLE
3. ROTATE, IDLE
4. MOVE FORWARD, IDLE

Both calibrations are repeated for each task.

Collaborative task. Some robot tasks require cooperation. To showcase a sample
scenario, we devised a setup where the goal is to push a carton box. First, the parent tries
to push the box using the sequence:

1. MOVE FORWARD, IDLE
2. ROTATE, IDLE

3. MOVE FORWARD

However, the engines of one robot are not powerful enough to achieve the task, and
after the final step of the task sequence, the box does not move and the robot gets stuck
in front of the box (Figure 4.24c). In a second setup, the parent and child coordinate their
moves to push the box successfully, Figure 4.25c.
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(a) Starting position. (b) ROTATE. (c) MOVE FORWARD.

Figure 4.24: Unsuccessful individual task. One robot fails to push the carton box. Video is attached

(a) Starting position. (b) ROTATE, IDLE. (c) MOVE FORWARD.

Figure 4.25: Successful collaborative task. Two robots push the carton box. Video is attached

OUTDOOR SCENARIO USING SUNLIGHT.
The communication between moving robots also works under sunlight.

Coordinated task The parent is programmed with the same instructions as the in-
door coordinated task (MOVE FORWARD, IDLE, ROTATE, IDLE, ROTATE, IDLE, MOVE
FORWARD, IDE). The result is a successful in-sync motion and rotation of the parent
and the child, as depicted in Figure 4.26. Regardless of the type of illumination, indoors
and constant or outdoors and variable, Edge-Light is able to establish an optical wireless
connection between robots to perform joint tasks.

4.6. RELATED WORK

The analysis of the SoA focuses on visible light communication. VLC aims to comple-
ment, not replace, radio-frequency (RF) systems. RF is a mature technology with higher
data rates and better power efficiency than VLC, such as BLE. Visible light communi-
cation is a young technology with ample room for improvement but exploits a free and
empty spectrum.

(a) Starting position. (b) ROTATE, IDLE. (c) MOVE FORWARD, IDLE.

Figure 4.26: Outdoor coordinated task. Video is attached.
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4.6.1. AcTIVE VLC

The research community has explored the concept of VLC since 2000[112] and the ad-
vances in this field have encouraged the development of commercial VLC platforms.
LiFi, the commercial implementation of VLC, renders a combination of illumination and
VLC up to ~10 m, with some companies reportedly attaining data transmission speeds
up to 1Gbps[113], including devices such as dongles and access points to provide full
internet connectivity to mobile devices.

The scientific community explores many variations of VLC achieving higher speeds.
In one study, a VLC link of 300 Gbps is demonstrated by using elaborated optical meth-
ods, such as wavelength-division multiplexing (WMD) and orthogonal polarization chan-
nels[98]. On the other hand, lower-end systems which build upon more simple devices
attain links of around 100 kbps[99].

Compared to our work, the implementation of Edge-Light requires a minimum amount u
of energy compared to (Active) VLC, because the latter requires power to generate light
and embed information into it, while Edge-Light uses the LSC ability to repurpose light
from the environment, such as sunlight.

4.6.2. PAssIvE VLC

Light is a ubiquitous source: during the day sunlight illuminates outdoor environments
and, because humans need light to perform tasks, indoors or at night we use artificial
lighting systems. This overall presence of light has inspired researchers to design and
create Passive VLC systems that reuse ambient light, thus reducing the energy budget.
The work in PassiveVLC[13] uses 0.12 uJ energy per bit, while in [99] this parameter is 30
times larger, 1 mJ.

Among the different passive VLC works, we identify 3 main categories. First, we have
the backscattering passive VLC systems, which work by using a reflective material to
guide back to its source while modulating the reflected light usually using an LC[13, 12,
14, 15]. Second, other systems focus on using LC as transmissive surface to modulate
ambient light, which is redirected towards the LC using optical devices[42, 54]. Finally,
the third category includes systems that implement a reflective surface that redirects the
light towards the intended receiver[18].

Related to our work, Edge-Light takes inspiration from the backscattering systems
because it also uses light that illuminates a surface. However, Edge-Light redirects light
to its edges and not back to the source. Also, these backscattering systems do not work
using sunlight. Compared to the LC systems, Edge-Light uses the same device to modu-
late the light reaching the surface of the LSC. The complexity of the third type of system
is greater than the implementation of our system.

4.6.3. LSC APPLICATIONS
The ability of the LSC to absorb a band of light and emit a different band on its edges has
been leveraged in several fields. We mention three of the most relevant

PHOTOVOLTAICS AND BUILDINGS
The main use of the LSC is in combination with PV cells[103, 102], which are attached
to the emitting edges of the LSC to gather light. The size of the LSC panel influences its
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performance and research in the performance and optimization of large LSC panels[114,
115]. These large LSC panels are used in buildings as part of windows[115, 116, 117, 118,
119] to capture part of the sunlight spectrum, re-emit light in a different optical band
and concentrate it directly on the surface of the solar cells attached to the LSC edges.
This application has also triggered the development of smart windows[120, 121], which
adds the feature of controlling the window’s opacity while it gathers and concentrates
light.

HORTICULTURE

Plants use a specific part of the light spectrum for the photosynthesis process. Thus,
small LSCs can be designed to absorb the bands not used by plants and placed on the
top of a greenhouse. These LSCs re-emit light in the spectrum bands used for photo-
synthesis and concentrate it on their edges. This re-emitted light is captured by optical
fibers attached to the LSC edges, and guided to plants located at a lower level in the
greenhouse, bringing useful light to the deeper levels without using energy to power up
devices. A trial of this concept resulted in a 7% increase in the crop yield for tomatoes,
using 24 cm? LSC panels and plastic optical fibers[122].

VLC
In optical wireless communications, LSC is an attractive solution as a receiver antenna
due to its large FoV. Such an antenna receives light on its surface and emits light on its
edges, where a PD is attached[123]. The malleability of acrylic-based LSC allows the cre-
ation of different shapes for the receivers, leveraging planar-parabolic shapes to increase
the gain[124] or spherical shapes to manufacture almost omnidirectional receivers[125].
Moreover, the ability to absorb specific spectrum bands allows the implementation of a
wavelength-selective receiver seamlessly by stacking two LSCs with complementary ab-
sorption bands, for instance, one green and one red. The top LSC absorbs only green
light, and lets the other bands pass, while the bottom LSC absorbs the red light; creating
a two-band receiver in the same area[126].

Compared to our work, we take a different approach to using the LSC as a VLC trans-
mitter instead of a receiver.

4,7. DISCUSSION

This section presents some limitations of the current system and potential improve-
ments at each stage.

Range between transceivers. The communication range for our current setup is lim-
ited to 50 cm indoors, and it almost doubles outdoors but remains below two meters. A
way to increase the range is to add an optical component at the edge of the LSC to con-
centrate the beam into a narrower (longer) shape. A suitable device to achieve this goal
is a collimation lens, which can redirect the light and make it horizontal and more fo-
cused towards the receiver. However, implementing this setup increases the alignment
constraints between the transmitter and the receiver, which could reduce the system’s
mobility.

Link’s speed. In the current configuration, the link’s data rate is limited by the LC
speed and the integration time of the CS. The LC speed is a physical limiting factor. How-
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ever, the LC can operate at a faster mode, which reduces the contrast between states, thus
reducing also the SNR. The previously discussed lens system could improve the SNR and
make this faster mode readable. Regarding the CS, if the SNR is large enough, the inte-
gration time could be reduced to 2.4 ms or we can use a faster CS.

Increasing the number of robots. Edge-Light allows lateral communication between
robots and our experiments show how two robots (one parent, one child) communicate
using one of the four CS on each side. To increase the number of robots sharing com-
mands simultaneously, we need to set the initial conditions of the parent’s location, i.e.,
if the parent is between two children, the children should read the corresponding CS.
The parent/child communication logic must be upgraded because the parent needs to
handle receiving symbols from multiple CS, and the acknowledgment and waiting time
to execute must be synchronized among more robots. The current hardware implemen-
tation of our robot-to-robot communication allows the parent to communicate with a
maximum of four children simultaneously. Another possibility is to leverage the mal-
leability of the LSC, which is basically an acrylic, to create transceivers with different
shapes, like circular or hexagonal, and add more CSs. Such a setup could enable lateral
communication in more directions, such as diagonal.

Different light sources. During our experiments, we used two different light sources:
an indoor ceiling light and sunlight. Nonetheless, different artificial light sources have
different spectra and refresh rates. Regarding the light source spectrum, a previous spec-
tral analysis of the ambient light is necessary to select the appropriate LSC, which can be
commercially available or custom-made in a research facility. The current implementa-
tion of Edge-Light uses frequencies below 10 Hz and the usual refresh rates of LED bulbs
are higher than 100 Hz, thus we notice no impact in our current implementation. If the
hardware allows increasing the transmitter and receiver’s frequencies, they must avoid
being close to the flickering rate of LED light bulbs.

FFT computation. The implementation of the FFT uses the arduinoFFT library with
32 samples per FFT window. With the current sampling period, 25 ms, we found that the
number of samples is enough to decode the symbols, regardless of the mismatch for the
third symbol, in less than one second. Increasing the number of samples leads to a finer
frequency resolution at the cost of more time to capture the signal and compute the FFT.

Multiple transmitters, single receiver. One key feature of the LSC is that the ma-
terial sets the output spectrum at the edges. In our implementation, we use red and
green LSCs, with minimum overlap between the output spectra. Our receiver, based on
a CS, is able to differentiate the spectrum by filtering the incoming light into three color
channels. One open possibility is to combine multiple transmitters with different color
outputs close to each other and in the range of a single receiver. In this way, a single
CS can read its red and green channels independently and decode each channel, effec-
tively doubling the speed of the link. However, a careful analysis of the spectra and a CS
calibration should be implemented to reduce the effect of the spectrum overlap.

4.8. CONCLUSIONS

In this work, we propose a novel passive VLC transmitter which can work using ceil-
ing lighting and, most significantly, sunlight. Our design is based on an LSC, a mate-
rial with the capacity to absorb light from the top, redirect it and concentrate it later-
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ally. The full transmitter design incorporates LCs to modulate the incoming light on
top, thus modulating the light emitted from the edges. By combining it with an ap-
propriate receiver, in this work a color sensor, we implement a transceiver for a full-
duplex optical wireless link. Furthermore, we realize robot-to-robot communication us-
ing the Edge-Light transceiver, allowing robots to coordinate collaborative tasks using a
sunlight-based wireless connection. Overall, our work demonstrates a new approach in
LSC applications and the potential of our transceiver to create a low-power passive VLC
link.



CONCLUSION

The demand for more bandwidth and greener solutions has encouraged the develop-
ment of novel wireless technologies, one of them being Passive VLC, which can poten-
tially reduce the energy required to provide wireless connectivity. Nonetheless, Passive
VLC development, and thus its adoption is hindered mostly due to the low speeds of the
modulators and the difficulties in aligning transmitters with the sun’s position. Hence,
we considered the following research question:

What new optical devices and methods can be implemented in Passive VLC to improve its
performance?

This dissertation addressed two key limitations of sunlight-based Passive VLC sys-
tems: attainable data rate and dependency on the light source position. Each chapter
presented a VLC system design that works with artificial ambient light and, most impor-
tantly, sunlight. Furthermore, along with each design, we demonstrated the feasibility
of such systems by implementing prototypes and assessing their performance using the
sun as the light source.

5.1. CONTRIBUTIONS

Our research approach for developing new Passive VLC platforms focused on the design
at the system level, exploring the use of devices, techniques and materials from other
optical domains and tailoring them to be used in VLC systems. Our work makes the
following contributions to Passive VLC research:

Screen-to-camera communication for smartphones using sunlight. Passive VLC sys-
tems have focused mainly on using a single receiver, such as a photodiode or photo-
transistor, and not on cameras mainly due to their low sampling rate. In Chapter 2, we
focused our efforts on developing a system that uses a smartphone camera as the re-
ceiver. Our system leverages a fast LC reflective array (tiny FLCoS screen) to backscatter
sunlight to the smartphone’s camera while embedding a sequence of 2D patterns, such
as QR codes. The camera decodes these patterns after the light passes through a po-
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larizer, creating a short-distance wireless link between the screen and the smartphone
without any RF devices.

Furthermore, the Sunbox system works from sunrise to sunset, leveraging the ability
of the camera to adapt to different light conditions caused by changing weather during
the day. Overall, our system can reach speeds from 2 kbps to 10 kbps, faster than previous
Passive VLC systems using cameras as receivers.

Combining natural illumination with Passive VLC and color-multiplexing. The need
to reduce the high energy footprint of illumination has encouraged the development
of systems that redirect sunlight indoors. These systems offer a unique opportunity to
merge Passive VLC with illumination, an unexplored combination that we targeted with
the Sol-Fi approach (Chapter 3). We combined the optical properties of a sunlight col-
lector with two different modulators: LC and DMD, demonstrating the trade-off between
reduced optical losses (LC) and high speed (DMD).

To push our system’s boundaries, we developed a color multiplexing scheme or WDM,
inspired by similar approaches of other optical systems. Our dual-band engine divides
the collected sunlight into two optical bands with similar energy, modulates them in-
dependently, and recombines them into white sunlight, ready to provide illumination.
With this approach, we duplicate the system’s data rate. Furthermore, our design en-
ables the first Passive VLC system with wavelength division multiplexing (WDM).

Use of novel materials to create new Passive VLC links. Our research involved exploring
materials and techniques from other optical domains and applying them to new Pas-
sive VLC systems. In Chapter 4, we based our design on a luminescent solar concentra-
tor (LSC), a material mainly used in photovoltaic technology. An LSC emits light on its
edges when illuminated from the top. Based on this optical property, our insight was
to use LCs to control the incoming light and emit it in modulated patterns at the edges.
Our system’s prototype, named Edge-Light, uses color sensors to decode the data and
coordinate tasks between robots. A key property of Edge-Light is that it provides link
connectivity independently of the sun’s position.

5.2. LOOKING BACK

Passive VLC poses a thought-provoking research challenge: modulate an uncontrollable
light source. In this thesis, we presented three system designs and implementations that
address the research question by improving Passive VLC in terms of data rate and inde-
pendence of the light source position. The studies presented in this work show a clear
trade-off in Passive VLC: complexity against data rate. The Sol-Fi system (Chapter 3) is
the fastest of this dissertation. At the same time, its multichannel implementation is
the most complex optical setup of this thesis. Conversely, Edge-Light’s implementation
(Chapter 4) is the simplest, relying more on the material’s optical properties, and ren-
dering the slowest speed. SunBox (Chapter 2) sits between the trade-off: the implemen-
tation is fairly simple (although the complexity is transferred to the hardware: a camera
and its driver) and achieves fast data rates.

Similar to traditional RF wireless systems, there is no one-size-fits-all solution for
Passive VLC. This dissertation presented different Passive VLC systems fueled by natu-
ral and artificial ambient light for various scenarios: indoors and outdoors, and from
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short-range systems using cameras, to decimeter-range platforms using color sensors
and meter-range links combined with indoor illumination. Overall, the linking chain
among all chapters is that the systems implement multiplexing to some extent. SunBox
uses spatial multiplexing and Sol-Fi uses color-multiplexing to increase the transmis-
sion speed, while Edge-Light has the potential to create independent channels by using
different LSC materials that emit different colors.

5.3. FUTURE WORK AND CHALLENGES

The research community continues to explore Passive VLC as a greener alternative to
traditional wireless systems. This dissertation proposes novel platforms that push the
boundaries of previous works. Nonetheless, Passive VLC systems still have a long way to
reach the performance of more mature wireless technologies, like RE

5.3.1. SCREEN-TO-CAMERA COMMUNICATION WITH SUNLIGHT

In Chapter 2, using a reflective surface, we present the SunBox system, the first passive
screen-to-camera communication. The area of this surface is in the order of mm?, less
than 20 % of the active camera area. Therefore, one direct way to improve the data rate
or range is to increase the surface area, and we identify two ways of devising this. First,
using more than one reflective transmitter, that is having multiple inputs (MI). We ob-
tained initial results for this principle in [127], where we use two tiny screens transmit-
ting simultaneously to double the data rate and using two ROIs to decode each. However,
we have only evaluated this design with LEDs and not with ambient light. Second, using
alarger screen, which is explored in [128] with screen sizes of 48 cm by 27 cm and 144 cm
by 80 cm. These bigger screens allow ranges up to 50 cm and 1.5 m, respectively, but at
a lower data rate. There is still room for further research in the area of passive screen-
to-camera communication. A direct approach not yet explored is to increase the screen
and camera speed, which directly increases the data rate. Most commercial devices,
both smartphone cameras and screens, are limited in speed or require special processes
to attain higher refresh or capturing rates'.

5.3.2. NATURAL ILLUMINATION AND PASSIVE VLC

The performance of the natural VLC bulb presented in Chapter 3 depends on the sun-
light intensity. Thus, the system’s performance reduces or stops working under the pres-
ence of clouds or at night. Therefore, there is potential to integrate Sol-Fi with traditional
VLC (based on LEDs) to provide illumination and communication in low-sunlight con-
ditions. Another area for improvement is to increase the number of channels. Currently,
we have only two color channels. A more detailed analysis of optical filters could enable
the addition of more channels to increase the system’s data rate.

Sol-Fi demonstrated the combination of natural illumination and VLC using the sun-
light collector as the daylighting system. There are, however, other types of daylighting
systems, such as heliostats and solar tubes, that can also be investigated for applications
with Passive VLC. In fact, one recent study provides some initial insights about the use of
solar tubes with LCs [89]. One key difference among these daylighting systems compared

Iphones with high-speed cameras require root access to enable this feature for real-time processing.
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to Sol-Fi is the light output size: Sol-Fi has a small output, in the order of centimeters,
while the heliostat and solar tube output is in the order of meters. A smaller output eases
the light modulation process. Another difference is in terms of power consumption, so-
lar tube is a passive system, i.e. it consumes no power, while SunBox and the heliostat
use power to track the sun’s position. As a consequence, the optical output of these two
latter is higher compared to the first one.

5.3.3. EXPLORATION OF OPTICAL MATERIALS AND METHODS

A common factor for all the works in this dissertation is the use of new optical devices
and methods for Passive VLC. Nevertheless, other materials and methods from the opti-
cal domain also have the potential to improve Passive VLC systems. One such material
is the polymer dispersed liquid crystal (PDLC), which is used to provide privacy with
smart windows. A PDLC changes between transparent and light-scattering states, and
the switching between these two states can be used to modulate light. However, it re-
quires a complex driving signal and high power which can limit its application to Passive
VLC. Another device that can be exploited is an event camera. This type of camera is
expensive and requires more complex setups, but it can detect changes in pixel intensity
faster than traditional cameras, enabling significantly higher data rates. Finally, the ex-
ploration of alternative LSC materials to the commercial ones used in Edge-Light is open.
An example is LSC which emits in the near-infrared (NIR) to avoid the visible spectrum.
However, the commercial availability of this LSC is limited.

The inspiration for this thesis stems from the gap between the field of wireless technol-
ogy, specifically VLC, and the use of natural sources to create wireless links. Along each
chapter, we aim to develop a system that uses new approaches to implement optical
links and tries to improve these links, compared to previous works. Harnessing the opti-
cal power of a vast resource, the sun, to fuel VLC systems poses a tremendous challenge.
The work presented in this thesis is a small step forward to Passive VLC, a more sustain-
able approach to wireless communication.
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