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A recent development in wireless communication is the use of optical shutters and smartphone cameras to create optical links
solely from ambient light. At the transmitter, a liquid crystal display (LCD) modulates ambient light by changing its level of
transparency. At the receiver, a smartphone camera decodes the optical pattern. This LCD-to-camera link requires low-power
levels at the transmitter, and it is easy to deploy because it does not require modifying the existing lighting infrastructure. The
system, however, provides a low data rate, of just a few tens of bps. This occurs because the LCDs used in the state-of-the-art
are slow single-pixel transmitters. To overcome this limitation, we introduce a novel multi-pixel display. Our display is similar
to a simple screen, but instead of using embedded LEDs to radiate information, it uses only the surrounding ambient light. We
build a prototype, called SunBox, and evaluate it indoors and outdoors with both, artificial and natural ambient light. Our
results show that SunBox can achieve a throughput between 2 kbps and 10 kbps using a low-end smartphone camera with
just 30 FPS. To the best of our knowledge, this is the first screen-to-camera system that works solely with ambient light.
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1 INTRODUCTION

Due to the ever-increasing demand for bandwidth in the radio-frequency spectrum, there has been a growing
interest in exploiting other portions of the electromagnetic spectrum, in particular, with a novel technology called
visible light communication (VLC). In no small part, this interest is due to the pervasive presence of various types
of LEDs in our environments (acting as transmitters) and cameras on mobile devices (acting 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
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are simple to implement but result in low data rates. Depending on the type of modulation, binary or rolling
shutter, those systems achieve from less than 100 Bp33 to 100 kbps §, 18 34. 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 [8, 23, 27, 36, 37].

The above systems are enabling a wide range of new applications, from indoor positioa&@(] and
human-computer-interaction, 33, to streaming services]5 37. The transmittersof 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 signi cant 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 propogiagsivenethods that usembient lightfor
communication. Contrary to the aforementionexttivesystems, which require direct control of the light source
to modulate its intensitypassivenethods work with any ambient light, natural (coming from the sun) or arti cial
(coming from a light bulb). The basic principle of mgsassivesystems is to modulate the intensity 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-cameraystems, the LCD transmitters consume power in the order of a few tens of mW and do not
require any modi cation of the light source [35].

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 re ective display technology, which backscatters sunlight to create
images P4, we propose the rst 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 recesectiata:

a system implements an optical wireless link with a range similar to near- eld communication (NFC) technology but
using ambient light as the carrier and the smartphone's camera as a ré@aingrstem, calle@unBoxwill enable

all types of smartphones, from low- to high-end, to rely only on their camera to obtain a near- eld optical link.
Overall, our work provides three main contributions.

Contribution 1 [section 3]: A system that achieves secure screen-to-camera communication with ambient light
Taking as a basis a tiny projector designed for near-eye applications (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 4]: A robust optical link under varying lighting condit®msBox is designed to work
indoors, with di erent types of arti cial lighting; and outdoors, where the spectrum and intensity of sunlight
change constantly. This wide range of conditions a ects the performance of the optical link. We combine various
signal processing and error-correcting methods to provide reliable ambient light communication.

Contribution 3 [section 5 and section 6]: A prototype implementation and a thorough evalvatirild a
prototype and test it with di erent 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 outdoors, even with low-end phones.
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Table 1. Wireless short-distance communications

Presence
Protocol Throughput Power Band in phones Interference in the same band
BLE 2Mpbs 50 mW Radio 100% WiFi, Zigbee, microwave oven
NFC 424 kbps 30 mw Radio 60% RFID
Pulse[13] 44 bps 083 mW | Magnetic Field 100% | Appliances with high magnetic induction
MagneComm[22] 110bps 52W | Magnetic eld 100% | Appliances with high magnetic induction
Sunbox 12 1 kbps| 110mW | Visible Light 100% -

2 BACKGROUND
2.1 Short-Distance Wireless Technology

Traditional short-distance wireless links, like NFC or Bluetooth Low Energy (BLE) use radio waves as their
carrier and their hardware modules consume low power. BLE is widely adopted and NFC hardware is available in
around 60% of smartphonedHowever, 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 magnetic elds, such asiPulse[
and MagneComngZ. These approaches exploit the magnetic sensor present in all smartphones, but it has a
limited data rate and it is exposed to the magnetic eld created by di erent appliances. Our work presents SunBox.
An approach 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 data rates that are orders of magnitude
higher than magnetic approaches while consuming less power than some of them. Table 1 positions the pros
and cons of SunBox with respect to other short-distance wireless technologies. In the next sections, we analyze
di erent types of displays to nd the best t for our screen-to-camera approach.

2.2 Identifying the Right Type of Display

Display technology o ers di erent options for various kinds of scenarios. A popular option is e-ink, but it is too
slow, as it o ers refresh rates of 3Hz. Among other low-power display technologies, two types have (partial)
properties suitable for SunBox: microdisplays and re ective displays.

Microdisplaysare 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 because the image is projected only to the intended receiver. The
main limitation is that microdisplays require embedded LED lights to oper&e ective displayon the other
hand, do not need embedded arti cial lights, they simply re ect ambient light to render an image. Re ective
displays are particularly suitable for outdoor deployments because they achieve a high contrast under sunlight.
The shortcomings of re ective displays are thesize there are no micro-display versions, and their inherent
broadcast naturghe eld of view is broad. These two shortcomings would allow eavesdropping.

Our application, secure short-range communication using ambient light, requires a microdisplay but with
re ective 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 re ective display with ambient light.

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

INFC Forum: https://nfc-forum.org/fresh-smartphone-statistics-and-what-they-mean-for-you-nfc-and-the-world/
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(c)Nematic@y <G

(a) Single cell with two polarizers. (b) Reflective display (array of LC cells). (d) SmecticGy =G

Fig. 1. (a, b) Basic LC modulation and (c,d) the operational di erence of LCs. ON and OFF are polarization states set by the
control voltage.

and the ability to backscatter light. Micro OLED displays have tightly integrated organic LEDs. DMD and LCoS
displays, on the other hand, work as re ective surfaces with hundreds of thousands of pixels. Embedded LEDs
radiate light onto the pixels, which either re ect 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 consumption. Their main di erence is the re ective
material. DMDs use an array of micro-mirrors that are moved mechanically between two xed angles: towards
the intended receiver 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 variable 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 re ective coating with a wide incident angle. This property makes them
suitable 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 di erence with other types of LCs used
in the SoA. This background is necessary to understand the optical modi cations required to make LCoS work
with ambient light, as will be discussed in section 3.

2.4 Types of LCoS Microdisplays

LCs have the ability to change the polarization of light and are commonly used as optical shutters, as shown in
Figure 1a. First, a light source emits unpolarized light, which passes through a rst polarizer. Then, depending on
the applied voltage on the LC, the polarization direction remains the same or rotates®fecond polarizer,
calledanalyzer either blocks or allows the passing of light. Microdisplays have hundreds of thousands of tiny LC
cells, each a few microns in size, and every cell (pixel) exploits the above principle. The important di erence of
LCoS is the presence of the re ective layer under the LC cell, as shown in Figure 1b. LCo0S has the potential to
work with external sources (like sunlight) because the light rays are re ected o 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 convéyThe pixels are manufactured with di erent types of LCs, callessophaseand the
two main arenematicand smecticdepicted in Figure 1c and Figure 1d, respectively.

2Note that sunlight, like arti cial light, is unpolarized. Thus, re ective displays still need the polarizers shown in Figure 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 colonas ﬁ, 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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Fig. 2. Overview of SunBox. A microdisplay reflects encoded ambient light to a smartphone camera placed at close range.

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

Smectid. Cs have symmetric and fast response times, in the order of tensofvhich allow refresh rates
as high as360Hz. On the negative side, they have a relatively rigid operation. Due to their internal molecular
alignment, the modulation has to switch constantly between the two polarization states and needs to maintain,
on average, &0 %duty cycle.

Current research in ambient light communication focuseshig nematid_Cs [3, 17, 29 31, 32 35. Those LCs
lead to designs that are simple and low-cost, luiky (the area of a single cell is bigger than 109randslow
(the data rate okingle-pixel transmittengsing cameras as receivers is below 100 bps, and around 1 kbps when
photodiodes are used as receivers). We use a microdisplay based on Ferroelectric LCoS (FLCo0S), a type of smectic
LC, that is designed to work with tightly synchronized LEDs. In section 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.

2.5 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-o is between reliability and throughput. Prior studies using traditional screens as transmitters
have either used well-known standard&9, such as QR codes, or de ned their own customary coig B7. 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 fecognitiofi, but we select QR codes for two main
reasons. First, Datamatrices have a xed 30% error correction overhead, while QR codes are more exible, 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 processes. In our evaluation, however, we also present results with
Datamatrices to showcase the generality of our approach to di erent formats and data densities.

3 PASSIVE MICRODISPLAY-TO-CAMERA COMMUNICATION

We propose a passive communication system, depicted in Figure 2, that has three main components: an emitter
(any type of light source, natural or arti cial), a transmitter (a screen that backscatters 2D patterns with ambient

4Approximately, a Datamatrix uses 15% of the area for recognition, while QR codes use 25%.
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(a) Time sequence of the FLCoS RGB-color sub-framing and the camera exposure tifiid.Disassembly of microdisplay.

Fig. 3. Operation and components of the microdisplay. In(b), the black cap contains a polarizer and a di user for the RGB
LED, and a polarizing beam spli er (PBS), which works as the analyzer. Removing this cap gives access to the FLCoS

light), and a receiver (a smartphone camera). To provide a user interface, a keyboard could be added to allow
the user to enter a speci ¢ code. In this section, we focus on the design of the transmitter. First, we describe the
original o -the-shelf microdisplay, which contains various optical and lighting components in addition to the
microdisplay itself, and then, we present our design which removes all these components and proposes a novel
design that works solely with ambient light.

3.1 O -the-Shelf Microdisplay

We build our system based on the LCOS720 micro-projector from Control Electr@d|clf has a small microdis-

play with a diagonal size dbmm 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 of60 Hz and costs 7§

The LCOS720 micro-projector works in the following manner. Inside the projector, embedded RGB lights are
integrated with polarizer screens. Polarized rays reach the microdisplay and are re ected with either the same
polarization (pixel on) or with a rotated polarization that is blocked by the analyzer (pixel o ), similar to the
design in Figure 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' components of the original micro-projector (LED lights,
Polarized Beam Splitters, etc.). The intrinsic 50% duty cycle of the smectic LCs requires a fundamentally di erent
system design to work with ambient light.

3.2 Benchmark with Original Display

The FLCoS display renders color by dividing each frame into six sub-frames for red, green, and blue:

To satisfy the duty cycle requirement of smectic LCs, every time a pixerifor a given color, it has to be

for the same period. Hence, the frames also need to include the negative states: * ' . To project

the intended image, the device tightly synchronizes its RGB LED to illumiratly the positivepulses( ), as
shown in Figure 3a. To capture the radiated image, cameras average the light intensity received oegptigire

time, as illustrated in Figure 3a. Depending on the exposure time, a camera may capture only part'of the
pulses (resulting in a colored code) or a full RGB period (resulting in a black&white code), as shown in Figure 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.

3.2.1 Setuplhe setup we use to test the micro-display is depicted in Figure 4a. The display transmits 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.
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