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Abstract

There is a growing interest in exploiting ambient light for
wireless communication. This new research area has two key
advantages: it utilizes a free portion of the spectrum and does
not require modifications of the lighting infrastructure. Most
existing designs, however, rely on a single type of optical
surface at the transmitter: liquid crystal shutters (LCs). LCs
have two inherent limitations, they cut the optical power in
half, which affects the range; and they have slow time re-
sponses, which affects the data rate. We take a step back to
provide a new perspective for ambient light communication
with two novel contributions. First, we propose an optical
model to understand the fundamental limits and opportuni-
ties of ambient light communication. Second, based on the
insights of our analystical model, we build a novel platform,
dubbed PhotoLink, that exploits a different type of optical
surface: digital micro-mirror devices (DMDs). Considering
the same scenario in terms of surface area and ambient light
conditions, we benchmark the performance of PhotoLink us-
ing two types of receivers, one optimized for LCs and the
other for DMDs. In both cases, PhotoLink outperforms the
data rate of equivalent LC-transmitters by factors of 30 and
80: 30 kbps & 80 kbps vs. 1 kbps, while consuming less than
50 mW. Even when compared to a more sophisticated multi-
cell LC platform, which has a surface area that is 500 times
bigger than ours, PhotoLink’s data rate is 10-fold: 80 kbps
vs. 8 kbps. To the best of our knowledge this is the first work
providing an optical model for ambient light communication
and breaking the 10 kbps barrier for these types of links.

1 Introduction

In the last two decades, the adoption of wireless communi-
cation has gone through an unprecedented expansion. This
ever-increasing demand has raised warnings of a looming
‘radio frequency (RF) crisis’ [5], and various alternative tech-
nologies are being explored to mitigate this risk. Among
them, visible light communication (VLC) has gained signif-
icant attention due to its wide, free and unregulated spec-
trum. VLC is a sub-area of optical wireless communication

(OWC) that focuses on light sources that are incoherent, di-
vergent and multichromatic (such as sunlight and artificial
white light). VLC allows standard LEDs to provide illumi-
nation and communication and it is enabling several novel
applications, from interactive toys [23], indoor positioning
systems [27], to LiFi [20]. VLC, however, has an important
limitation: it requires direct (active) control over the circuitry
of the light source to modulate its intensity. Most of the light
in our environments comes from sources we cannot control
directly, not only the sun but also plenty of artificial lighting.

To exploit the vast presence of ambient light, researchers
are investigating backscattering (passive) communication.
Passive-VLC modulates ambient light using liquid crystal
shutters (LCs). LCs can be seen as light shutters that allow
(or block) the passage of light to communicate logical ones
(or zeros). Recent studies report ambient light links reaching
more than 50 m with data rates around 1 kbps, while consum-
ing only a few mWs [7,25]. Ambient light communication is
a transformative eco-friendly concept because it piggybacks
on top of energy that already exists, but current passive-VLC
studies face two main challenges.

Challenge 1: There has been no optical analysis of various
passive VLC systems. In a way, our community has rushed
into the design of systems without carrying out first a proper
optical analysis of the various types of ambient light and their
impact on communication. Hence, several designs have been
implemented reporting a wide range of (i) coverages (from
a few meters to several tens of meters), (ii) data rates (from
hundreds of bps to several kbps), and (iii) lighting conditions
(from cloudy and sunny days to various types of artificial
lighting). However, without an analytical framework, it is
difficult to define a common baseline to directly compare
and understand which elements contribute to such disparate
performance. More importantly, we cannot provide insights
about the fundamental opportunities and limits of ambient
light communication.

Challenge 2: Transmitters focus on a single optical device.
State-of-the-art (SoA) designs in passive VLC studies have
been mainly constrained to a single type of optical surface,
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the LCs, but LCs have some inherent limitations. First, even
before any type of modulation begins, LCs cut the optical
power in half due to the use of polarizers. This undesirable,
but necessary, property of LCs reduces the communication
range. Second, LCs have inherently slow rise and fall times,
which has limited the data rate of all single-cell designs to
values around 1 kbps [7, 13, 29]. Our design space could
broaden greatly if we include other types of optical surfaces.

In this work, we take a step back to rethink passive-VLC.
First, we propose a simple optical model to gain fundamental
insights. Then, based on the outcomes of our model, we ex-
plore the use of digital micromirror devices (DMDs), which
have different operating principles compared to LCs. In par-
ticular, our work makes the following contributions:

Contribution 1 [section 2]: An optical model for ambi-
ent light communication. Our model includes a key optical
principle that has not been considered in ambient light com-
munication: the fact that the performance depends not only on
the luminous flux of the light source (output power) but also
on its radiation pattern (diffused or directional). For example,
this insight explains why a system tested under artificial light
can perform better than under diffuse sunlight, even though
diffuse sunlight can provide illumination that is an order of
magnitude higher than artificial lighting.

Contribution 2 [section 3]: A new type of transmitter de-
vice. Our model shows that maintaining directional light pat-
terns is central for passive links, but maintaining such direc-
tionality requires the right type of (i) ambient light and (ii)
transmitter (optical surfaces with specular reflection). To at-
tain that goal, we propose a novel transmitter based on DMDs.
Inexpensive DMDs, however, are designed for video projec-
tion and provide slow update rates, around a few hundred
Hz. We design a custom controller to generate carriers up to
220 kHz.Our novel transmitter provides higher contrast and
faster switching speed, allowing us to increase the data rate of
passive links by a factor of 80 compared to LC transmitters.

Contribution 3 [section 4 and section 5]: An implemen-
tation and thorough evaluation of our platform. We build
two transmitters, one with a DMD and the other with an LC;
and two receivers, one optimized for LCs and the other for
DMDs. Using the same setup for all evaluations, in terms
of surface area and illumination, our results show that (i) if
we use the receiver optimized for LCs, PhotoLink attains 30
kbps for a distance of six meters and a BER below 1%, com-
pared to the 1 kbps provided by the LC for the same range
and BER [3,7,29], (ii) if we use the receiver optimized for
DMDs, the data rate increases to 80 kbps. This performance
is obtained with a power consumption around 45 mW. Fur-
thermore, even if we compare PhotoLink with a multi-cell LC
system having a surface area that is 500+ times bigger than
ours (66 cm? vs. 0.13 cm?) [28], PhotoLink can achieve an
order of magnitude higher data rate (80 kbps vs. 8 kbps). To
the best of our knowledge, our work is the first to break the
10 kbps barrier with ambient light communication.

2 System Analysis

A passive VLC system has three basic components, the emit-
ter (light source), the transmitter (modulating surface) and the
receiver. Every SoA study adopts a different set of compo-
nents. Some studies use a light bulb as the emitter, others use a
flashlight or the sun. Some studies use a diffuser at the modu-
lating surface, others use retro-reflectors or aluminium plates.
Some studies use lenses at the receivers, others do not. This
wide range of set ups is, in part, responsible for the equally
wide range of performances reported in the literature, with
data rates ranging from 0.5 kbps to 8.0 kbps to link distances
ranging from 2m to 80 m [3, 13,25,26,28,29].

Leaving aside the specific modulation methods of all these
studies, we want to gain a fundamental understanding of pas-
sive systems and their components. Building upon the models
developed for free-space optics [21], we propose a framework
to analyze passive communication with ambient light.

2.1 Maintaining the luminous flux

First, let us start with a guideline that, to the best of our knowl-
edge, has not been stated in any prior passive-VLC study: The
most important aim in passive communication is to convey as
much LUMINOUS FLUX as possible from the emitter to the
receiver. The luminous flux, which is measured in lumen, is
different from illuminance, which is measured in [ux (lux =
lumen per unit area). To compare two different systems fairly,
one should know at least the area and the illuminance at the
transmitter (modulating surface). This represents the amount
of energy that is captured by the transmitter (E¢). Unfortu-
nately, few studies report these two pieces of information.

The luminous flux, however, is not the only important pa-
rameter. Equally important is the radiation pattern, which
determines how much luminous flux is maintained through-
out the optical link (i.e., how much of E¢ is able to arrive at
the receiver). To highlight the importance of the radiation pat-
tern, Fig. 2 depicts a specular (mirror-like) surface under four
different types of light sources. The effect on the luminous
flux is shown from more to less directive:

a) Ideal. First, to exemplify an ideal setup, let us use a laser,
which is a highly directional source where the luminous flux
is hardly lost. Due to this property, lasers are used extensively
for long-distance free-space communication. Lasers, however,
are a fundamentally different type of light source that is not
as pervasive (or safe) as natural or artificial white light, and
therefore, it is considered only as a reference in this paper.

b) Directional (sunlight in a clear day). On a clear day,
sunlight rays travel in parallel and a specular surface maintains
that directionality (luminous flux) towards the receiver. We
found only one study exploiting this setup, but with LCs [7].
Our platform shows the significant gains that can be obtained
in this setup using DMDs.

¢) Lambertian (light bulbs and flashligths). With light
bulbs, only a fraction of the luminous flux radiated by the
source reaches the surface (green arrows in Fig. 1¢). Further-
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(a) Ideal
[laser]

(b) Directional
[direct sunlight]

(d) Random
[diffuse sunlight]

(c) Lambertian
[light bulb]

Figure 1: The effect of different radiation patterns on the luminous flux. The reflective surface is specular.

more, since rays are radiated in different angles, when the
luminous flux hits the surface, some rays are lost because the
impinging angle is either too broad or too narrow to hit the re-
ceiver (blue arrows). This scenario is used by all the backscat-
tering studies reported in the literature [13,25, 28, 29].

d) Random (sunlight in a cloudy day). Clouds scatter sun-
light, emitting rays uniformly in random directions. Due to
this phenomenon, only an infinitesimally small fraction of the
rays will impinge the surface at the right angle to reach the
receiver (green arrow in Fig. 1d). Our model shows that this is
the worst case scenario with specular surfaces. No practical
links can be obtained in this setup.

The key point of this preliminary analysis is to highlight
the importance of maintaining the luminous flux throughout
the optical link. In the next subsection, we present a model to
capture more detailed insights with a ray-tracing simulator.

2.2 Ray-tracing model

A 2D representation of a typical passive system is shown in
Fig. 2a. The optical link has two main parts. First, the link
between emitter and transmitter. Light is emitted from the
light source Oy, with a (yellow) wavefront represented by Ay.
The modulating surface Or, acting as a transmitter, is at a
distance D1 from the light source, and receives a fraction of
the luminous flux emitted by Oy. Second, the link between
transmitter and receiver. The flux reflected by the surface Or
is represented with a (blue) wavefront A7 '. The photoreceiver
Og is at a distance D7y from the transmitter, and collects
only a fraction of the flux reflected by Or. Another relevant
parameter is the Field-of-View (FoV) of the receiver, which
is represented by g (purple coverage). A wide FoV can cope
with movements at the transmitter, but captures more noise.

Our toolbox, based on the above described model, is built
upon Optometrika, a ray-tracing tool [18]. In essence, the
toolbox divides the surface of the emitter, transmitter and
receiver into small elements and calculates the fraction of
rays that are able to reach the receiver. To assign the correct
weight to each ray, Optometrika considers important optical
parameters such as the angles of radiation, incidence and
reflection. To analyze ambient light communication, the key
inputs we need to provide to the toolbox are the radiation
patterns of the emitter and the modulating surface.

't is important to note that our model also captures the performance of
retroreflectors because, from an optical perspective, the reflected radiation
patterns are similar to those caused by mirrors

Receiver

Or A
N :
NS Incoming Mirror
\5.\ ~ Modulating Ray specular | Reflection
Z . Surface Angle
@
S . 4
OT A Specular
Sp L Diffuse W/ Reflection
Reflection /
o -~ _r
[AW / /
o
Light Reflecting
o ; Surface

Source

(a) A 2D representation of the (b) Different types of reflections
optical system based on the Phong model [19].

Figure 2: Optical system and different reflection types.
2.3 Insights & Guidelines

A passive link is, in essence, a triplet <emitter, transmitter,
receiver> that finetunes the parameters of each element to
optimize the performance. To analyze the complete design
space, including the systems proposed in prior studies, we
utilize a few abstractions for the emitters and transmitters, as
presented in Tables | and 2.

Unless indicated otherwise, our analysis assumes that (i)
there is no noise, which is similar to conducting experiments
in the dark, (ii) the illuminance on the transmitter is fixed
at 1800 1x, to provide a common baseline for all cases and
remove the trivial case where the performance is increased by
increasing the illuminance, and (iii) the area of the receiver is
1x 1 cm?. The selected area has no real impact on the analysis.
The only assumption we make is that the transmitter’s area is
bigger than the receiver’s, which is the case for most systems.
Also, for our initial analysis, the receiver’s FoV does not play
arole because we assume a dark environment. In practice, the
FoV plays a critical role and we will discuss it later on.

Regarding the modulating surface, we consider two main
reflective patterns, as shown in Fig. 2b: diffuse reflection,
caused by rough surfaces that reflect light in all directions,
and specular reflection, caused by smooth surfaces. We further
classify specular surfaces based on their specular angle. If the
angle is zero, we call it mirror reflection.

2.3.1 Choosing the right emitter and transmitter

The design space of passive links can be divided into six
main blocks based on the <emitter, transmitter> pair. Table 3
shows previous works categorized in this manner. Considering
that direct sunlight provides tens of thousands of 1x, overcast
sunlight thousands of 1x and light bulbs only hundreds of 1x, a
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Table 1: Emitters

Source Type Size of O, Drr
L1 LED 5cm x 5cm 1m
L2 LED S5cm x 5cm 4m
L3 Diffuse Sunlight N/A N/A
L4 Direct Sunlight N/A N/A

Table 2: Transmitters

Modulating Specular . .
Surface Type Angle Size of Or Tlluminance
T1 Diffuse N/A 3cm x 3cm 1800 1x
T2 Specular 0.3° 3cm X 3cm 1800 1x
T3 Specular 1° 3cm X 3cm 1800 1x
T4 Specular 5° 3cm X 3cm 1800 1x

designer may assume that for any given surface, sunlight will
always perform better than light bulbs. Similarly, considering
that specular (mirror) surfaces provide stronger reflections
than diffuse surfaces, a designer may assume that for any
type of ambient light, a specular reflector will always perform
better. Neither assumption is correct. In fact, we show that
a particular combination of sunlight and specular reflectors
gives the worst performance.

Fig. 3 depicts the signal strength of various scenarios as a
function of the transmitter-receiver distance (D7g). We con-
sider all six possible combinations of emitters: LED (L1 &
L2), overcast day (L3), clear day (L4); and transmitters: dif-
fuse (T1), specular (T2). Our results show four design regions,
which are described next from worst to best. Our evaluation
section validates many of these results empirically.

Region 1: cloudy day & specular surface (L3-T2 in Fig. 3a,
gray area in Table 3). This region captures the scenario in
Fig. 1d, where light arrives in a scattered manner and only
an infinitesimal amount of the flux reaches the receiver. The
signal strength of this setup is so weak and decays so fast,
compared to the other scenarios, that it is not shown within
the range of Fig. 3a to have a clearer view of the other regions.

Region 2: any light & diffuse surface (LX-T1, blue area).
When a diffuse surface is used, it does not matter the radiation
pattern of the light source, so long as the luminous flux at
the transmitter’s surface is the same. Note that all T1 curves
overlap with each other in Fig. 3a. This occurs because ideal
diffusers, such as paper or plaster, distribute the reflections of
the impinging flux in all directions.

Region 3: LED & specular surface (L1/L2-T2, red area).
This is the second best region, and coincidentally, the main
focus of prior work using retro-reflectors. Artificial lights,
however, offer a wide range of radiation patterns, resulting
in widely different performance. To illustrate this point we
use Fig. 3b, where two emitters are placed at 1 m and 4 m
(L1 & L2). Both emitters attain the same illuminance at
the receiver (18001x, a white light illuminance of 1800 1x
over an 1m? surface is approximately equivalent to the power
of a 25 W LED), but L2, which is further away, provides
a stronger signal strength, which is counter-intuitive. This

Table 3: A taxonomy of passive VLC systems

Surface Specular
Light Type (includes Diffuse
Source retro-reflectors)
LED
RetroVLC [13]
PassiveVLC [29]
RetroTurbo [28]
Retrol2V [25]
Sunlight Tweeting with
(Cloudy Day) Sunlight (TwSL) [4]
Sunlight .
(Clear Day) - o [3]

occurs because the further away the light source is, the more
it behaves as a distant point source, leading to more directional
beams impinging on the transmitter, and hence, less flux lost
towards the receiver, c.f. Fig. lc. In practice, L1 could be seen
as a light bulb and L2 as a flashlight, which explains why
studies using a flashlight attain better results [25,28].
Region 4: clear day & specular surface (L4-T2, green area).
This is the best operation region. Note that the signal strength
hardly decays in Fig. 3a. This occurs because the high direc-
tionality of clear sunlight maintains the luminous flux over
long distances, which is why heliographs (mirrors) used in the
1800’s reached ranges beyond 100 km. This same property
can increase the data rate of ambient light links. In practice,
air attenuates the signal strength (similar to what happens
with lasers), but the benefits of directionality remain strong.

2.3.2 Choosing the right specular surface

The above analysis highlights the importance of maintain-
ing directionality throughout the optical link. However, given
that there are no perfect mirror-reflectors, how critical is the
specular angle? A wide specular angle can be the result of
imperfections on the surface. For example, many studies use
retro-reflectors, but the quality of retro-reflectors can vary.
Fig. 3c shows the signal strength of surfaces with different
specular angles, from narrow (T2, 0.3°) to wide (T4, 5.0°),
considering an LED (L.1) and direct sunlight (L3). When an
LED is used (blue lines), the misaligned radiation pattern of
the LED is more relevant than the specular angle, therefore,
there is not much difference among the various surfaces. How-
ever, for a directional source (red lines), a large specular angle
(e.g. 5° for T4) can lead to a significant decrease in the signal
strength. Thus, the more directional the rays, the more critical
is the use of high-quality specular surfaces.

2.3.3 Choosing the right receiver

Passive-VLC systems use cameras and photodiodes as re-
ceivers. Cameras are widely available in smartphones, but
they are power hungry and slow, allowing only a few hundred
frames per second. Photodiodes (PDs), on the other hand, are
inexpensive, low-power and have a high bandwidth. Thus,
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Figure 3: Different simulation setups.

PDs are the preferred choice for high data rate links. A key
element in the PD’s design is its FoV. The FoV will not only
capture the intended signal but the surrounding noise as well
(purple coverage in Fig. 2a). In practice, to maximize the
SNR, the receiver’s FoV should cover only the modulating
surface, but that is difficult to attain. PDs with varying FoV
have been used in the literature, ranging from 1° to close to
90° [3,26]. Many studies using the wide FoV, however, were
conducted at night with no interfering ambient light, which is
similar to having a nearly perfect FoV of 0°. Given that our
system is aimed at working with surrounding ambient light
(noise), we borrow the design from [3], which uses a lens at
the receiver to reduce the FoV, and thus, limit the noise level.
Overall, our analysis uncovers two key design guidelines.
First, for the emitter-transmitter link. Direct sunlight, flash-
lights and light bulbs —in that order— are preferred due to their
directionality. Diffuse (cloudy) daylight is the least ideal con-
dition in spite of being the second most powerful source (after
direct sunlight). Second, for the transmitter-receiver link. The
more directional the light source is, the more critical is to use
mirror-like reflectors. The only case where diffuse surfaces
are preferred is when the impinging light is diffuse as well.

3 Transmitter Design
3.1 LC limitations

Most passive-VLC systems using either transmissive [3,30]
or reflective (backscattering) principles [13,29] rely on liquid
crystal shutters (LCs) as the modulating surface. Unlike liquid
crystal displays (LCDs), LCs do not have embedded light
sources. LCs are readily available, economical, and power
efficient, but they suffer from two intrinsic limitations.

3.1.1 Limitation 1: High signal attenuation

LCs only allow a single polarization direction to pass through.
All other directions are either fully or partially attenuated.
Ambient light, however, is not polarized. This implies that
only half of the power can pass through a linear polarizer.
On the other hand, DMDs have microscopic mirrors with a
high reflection coefficient and are polarization insensitive. For
example, the DLP2000 module from Texas Instruments has an
efficiency of 97% [9]. Thus, considering the same modulating
area and incoming illuminance, DMDs radiate almost 100%

more light than LCs, which can be exploited to increase the
rafge or the data rate of passive links.

3.1.2 Limitation 2: Limited bandwidth

The rise and fall times of commercial LCs take a few ms, as
shown in Fig. 4d. These times limit the bandwidth to be under
1 kHz. Furthermore, LCs combine two different operation
principles, an electrical signal for the rise time and mechanical
inertia for the fall time. This asymmetric operation makes the
fall time much slower and it is usually the main bottleneck
to increase the bandwidth. Active research has been carried
out to squeeze as much data rate as possible from that limited
bandwidth, but community efforts are still restricted to around
1 kbps for single-cell designs [3,7,13,29] and 8 kbps for more
sophisticated multi-cell designs [25,28]. DMDs, on the other
hand, use the same (fast) operating principle for the rise and
fall times. We exploit this fast switching speed to increase the
data rate of passive links by an order of magnitude or more.

3.2 DMD basics

A DMD is an optical micro-electro-mechanical system
(MEMS) that contains between a few hundred thousand and
several millions of highly reflective microscopic mirrors of
less than 10 microns each. A DMD can be controlled by
electrical pulses, which flip each mirror to one of two fixed
directions, for example, +12° and —12°. DMDs usually come
integrated within a sophisticated projector system called Dig-
ital Light Processing (DLP). Besides the DMD, the DLP has
a lamp, a light absorber and a projection lens, as shown in
Fig. 4a. A micro-mirror is on if its angle is tilted towards
the projection lens, and off if the angle is tilted towards the
light absorber. All these optical and electrical components are
tightly synchronized by the DLP controller.

There are multiple types of DLPs, as shown in Table 4.
All these DLPs tackle Limitation-1 because DMDs have a
high reflective coefficient by design, but exploiting the DMDs’
potential for higher bandwidth is harder to attain (Limitation-
2). On one hand, there are inexpensive units, such as the
DLP2000 (~ €100), but their screen refresh rate is too slow.
The refresh rate can be seen as the equivalent of the rise
(or fall) time in an LC. At 120 Hz, the DLP2000 is even
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slower than the LC shown in Fig. 4d, which provides 320
HZ( 1000x2

T38+4.53)- On the other hand, there are units providing
refresh rates above 20 kHz, but with prices beyond €4K, they
are prohibitively expensive compared to LC-based systems,
which cost a few tens of Euros. A single DMD device (instead
of an integrated unit) has comparable cost (€26) to a LC.
The inability to exploit DMDs is an important barrier in
passive-VLC. While there are multiple studies utilizing LCs,
there are only a few utilizing DMDs. One of those studies
uses the same DMD we use, the DLP2000, but attains only a
few bits per second because they only use the default refresh
rate (120 Hz) and utilize a smartphone camera as a receiver,
which is inherently slow [2]. The other studies utilize the more
sophisticated DLP4500 (€1100) [10, 11], which provides a
maximum refresh rate of 4.2 kHz. Those studies, however,
do not exploit that refresh rate for digital communication,
but to generate analog signals of just a few tens of Hz (sine,
square, triangle, saw-tooth) for localization and audio trans-
missions. We design a controller for the inexpensive DMD
inside the DLP2000 (€26) and increase its refresh rate to
220kHz, almost a factor of ten faster than the most expensive
DLP (DLP9500, €4400). Next, we describe the main limita-
tion of the DLP2000 for ambient light communication, and
subsequently, the design of the PhotoLink controller.

3.3 Limitations of inexpensive DMDs.

The DMD from the DLP2000 is the most readily available and
economical product, but it is designed for display applications.
Hence, for ambient light communication, logical 1s and Os
can only be conveyed as a series of white and black images in
a video, which leads to the slow update rate shown in Fig. 4b.
In a video application, the pixel’s color is obtained by (i)
multiplexing RGB beams and (ii) changing the duty cycle
of the mirror for each color beam. DMDs provide incredible
images, with up to 16.7 million colors, thanks to the fine-
grained duty cycle provided by the micro-mirrors. The micro-
mirrors can be flipped at very high speeds between their
on/off status, enabling short operational periods T, with T < T'.
These short periods allow a large number of (primary color)
combinations. The operation of DMDs, however, is designed
for the human eye, which has a slow response. As long as
the 3T period takes less than 8.3 ms (120 Hz), people will
only see high quality videos. Photodiodes, on the other hand,
have MHz bandwidth and do not need to capture colors. For
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Figure 5: The block diagrams of an off-the-shelf DMD (green,
left), and our custom PhotoLink controller (blue, right)
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Frequency,

PhotoLink, we need control of T, not 7. Thus, our goal is to
remove the controller in the original system and design a new
one that gets us as close as possible to the bare fast switching
speed of the micro-mirror.

3.4 PhotoLink controller

There are two main obstacles preventing the use of inexpen-
sive DMDs for ambient light communication: no suitable
hardware abstractions or operational modes. Next, we de-
scribe each obstacle and the solutions we provide.

3.4.1 Hardware abstraction

Most commercial DLPs do not expose control and power sig-
nals to user applications, as illustrated in Fig. 5. There are
two ASIC components preventing direct access to these sig-
nals: the controller and power management. The controller
implements the logic to set each micro-mirror and an I12C in-
terface. The interface is the only means to communicate with
user applications and hides all control signals. It is therefore
impossible to extend beyond the supported frame rate by the
controller (120 Hz for the DLP2000). The power management
controls the DMD power and the integrated RGB light source,
which is not needed for ambient light communication.

To increase the refresh rate of the DMD, we remove all
hardware components from the original DLP design and use
only the DMD. As shown in Fig. 5 (blue side), our main com-
ponents are: (i) the power management unit, which provides
the necessary voltage supplies for different DMD operations
without requiring a light source; (ii) an FPGA, which supplies
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Table 4: Commercial DMD Module

Name Clock Rate Data Bus Screen Refresh Rate  # of Pixels ~ Module (DLP) Price  DMD Price  # of pins
DLP2000 60-80 MHz 12(bits)x 1 120 Hz 640x360 €109.01 €26.14 42
DLP4500  80-120 MHz  24(bits)x1 4.2 KHz 912x1140 €1106.49 €144.69 80
DLP7000 200-400 MHz  16(bits)x2 32.5kHz 1024x768 €4144.09 €866.96 203
DLP9500  200-400 MHz  16(bits)x4 23.1 kHz 1920x1080 €4403.30 €2693.38 355

the data and logic for updating the DMD; and (iii) the Mi-
croblaze module (soft-processor), which runs on the FPGA
and provides a user interface but without hiding the control
logic. This interface is used to configure the packet format
and the transmitting frequency (explained in section 4).

3.4.2 Operational modes.

Creating a new hardware abstraction is necessary but insuffi-
cient to use the DLP2000 for ambient light communication.
The next step is to apply the appropriate operational mode to
switch the mirrors as fast as possible. The manufacturer does
not disclose all the required information to tackle this step, so
we base our design on two references: the data sheet of the
DMD [9] and a basic description of micro-mirrors [12].

The switching of the mirrors involves two steps: the mem-
ory state and micro-mirror state. In the memory state, the
value of each mirror is set (on/off), but the mirror does not tilt.
In the micro-mirror state, an actuation pulse tilts the mirrors
to their new value. These states define two operational modes.

Individual pixel mode. In this mode, every pixel acts as
an individual binary reflector. This allows the DMD to be
configured as a fine-grained video projector. The DLP2000
has more than 230 thousand pixels, whose memory has to
be written sequentially. As a result, the memory state takes
a few hundred us before any actuation (transmission) can be
performed.

Global mode. Considering that the bulk of the delay is in
the memory state, it would be ideal to by-pass it. In ambient
light communication, a fine-grained control of the DMD is not
necessary, as photodiodes are used as receivers” It is sufficient
to update all pixels at once and use the DMD as a single-pixel
device, which we dub the global mode. In this mode, we do
not write the memory of each pixel, but instead write a global
0’ or ’1’ to all pixels. Attaining this operation requires a
careful coordination of various signals3, but the bandwidth
increases dramatically compared to the original DLP design,
as shown in Fig. 4c: 60 Hz vs 217.4 kHz, a factor of 3600+,
Compared to the LC, the global mode reduces the rise time
by a factor of 540 (2.56 ps vs. 1.38 ms) and the fall time by
a factor of 2360 (2.04 us vs. 4.82 ms), which translates to
almost a 1350 increase in bandwidth.

2To take advantage of the individual pixel model, a camera has to be used
as a receiver, which is slow (hundreds of frames per second) and requires the
use of large screens as transmitters to be efficient.

3The hardware and firmware of our controller will be made open source.

4The refresh rate of the DLP2000 is 120 Hz, which considers only the
time taken by the rise or fall time, the bandwidth considers both times.

3.4.3 Summary of contributions.

Our novel controller allows inexpensive DMDs to be decou-
pled from their integrated video-projection system. We design
a global mode to take full advantage of the fast switching
times of micro-mirrors. Compared to LCs, our approach in-
creases the transmitter bandwidth by more than three orders
of magnitude. Our controller also achieves a higher refresh
rate, even when compared to the high-end DLPs shown in
Table 4. Since all DMDs manufactured by TI follow the same
operating principles [12], our controller’s design would also
apply to those DLPs, which could allow them to increase their
refresh rates to attain even a better performance than the one
obtained with the low-end DLP2000.

4 Optical Link
4.1 Modulation

The majority of modulation schemes fall within two cate-
gories: amplitude-based [13,29] and frequency-based [3].
Amplitude-based methods work well in dark scenarios but
are prone to errors when external light sources are present.
Frequency-based modulation, on the other hand, has the inher-
ent property of being more resilient to external noise. How-
ever, prior LC studies using frequency-based methods had
difficulties creating stable periodic signals because the rise
and fall times of LCs are asymmetric [3]. DMDs have sym-
metric times, which allows the generation of stable periodic
signals.

To increase the data rate, we use M-ary FSK (MFSK) with
two bits per symbol. This high frequency band of PhotoLink
(217.4 kHz) allows us to define different modulation parame-
ters and data rates, as shown in Table 6. For example, for a
data rate of 30 kbps, we set the four modulating frequencies to
15 kHz, 30 kHz, 45 kHz and 60 kHz. The different modulation
parameters permit a thorough evaluation of PhotoLink under
different ranges and with different receivers, as discussed in
the next section. To avoid abrupt transitions between two
frequency signals, the transition between the MFSK frequen-
cies only occurs after a full oscillation period, as depicted in
Fig. 6. Considering that the only prior work using MFSK for
passive-VLC is [3], we use it as a baseline for comparison.
We implement a similar data link layer (shown in Table 5) and
receiver design (shown in Fig. 7b and described in Sec. 5).
Our packet starts with a SYN symbol (00010101) that uses
only the lower transmitting frequencies (00 & 01). These low
frequencies have the highest amplitude, and hence, it is easier
for the receiver to discover the signal and synchronize to the
phase of the transmitter. The ASCII payload is preceded by
a STX (Start of Text, 00000010) and followed by ETX (End
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Table 5: The structure of the data link layer.

00010101 | 00000010

ASCII Byte Array

00000011 00010111 | 00010101

SYN STX

ASCII Text Message ETX ETB SYN

Table 6: Parameters for different bit rates.

. # of
Bit rate Symbol Frequency cycle
00 12/15/20/30/40/50 kHz 1
ig ]l:gpsjgg lﬁgpsj 01 24730/40/60/80/100 KHz 2
%0 kbps/l 0 kgs 10 36/45/60/90/120/150 kHz 3
ps ps 11 48/60/30/120/160/200 KAz 4
2.58 ; ; :
_ ' bit'01" ! ! bit'11'
= : : :
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B ' 1 ]
> ! ! :
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> ' ' 1
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Figure 6: The received signal for different symbols for 100
kbps. Each symbol carries two bits.

of Text, 00000011) and ETB (End of Transmission Block,
00010111).

4.2 Demodulation

The receiver knows the transmitting frequencies and takes the
following steps to demodulate the signal.

Preamble detection: A sliding window, equivalent to one sym-
bol, applies a Fourier transform (FFT) to the received signal
and decodes the symbol. Every time a byte (four symbols) is
decoded, the byte is compared to SYN.

Data demodulation: After a SYN byte is identified, the re-
ceiver decodes the incoming message using the same FFT
process. If an ETX is received, the packet transmission ends.
Phase correction: If a received two-bit symbol is *00°, during
the preamble detection or data demodulation, the receiver
leverages the presence of this high-amplitude symbol to syn-
chronize to the phase of the transmitter and adjust to any
frequency shift that could have been induced by the channel.

S Evaluation

Our transmitter runs the methods described in Sec. 3 using a
custom FPGA controller board and a custom PCB with power
management circuits for the DMD. Next, we evaluate our
simulation toolbox and controller under various aspects.

5.1 Receiver Design & Data Rate

The design of a low-power optical receiver needs to balance
a trade-off between gain and bandwidth. If we optimize for
sensitivity (high-gain), small changes in light intensity can
be detected, which is advantageous for long-distance com-
munication; but the response is slow (low-bandwidth), which
limits the ability to decode high frequency carriers. The op-
posite trade-off holds for a high-bandwidth receiver. A low-

Controller

Lens

(a) Transmitter setup

(b) Receiver setup
Figure 7: Transmitter and receiver setup
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Figure 8: Bit error rate of DMD and LC with artificial light

bandwidth receiver is not a concern when LCs are used as
transmitters, as the bandwidth of the LC is low, but it can
severely restrict the performance of DMDs. In this subsection,
we compare the performance of PhotoLink with LCs used in
state-of-the-art studies. we quantify the performance of Pho-
toLink with two receivers, one optimized for LC operation
and the other for DMD. LCs can be used in different ways de-
pending on the type of application: as part of a reflective tag,
where either a diffusive or retro-reflective material is placed
behind the LC to reflect light, or as part of a transmissive
tag, where the LC is used solely as an optical shutter without
additional reflective surfaces. To ensure a fair comparison be-
tween DMDs and LCs, in the following evaluation, we carry
out experiments with both optical devices, but without adding

any additional surfaces.
Experiment 1: Receiver optimized for LCs. PhotoLink in-

creases the data rate by a factor of 30.

In this experiment, we use a receiver similar to the one
used in [3], consisting of a convex lens with a diameter of 2.5
cm and a TEPT4400 photosensor placed at the focal distance
of the lens. The TEPT4400 is a high-gain low-bandwidth
photoresistor well-suited for long-range communication with
LCs. Using the same illumination environment, we test this
receiver using a DMD and an LC as transmitters. The LC
and the DMD have the same physical setup, surface area,
modulation and demodulation schemes.
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Table 7: Rise and fall time for different sensors and resistors
Photoreceiver

TEPT4400
PD204-6C

fall time

140/105/48 s
6.2/3.2/2.1 s

rise time
100/64/24 ps
6.4/3.5/2.5 ps

Feedback resistor

69/50/20 kQ
1000/400/100 kQ

— TEPT4400-50kOhm
-} - TEPT4400-20kOhm
—4-PD204-1MOhm ‘

¢ ‘PD204-400kOhm Ve

w
=

N
o

-
o

Bit Error Rate [%]

30 40 60 80 100
Data Rate [kbps]

Figure 9: Bit error rate with different sensors and resistors.

We evaluate the DMD and LC in two scenarios. First, we
use a bike flashlight (Simson USB Headlight "Future") to
illuminate the transmitting surface in a dark room, such that
repeatable experimental results can be obtained. The flashlight
is placed 1 m away from the transmitter, and the illuminance
at the transmitter is 1800 Ix. Then, we use the same setup
but turn on the indoor lights located on the ceiling and allow
natural ambient light to enter the room (in addition to the
flashlight). These additional light rays are not aligned with
the receiver and act as ambient noise. The illuminance of the
ambient noise (excluding the flashlight) is around 700 1x at
the transmitter.

In each experiment, a "Hello world!" packet is sent 100
times. Each experiment is repeated 30 times, and the mean
and standard variation of the bit error rates are shown in Fig. 8.
With the DMD, we obtain an average BER of less than 1%
at 7m for a data rate of 24 kbps and 6 m for a data rate of 30
kbps. With the LC, we obtain an average BER of less than 1%
at 6 m for a data rate of 800 bps and 1 kbps. The data rates
achieved with the LC are in line with what has been reported
for single-pixel systems [3,7, 13,29]. Overall, under the same
illumination and modulation conditions, DMDs achieve a data
rate of more than 30 times that of LCs.

Experiment 2: Receiver optimized for DMDs. PhotoLink in-
creases the data rate by a factor of 80.

Considering that the maximum data rate achieved by the
SoA is 8 kbps [28], a 30 kbps link is a significant improve-
ment. However, using a receiver optimized for LCs does not
exploit fully the capabilities of DMDs. Note from Table 6 that
the maximum frequency used for a 30 kbps data rate is 60 kHz,
but as stated in section 3, the global mode can reach frequen-
cies above 200 kHz. The limitation of low-bandwidth sensors
is that they cannot capture fast transitions: even though the
transmitted signal has rise and fall times below 3 ps (Fig.1c),
the received signal delivers rise and fall times above 100 ps.

At the core of this phenomenon are two parameters, the
parasitic capacitance Cp, which is inherent to the sensor and
cannot be modified; and the feedback resistor Rp, which can
be modified. A large Rr and Cp improve the receiver’s SNR

(high-gain), but reduces the bandwidth. We analyze the effect
of the feedback resistor on two photosensors: the TEPT4400
(high Cp, low-bandwidth) and the PD204-6C (low Cp, high-
bandwidth). Table 7 shows the ability of each receiver-resistor
pair to measure the fast DMD transitions for the rise and fall
times. The first pair is the configuration used for LCs in [3],
and thus, we use it as our baseline. We can see that the PD204
has a bandwidth that is big enough to capture transitions in
the few microseconds range.

To showcase the importance of designing an optimal re-
ceiver for DMDs, we select four pairs from Table 7, and repeat
the same experiment and setup described in Sec. 5.1 but for
a fixed distance d;,=2 m. The results are presented in Fig. 9.
We know from Experiment I that the TEPT4400 with a 69 kQ
resistor can attain 30 kbps (baseline). A 50 kQ resistor is not
low enough to increase the bandwidth significantly, but a resis-
tor of 20 k€ can increase the data rate to 40 kbps. The lower
capacitance of the PD204, however, increases the bandwidth
to a value that is high enough to double the data rate, reaching
80 kbps. Note that the improvement in data rate comes at the
cost of reducing the range (lower gain). For the TEPT4400,
the range is reduced from 6 m (30 kbps) to 2 m (40 kbps). For
the PD204 with 100kQ (last pair in Table 7), the data rate
reaches 100 kbps but at ranges shorter than 2 m, and thus, is
not presented in Fig. 9. The limited range, however, is not a
fundamental problem because it can be increased by adding
more amplifier stages at the receiver (our receiver has a single
stage) or by using focusing lenses at the transmitter. In the
case of the LCs, the bandwidth of any photodetector is much
higher than the the bandwidth of the LCs, however, that is not
the case for DMDs. We expect that an even higher data rate
can be achieved if a photodetector with a high gain bandwidth
is used together with multiple stages of signal amplification.
The data rate, on the other hand, has been a fundamental lim-
itation for passive-VLC and PhotoLink provides a ten-fold
improvement over the most sophisticated LC-system in the
SoA. Regarding the cost, DMD-based and LC-based systems
can make use of the same photo-receivers, a DMD (€ 28.62)
costs € 22 more than an LC (€ 6.56). We use an Artix-7
FPGA, which cost € 50, but a less expensive controller can
be used as well. A microcontroller that costs € 13.6 was used
in Luxlink [22].

5.2 Analyzing the Luminous Flux

Our work has two main contributions, the controller evaluated
in the prior subsection and the toolbox presented in section 2.
The main insight of our toolbox is the importance of maintain-
ing the luminous flux throughout the optical link. To capture
this phenomena, we consider two scenarios.

Scenario 1: Normalized flux (indoor setup). In this sce-
nario, we use the baseline receiver (TEPT4400 with a 69 kQ
resistor) and transmit a fixed carrier frequency. The frequency
is empirically chosen to be 30 kHz because this signal can
be clearly detected at 4 m without saturating the receiver at
1 m. To calculate the amount of luminous flux maintained
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in the optical link, the signal intensity measured at 4 m is
normalized with respect to the intensity measured at 1 m for
the same light source. This normalization process and careful
setup quantify the impact of the radiation pattern of each light
source independent of its emitted power.

Under this setup, we evaluate four different light sources
indoors, as shown in Table 8, and simulate the same illumina-
tion conditions with our toolbox. In the test setups, the direct
and diffuse sunlight arrive at the DMD through a large glass
window. To obtain realistic simulation results, we apply the
parameters in Table 9, which correspond to the actual physical
properties of PhotoLink. The normalization method is also ap-
plied to the simulations”, and the results are shown in Fig. 10.
The plots show a strong agreement between the experimental
and simulated flux under all illumination conditions. With
diffuse sunlight, we are not able to detect a signal even at 1 m,
despite measuring a 2000 Ix illuminance on the surface of the
DMD. This aligns with our analysis in Sec. 2, which states
that diffuse light has the lowest performance with reflective
surfaces. The results also show that direct sunlight performs
best at retaining the luminous flux (losing 30% at 4 m), fol-
lowed by artificial lights (losing more than 80%). And with
artificial lights, more luminous flux is retained at the receiver
when the light is placed further away from the transmitter
(setup 2). All these results are in agreement with the insights
provided by our model in Sec. 2.

Scenario 2: Absolute flux (outdoor setup). In this scenario,
we do not perform a normalization process, instead, we trans-
mit 100 packets of "Hello world!" at 30 kbps and present the
received voltage and BER. We evaluate the two best light
sources identified by our toolbox, flashlight and direct sun-
light. The evaluation with direct sunlight is done outdoors
during a clear day with good sunlight (several thousand lux),
and then, moving the setup indoors and placing a flashlight in
a dark room.

With sunlight, a BER of 0.9x1073 is achieved at 1 m and
a BER of 0.8x1073 is achieved at 2m. The errors can be
attributed to the fact that a link in the outdoor environment is
subjected to occasional disturbance. With flashlight, the BER
is 0 at 1 m, however, at 4 m, the BER increases to 19.4x1073.
In Fig. 11, we present a direct comparison of the flux reaching
the receiver with the flashlight and sunlight using the SYN
symbols in the packet. At 1 m, the flux reaching the sensor
with the flashlight is slightly lower than that with sunlight
(around 0.18 V vs. 0.2 V), which shows that the flashlight
and sunlight result in similar voltage range. However, at 4 m,
the luminous flux reduces by 60% with flashlight, due to a
less directional pattern, while direct sunlight loses only 10%°.
This result highlights the importance of expanding passive-

5Since photodiodes have a quasi-linear response to light intensity, we
assume a linear correlation between the obtained signal strength in the toolbox
and the voltage obtained in our experiment.

SNote that the flashlight loss is higher than the loss predicted in Fig. 10
for 1 m because we place the light closer to the DMD, 30 cm instead of 1 m

Table 8: Measuring the power drop-off with respect to distance

Light Measured Simulated
Setup Sofrce Diyy  Drgp  Normalized  Normalized
Signal Signal
1 Direct Sunlight N/A 0.70 0.73
2 Flashlight im 1m 0.17 0.20
3 Flashlight Im Z“d 0.04 0.06
m
4 Diffuse Sunlight ~ N/A N/A N/A

Table 9: Key parameters used in simulator

Light Source Dimension 27mx2.7m
Half Angle 30°
Dimension 4.8mm x 2.7 mm
Modulating Surface Light-absorbing area 8 mm by 8 mm
Spreading Angle 0.3°
Lens Dimension 2.5cm
Tangent Sphere Radius (4cm, -5cm)
Receiver Lens Material bk7
FoV 1°
Photodiode Diameter 3mm

VLC studies towards the exploitation of natural light.
5.3 Issues with DMDs

DMDs have not been designed for ambient light communi-
cation, and hence, present some limitations. We now discuss
what we consider the main shortcomings of this MEMS tech-
nology for passive-vlc.

Issue 1: Directionality. DMDs operate with two fixed an-
gles, which raises up the issue of directionality. If the light
source changes its location, the impinging light rays will no
longer be aligned with the predefined angles at the DMD,
breaking the link. This issue can be overcome with light
concentrators. As a proof of concept, we build a simple con-
centrator with two optical components, as show in Fig. 12a.
The first component is a Compound Parabolic Concentrator
(CPC). The CPC is a special parabolic lens that collects light
from different angles and concentrates it on a small output
area. We use a CPC with an input and output circular area of
14 mm and 4 mm diameter respectively, and a concentration
factor of 10. The second component is a ball lens of § mm
diameter, which is used as a coupler and collimator, to further
focus the collected light. We manufacture a 3D-case to align
the CPC and the ball lens, and aim its output to the DMD.

Fig. 12b presents the results obtained with and without
the light concentrator. A flashlight is positioned at different
incidence angles and the signal strength is measured at the
receiver. Without the concentrator, the signal strength decays
below 0.9 with deviations around +/- 1 degree. With the con-
centrator, the signal remains above 0.9 for angles around +/-
10 degrees. This is a simple implementation, more sophis-
ticated designs can increase the FoV to any desired degree.
Thus, while an ideal DMD design for passive-VLC could
consider flexible angles, it is not a strict requirement.

Issue 2: Power consumption. Perhaps the most limiting
factor of current DMD designs is the relationship between
its small area and relatively high power consumption. The
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Figure 10: Simulated and measured voltage dropoff.
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Figure 11: Signal strength

performance of passive-VLC depends on the area of the trans-
mitting surface. For example, a standard light bulb consumes
1 watt to emit 90 lumen,But with an area of 13 mm?, the
DLP2000 would emit only between 0.1 and 0.5 lumen.

Regarding the power consumption, current DMD designs
have two levels of overhead. The first level is related to the
memory state, which is not required for PhotoLink and con-
sumes 57 mW in the DLP2000. The second level is the ac-
tuation of the micromirrors and consumes 45.5 mW. We are,
thus, left with a surface that emits between 0.1 and 0.5 lu-
men (depending on daylight conditions), while consuming
45 mW. Considering that LCs consume less than 1 mW, and
that low-power LEDs consume less than 100 mW, it is cen-
tral to consider power consumption in the comparison with
LCs and LEDs. To perform that analysis, let us consider a
low-power LED that has been used in prior VLC studies [8],
the VLMB 1500, which consumes 75 mW and emits 0.2 lu-
men. We perform a theoretical comparison between LCs,
DMDs and LEDs based on the Shannon-Hartley theorem
C = Blog, (1 + SNR). The analysis assumes a luminous flux
of 0.2 lumen for the DMD.

First, let us consider LCs, which have areas that are two
orders of magnitude bigger than DMDs, and hence, receive
two orders of magnitude more lumen. Assuming that the
LC receives 20.2 lumen on its incoming area (20 from the
light source and 0.2 from the ‘extra’ LED), the outgoing
flux would be 10.1 lumen because LCs cut the power in half
(Limitation-1 in section 3). Hence, the SNR of an LC-system
would increase by a factor of 50 (10.1/0.2), but the SNR only
contributes logarithmically to the capacity. Overall, the extra
SNR would contribute with a factor of 6, compared to the
factor of 1350 contributed by the BW of the DMD, making
the DMD still two orders of magnitude more competitive.
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Figure 12: CPC

To consider the option of using the LED with active-VLC,
we measure its rise and fall times, which are 3.5 ps and 1.6 ps:
a period of 5.1 us compared to the period of 4.6 us for DMDs.
Recalling that the LED and DMD emit a similar lumen, the
DMD is only slightly more competitive. This result, however,
should consider that current DMDs are not designed for am-
bient light communication. The mirrors of the DLP have a
size of microns and use electrostatic actuation, larger area
mirrors (bigger than 2 mm) “benefit from electromagnetic ac-
tuation proportional to the mirror area" [17], leading to bigger
surfaces with lower power consumption.

Thus far, the passive-VLC community has faced a major
obstacle, even with big LC surfaces, no system can provide
data rates above 10 kbps. PhotoLink shows that current (sub-
optimal) DMDs can provide 100 kbps. Synergies with MEMS
researchers could enable the design of bigger modulating sur-
faces to create wireless networks operating solely with natural
light and with low power budgets.

6 Related Work

Passive VLC systems using LCs. There have been several
studies on passive VLC systems, which are summarized in
Table. 10. To date, LCs have been widely used as an optical
transmitter in SOA passive VLC systems. There are two cat-
egories: one uses LCs in combination with retro-reflectors,
where the light source and the receiver are co-located; the
other adopts only the LC as a transmitter, where the light
source and the receiver can be placed at different locations,
opening up the possibility to take advantage of natural light.

The studies in the former category typically have a con-
strained data rate and range. The earlier studies [13, 29],
achieve a data rate of 0.5 kbps and 1 kbps with ranges up to a
few meters. More recently, Retrol2V [25] achieves a range of
80 m. However, it uses a powerful 30 W light to achieve a data
rate around 1 kbps. RetroTurbo [28] has a surface area of 66
cm? and uses an advanced modulation scheme to overcome
the slow time response of LCs. RetroTurbo achieves a data
rate of 8 kbps with a moderate light source (4W flashlight) up
to 7.5 m [25]. However, retro-reflectors cannot be used with
ambient light, as the light source and the receiver have to be
co-located. On the other hand, the studies in the latter cate-
gory take advantage of the strong illumination from sunlight
and are able to achieve a long range without a dedicated illu-
minator, such as in the case of Luxlink [3] and Chromalux [7].
Luxlink is able to reach a range of 65 m with sunlight, but the
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Table 10: Comparison of PhotoLink with the most relevant systems in the state of the art.

O Power or
Name Or Nluminance Dir Or Surface Type Or FoV Data Rate Range
RetroVLC [13] LED 2w Variable' LC+RR? Specular Photodiode 50° 0.5 kbps? 2.4m
Passive VLC [29] Flashlight 3IW Variable LC+RR Specular PD 4° 1 kbps 1m
RetroTurbo [28] Flashlight 4 W Variable LC+RR Specular PD 20° 8(4) kbps 7.5(10.5) m
Retrol2V [25] Flashlight 30W Variable LC+RR Specular PD 30° 125(1000) bps 101(80) m
ch Jux [7] Sunlight(Direct) 3-6 kIx N/A LC s | Color Variabl 1 kb 50m
romaiux Flashlight 400-700 1x N/S  and Metal Sheet peeuar Sensor anable ps 10m
Luxdink 3 Sunlight(Direct) 10-26 kIx N/A LC Diffus D 1o 80 bps 65m
uxlink 3] LED 2 Kix N/S®  and Diffuser iffuse Tkbps 3m
TwSL [4] Sunlight(Diffuse) 3 klx N/A Paper Diffuse PD N/S 127 bps 4m
[10] LED 1I5W cms DMD Specular PD N/S 4.2 kbps 170 cm
[11] LED 15W cms DMD Specular PD N/S 9bps 2.5m
[2] Sunlight(Direct) 330 lux N/A DMD Specular Camera N/S 1 bps 60 cm
PhotoLink Flashlight 1800 1x Im DMD Specular PD 1° 30(80) kbps 6(2) m

! For work involving retro-reflectors as a transmitter, Dy = Drg.
2 RR stands for Retro-reflectors.

3 For work involving retro-reflectors, uplink data rate is quoted.

4 N/S stands for "not specified’.

data rate is limited to 80 bps. It also demonstrates that with an
LED, a data rate of 1 kbps can be achieved up to 3 m. Chro-
malux [7] takes advantage of the transient state in LCs, and
is able to achieve a range of 50 m with a data rate of 1 kbps
with sunlight, and up to 10 m with a flashlight. While LCs
are energy efficient, they suffer from a high attenuation loss
due to the use of polarizers, and a limited bandwidth because
of its slow rise and fall times. On the other hand, a higher
data rate can be achieved with DMDs, but using more power.
And in addition to demonstrating a novel system, we provide
an analytical framework to understand the performance of
different studies.

Applications of DMDs. Like LCs, the main application of
DMDs is video projection, and thanks to their competitive ad-
vantages (high reflective efficiency and switching times) they
dominate the market. But DMDs are also used in other ap-
plications: microscopy, holography, data storage, and also as
spatial modulators with lasers [6]. The use of DMDs for am-
bient light modulation, however, is restricted to a handful of
studies involving localization [10] and communication [2, 11].
And all these studies suffer from a limited data rate (1 bps,
9 bps and 4 kbps), as well as a limited communication range
(60cm, 2.5m and 170 cm). These systems use the off-the-
shelf DMD controllers with their default refresh rates, which
fail to take advantage of the fast switching times of the DMDs.

Channel modelling for VLC systems. There have been an ar-
ray of studies on channel modelling techniques for indoor
active VLC systems [21], several of which are ray-tracing
based [15, 16]. The focus of those studies is to achieve an
accurate impulse response considering the dynamics of the
VLC system and its indoor environment. They remain a theo-
retical exercise in most cases, as an accurate description of the
indoor space is difficult to obtain. This differs from our work,

as our study focuses on the interactions between different
types of surfaces and ambient light.

Ambient RF backscatter systems. In RF backscatter, passive
devices can communicate with each other utilizing surround-
ing RF sources. The first study exploited TV tower signals
and showed a data rate of 1 kbps at distances of 2.5 feet
outdoors and 1.5 feet indoors [14]. Subsequent studies have
shown that WiFi, BLE and LoRa signals can also be backscat-
tered, attaining even higher data rates and/or ranges [1, 24].
RF backscattering is an exciting area but requires man-made
signal (radio towers and antennas), and antennas typically
have a limited bandwidth. Ambient light backscattering not
only allows exploiting a different part of the electromagnetic
spectrum but it can also exploit natural sunlight.

7 Conclusion

In this work, we propose an optical model to analyze ambient
light communication, and based on the insights it provides,
we explore the use of a DMD as an optical transmitter. We
propose a novel platform that optimizes the retention of the
luminous flux to attain the best optical performance. This ap-
proach allows us to achieve a data rate that is 30 times higher
compared to LCs under the same working conditions. Further-
more, with optimally designed receivers, the data rate reaches
80 kbps. While current DMD designs still face limitations to
operate with ambient light, it is a component that expands the
possibilities of the nascent area of Passive-VLC.
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