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A Principled Design for Passive Light Communication

Seyed Keyarash Ghiasi
TU Delft
s.k.ghiasi@tudelft.nl

ABSTRACT

To take advantage of Visible Light Communication (VLC) for low-
power applications, such as IoT tags, researchers have been devel-
oping systems to modulate (backscatter) ambient light using LC
shutters. Various approaches have been explored for single-pixel
transmitters, but without following a principled approach. This
has resulted in either relatively low data rates, short ranges, or
the need for powerful artificial light sources. This paper takes a
step back and proposes a more theoretical framework: ChromaLux.
By considering the fundamental characteristics of liquid crystals
(birefringence and thickness), we demonstrate that the design space
is way larger than previously explored, allowing for much better
systems. In particular, we uncover the existence of a transient state
where the switching time can be reduced by an order of magnitude
without lowering the contrast significantly, improving both range
and data rate. Using a prototype, we demonstrate that our frame-
work is applicable to different LCs. Our results show significant
improvements over state-of-the-art single-pixel systems, achieving
ranges of 50 meters at 1 kbps and with bit-error-rates below 1%.

CCS CONCEPTS

« Computer systems organization — Embedded and cyber-
physical systems; « Networks — Physical links.
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1 INTRODUCTION

The ever-growing demand for wireless communication has prompted
researchers to look for bandwidth beyond the traditional radio-
frequency spectrum. During the last decade, the visible light spec-
trum has gained significant attention because it is open, free, and
wide. Nowadays, any object with an LED can be transformed into
a wireless transmitter, and a wide range of novel applications have
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Figure 1: Key Insight: Existing studies assume that the tran-
sition between the end-states of liquid crystals is monotonic,
which leads to symbols that have a high contrast, but a low
bandwidth (like A’ and B’), or the opposite trade-off. Based
on first principles, ChromaLux exposes a transient state
where symbols can have a high contrast and bandwidth (like
A and B).

been developed, from the design of a new generation of toys [20]
and indoor positioning systems [11] to human sensing [13].

Visible light communication (VLC) is a significant advancement,
but it has a major drawback: the power consumption is high be-
cause it requires turning on LEDs, which is not the most energy
efficient way of communication. To overcome this issue, researchers
have proposed the use of liquid crystal (LCs) cells to modulate ex-
isting ambient light. LC cells are devices that can block or allow
the passage of ambient light using very little power (uW). Several
notable contributions have been made in this domain. Some stud-
ies used slow-switching LCs as single-pixel transmitters', which
attain data rates ranging from a few bits per second [9, 14, 27] to
1kbps [6, 26]. Other studies developed advanced systems using
faster-switching LCs with multi-pixel/sensor transmitters that can
achieve 1kbps [22] and 8 kbps [25] at different ranges.

All these advances are valuable, but they have been working
under the assumption that LCs only provide a monotonic change
in light intensity when they transition between their opaque and
translucent states. That assumption has constrained the design
space of researchers, who have to choose between using (i) the end
states (opaque and translucent) to modulate light, providing high
contrast but low bandwidth [9, 27], or (ii) intermediate points in
the transient (monotonic) state, which provides a higher bandwidth
but low contrast [6, 26].

Building upon the fundamental physical properties of LCs, we
design single-pixel transmitters with a non-monotonic transient
state. This non-monotonic property allows us to modulate light
using symbols that have a high switching speed and good contrast.
This key insight, depicted in Figure 1, allows us to increase the
bandwidth of long-range links by an order of magnitude. Overall,

! The surface of an LC cell can be seen as a single (big) pixel modulating ambient light.
Multi-pixel transmitters use more than one LC surface (pixel), which helps to increase
the data rate of the system.
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Figure 2: The operation of a liquid crystal cell.

our work, dubbed ChromaLux, makes the following contributions
to the area of passive communication with visible light:

1) Expose a yet unexploited transient state [section 3]. Based on the
fundamental physical properties of LCs, we show that the modula-
tion process does not need to be constrained to the simple mono-
tonic function used in the state-of-the-art. By placing multiple cells
in series, we uncover a broader modulation spectrum that contains
a transient state with multiple peaks and valleys. The extremes in
this transient state provide high contrast and fast switching, which
we exploit to increase the channel capacity.

2) Propose a constellation diagram for single-pixel transmitters [sec-
tion 4]. Contrary to traditional VLC, where there is a well-established
methodology to design LED transmitters, there is no theoretical
framework for passive VLC. Based on first principles, we propose
a constellation diagram to obtain foundational guidelines for the
design of our single-pixel LC transmitter. Our framework allows
us to theoretically substantiate the need (i) to use an optimal num-
ber of LCs to maximize the channel’s performance and (ii) to use
symbols on a particular region of the transient state.

3) Design a novel modulation scheme [section 5]. The transient state
allows exploiting symbols with high contrast and switching speed,
but it is unstable and standard modulation techniques based on
amplitude, frequency or phase shift keying cannot be implemented.
To enable a stable wireless link, we propose a novel duty-cycling
method to modulate bits based on a 3-level voltage input.

4) Evaluate our platform with artificial and natural ambient light
[section 6 and section 7]. We built a proof-of-concept platform and
tested it with both artificial and natural ambient light. Our results
show that we can achieve a 50-meter range with low sunlight
conditions (3-6 klux) with a data rate of 1 kbps and a BER below 1%.
Compared to other studies, we increased the range by a factor of
20 and the transmission speed by a factor of 10. More importantly,
to showcase the general validity of our approach, we evaluate two
different liquid crystals and demonstrate that both increase their
bandwidth by an order of magnitude.

2 BACK TO THE BASICS

To squeeze the best performance (data rate, BER, range) out of
readily available LC shutters, it is important to have a good under-
standing of the underlying physics.

2.1 An overlooked feature: birefringence

First, we describe the basic operation of LCs, and then, we focus on
the role of changes in birefringence, an important LC property that
has not been considered thus far for backscatter communication.
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Figure 3: The effect of birefringence on crystals

The basic operation of LCs is depicted in Figure 2. Several studies
describe the inner-workings of LCs [5]. Thus, we only provide a
succinct explanation. First, the incident (incoming) light is polarized
by a polarizing film. Then, this polarized light enters an LC cell. If
no voltage is applied on the cell, the thin layer of crystals rotates
the polarization plane of the incident light by 90°, and if a voltage
is applied, the polarization direction remains unchanged. A second
polarizer, called the analyzer, either blocks or permits the passing
of light depending on its alignment with the polarization direction
of the outgoing light.

Refraction and birefringence The changes between translucent
and opaque states is well-studied in backscatter communication,
but the fact that these changes are related to birefringence has been
largely overlooked, limiting the potential of LCs. In transparent
materials, light travels slower than in free space. The ratio of this
reduced speed with respect to c is called the refractive index (n).
Some materials, such as most crystals, have different different in-
dices n for different polarization angles of light [8]. The highest
and lowest values of n are important because they allow calculating
the refraction index for any polarization angle. These materials
are called birefringent because of these two values. An example is
presented in Figure 3a. Upon entering the material, a polarized light
ray (A-red) is divided into two orthogonal components along the
axes of maximum and minimum of n, each traveling at a different
speed, one fast (B-green) and the other slow (C—yellow). The bire-
fringence parameter, denoted as An, is the difference between the
refractive index of the fastest and the slowest axis of the material:
An = npg = nNgjow-

Due to the different changes in speed, the two rays leave the crys-
tal with a different phase. If instead of assuming a single-frequency
ray (color), we consider polarized white light (all colors), each color
will end up with a different change in phase. The naked human
eye perceives these out-of-phase signals as white light, but if we
use an analyzer, as in Figure 3b ,we will see different colors de-
pending on its orientation. For ChromaLux, the various changes in
phase caused by birefringence are key because they allow for fast
transitions with high contrast.

2.2 Birefringence in liquid crystals

Material scientists have developed numerous methods to study the
properties of crystals. Consider a solid crystal that is sandwiched
between two orthogonal polarizers. When white light enters this
structure, only a certain color exits, depending on the birefringence
b and thickness d of the crystal [28]. These colors are captured by
the so-called Michel-Lévy chart, shown in Figure 4. In this chart,
a radial line corresponds to the birefringence of a crystal and a
horizontal line to its thickness (measured in nm). Thus, for a solid
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Figure 4: Michel-Levy chart [4]. The radial lines represent
the birefringence values (An, numbers on the top), and the
plot shows how the color (horizontal axis) varies with the
width (vertical axis). By convention, each 550 nm of path dif-
ference is named order and ends with a shade of magenta.

crystal, the color output is captured by the intersection of a radial
and horizontal line.

What sets liquid crystals apart is that their birefringence changes
with an external electric field. Every voltage within their operational
range leads to a different birefringence value. In the Michel-Lévy
chart, an LC cell is represented by two radial lines and a horizontal
line (thickness). The two radial lines represent the max and min
birefringence of the crystal, and there is an inverse non-linear
relation between the applied voltage and the birefringence. When
the voltage is decreasing, the birefringence increases covering all
the spectrum within the two radial lines. That covered spectrum
determines the LCs transient phase. For example, a crystal with a 25
pm thickness and An’s of 0.005 and 0.015, would have a spectrum
between gray and yellow.

2.2.1 Putting the Michel-Lévy chart in the context of backscatter
communication. The birefringence and thickness of typical LC shut-
ters are chosen to cover only a narrow high-contrast region between
a dark and a light color in the Michel-Lévy chart, and several stud-
ies exploited that region to modulate information (discussed in
section 8). To the best of our knowledge, no prior research has con-
nected the fundamental physical properties of LCs with backscatter
communication. To formulate a theoretical framework, we build
upon the equation used to create the Michel-Lévy chart, which ex-
presses the fraction of light L that leaves the analyzer for incoming
light with wavelength A:

180° x T
T) (1)

where Gamma (T') is known as the path difference, which combines
the main properties of the crystal, birefringence (An) and thickness
(d), on a single parameter.

L(T, 1) = sin?(

T'=Anxd (2

By summing over all frequencies in the visible light spectrum, one
can obtain the resulting color coming out of the analyzer.

It is important to note that this equation only captures the most
common LC configuration, where the angle between the polarizer
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Figure 5: Theoretical color response of a liquid crystal.

and analyzer is 90°. For details on the more general equation, please
refer to [17].

2.2.2  Color sensors and the theoretical response of liquid crystals.
ChromaLux’s approach requires decomposing light into its color
components. For this task we utilize color sensors, which are sim-
ple single-pixel receivers. They can be seen as photodiodes with
inexpensive color filters in front of them. There are multiple types
of color sensors, and we decided to use a type called true color sen-
sor because it mimics the human perception of color. The reason
for that choice is that the Michel-Lévy chart is also designed to
capture people’s perception of colors, and hence, our sensor (empir-
ical experiments) will be in agreement with the theoretical results
(Equation 1). When referring to the output of a true-color sensor,
we will follow the convention of using (X,Y,Z) coordinates, which
are a transformation of the well-known (R,G,B) space.

Decomposing light into different color channels allows us to
have a deeper look into the Michel-Lévy chart. Using Equation 1,
we show a sample theoretical response in Figure 5, where the path
difference (T') of a crystal gradually increases. To construct this plot,
we generated (', A) tuples using Equation 1. T values were selected
from 0 to 2500 nm, and A values were selected from the visible light
spectrum. Then, the amplitudes of wavelengths in the output light
were converted to (X, Y, Z) values [17]. Initially, all channels start
with zero intensity (black), then the channels increase their values
in a rather synchronized manner up to the first peak (white). After
that, the channels get out-of-phase, leading to the range of colors
observed in the Michel-Lévy chart.

Note that the theoretical response is time-independent; it is a
function of Gamma (I'), which in turn is a function of the bire-
fringence (Equation 2). In practice, we have to take into account
the time-dependent characteristics of LC cells. Next, we analyze
The empirical response of LCs and their ability to increase the
bandwidth of the system.

3 SPECTRUM ANALYSIS

Based on the prior section, we know that LCs can be designed
to oscillate between any two colors in the Michel-Levy chart. A
designer only needs to select the appropriate birefringence values
(radial lines) and thickness (horizontal line) for the liquid crystal
layer. We designed a simple setup using a flashlight and a color
sensor to measure the spectrum of single and multiple LC cells.
The cells were placed in series between a polarizer and an analyzer
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Figure 7: Color spectrum for different number of cells.

with orthogonal directions, as shown in Figure 6, and different
voltage levels were applied. It is important to highlight that off-the-
shelf LCs available in the market do not provide data sheets with
detailed optical characteristics, but a deep understanding of those
characteristics is fundamental to define a complete design space.
The derivation of our framework (section 3-5) focuses on a pop-
ular Twisted-Nematic crystal used for 3D glasses that has been
explored in previous backscattering studies [1], but to demonstrate
the generality of our approach, we also utilize our framework to
improve the performance of a different LC shutter in section 7.

3.1 The single-cell case

To see the color spectrum of an LC stack, we place from one to
six cells between a polarizer and an analyzer and change the DC
voltage on the stack. We sweep the DC voltage in steps of 0.1 volts
and take pictures of the output light at each step to get Figure 7. The
bottom row of that figure depicts the color spectrum for a single
cell when different static DC voltage levels are applied. As expected,
the spectrum covers the dark to white transition in the first order
region of the Michel-Levy chart. The important observation from
this result is that while most backscattering studies exploited this
spectrum, they overlooked the fact that this transition is due to the
change in the cell’s birefringence value. If, instead of using static
voltage values, we use dynamic voltage pulses, we obtain the time
response of the cell. Figure 8 shows the time response of a single cell
when we apply falling and rising pulses between 0 and 5V. The fact
that the three channels are in phase, and have the same intensities?,
is what causes the monotonic change in the spectrum. Given that

21t is important to recall that the XYZ space has different ranges for each channel. For
example, in the RGB space the range is the same for all channels [0,255], which means
that white light is represented with all channels having the same values (255, 255, 255);
but white light in the XYZ space is represented with non-homogeneous levels: (0.9642,
1.0000, 0.8252).
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Figure 8: Transition state for a single cell.

the most popular application of LC cells is as light shutters, it makes
sense to design cells whose only purpose is to oscillate between the
translucent (white) and opaque (dark) states.

This monotonic behaviour has been exploited for backscatter
communication in two main ways: (i) by using the end values in the
steady states to encode data [9, 27], which maximizes the contrast
(SNR) but at the cost of reducing the switching speed (bandwidth);
or (ii) by using intermediate values, which has the opposite trade-off,
lower contrast but higher switching speeds [6, 26].

The important take-away is that, to obtain that monotonically
decreasing behaviour in the black/gray/white scale, manufacturers
produce crystals with birefringence values and thicknesses that
only cover a very specific and narrow portion of the theoretical
response in Figure 5: the Gamma range between 0 and 250.

3.2 The multi-cell case

To increase the modulation spectrum of an LC, we need to increase
its thickness or use a broader range of birefringence values. Unfor-
tunately, the thickness and birefringence values of liquid crystals
are fixed and determined during the manufacturing process. To ex-
pand the modulation spectrum, we stack multiple cells to increase
the thickness of the crystal layer. In the Michel-Levy spectrum,
our approach translates to using a higher horizontal line while
maintaining the same radial lines.

The top five rows of Figure 7 depict the spectrum obtained with
static voltages after stacking multiple cells. Since we are increasing
the thickness, the color spectrum shifts to the right of the Michel-
Levy chart. For example, the configuration with two LCs covers
most of the first order, and the configuration with six LCs covers
from the middle of the first order until the third order. Note that at
low voltages (below 2 V) there are no color transitions. This occurs
because the minimum operating voltage of our cells is around 1.4 V.
Below that voltage, the cell does not change its state. That minimum
voltage is known as the Fréedericksz threshold [10].

Next, we will see why transient states with frequent color tran-
sitions are beneficial for ChromaLux. Figure 9 depicts the time
response for falling pulses when we stack 2, 4, and 6 cells. We fo-
cus on the falling pulses because they are known to be the main
bottleneck in backscatter communication?. These time responses
provide two important insights.

First, the increased spectrum exposes a non-monotonic transient
state with considerable levels of contrast. When we increase the

3Falling pulses are slower than rising pulses. With rising pulses, the re-alignment is
forced by an electric field, while with falling pulses, only the internal (low) torque
changes the orientation of the liquid crystal molecules.
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Figure 9: Time responses for multiple LCs in series & capacity analysis.

thickness of the crystal layer, we cover a wider range of Gamma val-
ues. For example, with two cells, we cover an approximate Gamma
range of [150, 500], and with six cells, the range is around [300,
1500]. The numerous peaks and valleys present in the transient state
imply that, in the multi-cell case, two nearby points can provide
a much higher contrast (SNR) compared to the same two nearby
points in the single-cell case.

Second, the duration of the transient state remains the same for
any number of cells. Note that the period of the transient states in
Figure 8 and Figure 9 is around 5 ms for all cases. It would not be
helpful if the transient state exposed peaks and valleys at the cost of
an increased transition period. Even though the morphology of the
transient state changes with a different number of cells, its period
remains the same. This occurs because we control the LCs in parallel.
In principle, the thicker the cell, the longer the time required to
switch between states. Thus, in terms of switching speed, it is better
to increase the thickness by using n cells (each with thickness w),
instead of using a single (slower) cell with thickness n X w.

Key insight: Increasing the thickness of the transmitter by stack-
ing cells exposes a transient state where we can achieve a high
switching speed between nearby points at a higher contrast com-
pared to a single cell with the same modulation points.

3.3 Analyzing the channel’s capacity

A fundamental goal for any wireless communication system is to
increase its capacity. With LCs, the channel capacity is determined
by their contrast and switching speed, but maximizing these two pa-
rameters represents opposing design goals. Thus, a crucial question
is: if one has to choose, what is preferable in an LC, higher contrast
or faster speed? Having a deep understanding of this trade-off is
key to maximize the capacity of ambient-light links.

We use the well-known Shannon-Hartley theorem to anchor our
discussion, C = B * log, (1 + SNR). As shown in Figure 8, existing
LCs are designed to maximize contrast (SNR) by covering the lowest
valley (black) and the highest peak (white) in the theoretical re-
sponse. This focus on contrast (SNR) as opposed to switching speed
(B) makes sense for human-centric applications because human
eyes have a slow frequency response. For wireless communication,
however, preference must be given to the switching speed (B) be-
cause it increases the capacity linearly while the contrast (SNR)
only gives a logarithmic improvement. Due to this reason, our focus
will be on increasing the bandwidth of ChromaLux. As shown in
Figure 9d, the key idea of ChromaLux is to trade a bit of SNR (using
a single cell as the baseline) for a major gain in bandwidth.
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4 A PRETZEL CONSTELLATION

As described in the prior section, adding LCs brings together more
peaks and valleys within the transient state, which increases the
bandwidth because the period between consecutive extremes is
reduced. Thus, one may think that stacking as many LCs as possible
would be the best approach to increase the bandwidth. But that is
not the case. To understand the constraints of the transient state, we
will first describe the differences between an ideal and a practical
transmitter, and then propose a constellation to guide the selection
of the number of cells and symbols.

An ideal transmitter. In theory, an ideal transmitter consisting of
multiple LCs would cover a Gamma range from close-to-zero to a
high value. The close-to-zero birefringence value (equivalent to an
almost vertical radial line in the Michel Levy chart) would mean
that the transient state includes the first valley and peak in the
theoretical response, which provides the highest contrast (similar
to using a single cell). The high birefringence value would allow us
to compress multiple peaks and valleys inside the transient phase,
reducing the switching speed amongst symbols (high bandwidth).

A practical transmitter. In practice, the minimum birefringence
value in off-the-shelf cells is too high to include the first valley of
the theoretical response once multiple cells are stacked, cf. Figure 7.
Adding cells is beneficial, but for every cell we add, the spectrum
moves further into the right side of the theoretical response (Fig-
ure 5), where the contrast of the signals decreases. In the next
subsections, we provide a theoretical framework to guide the selec-
tion of (i) the number of cells that optimizes the morphology of the
transient state, and (ii) the best region within the transient state to
place our symbols.

4.1 Optical domain

For traditional RF and VLC systems, there are established methods
to design the symbol space. The most common approach is to use
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constellation diagrams that are independent of time. In order to
create a time-independent constellation that connects theory with
practice for ChromaLux, we plot the Z versus X channels for (i) the
theoretical response, where the channels are a function of Gamma,
and (ii) the empirical time responses, where the channels are a
function of time*.

The theoretical constellation is depicted in Figure 10, which looks
like a pretzel. This graph is obtained by plotting the (X, Z)-pairs
of the data underlying Figure 5. Within a constellation, the aim is
to place symbols as far apart as possible from each other to maxi-
mize the signal-to-interference-plus-noise-ratio (SINR). However,
contrary to the standard constellations used for RF or VLC, where
symbols can be placed anywhere, we can only place symbols over
the depicted curve. The constellation presented in Figure 10 is the-
oretical and complete up to the third order (plotting further orders
would continue the trend inwards). In practice, ChromaLux will
only see a subset of the constellation depending on how many cells
we use. Figure 11 presents the partial constellation views obtained
with 1 and 3 cells for falling and rising pulses. The rising pulses
move in a counter-clockwise direction, and the falling pulses in a
clockwise manner. Each one of these plots covers a subsection of
the theoretical constellation, starting from the first order.

Our theoretical and empirical constellations provide an impor-
tant design guideline regarding the number of cells that should
be used. Adding too many cells pushes the constellation domain
inwards, which would lead to tightly coupled symbols (low SINR).
While adding cells, the designer should try to remain in the lowest
possible order (most outward) to maintain a high SINR. In Chro-
maLux, we aim for the first intensity peak (I'=250nm, see Figure 5)
to be within the spectrum of our LC cell stack.By stacking cells,
we move away from the first valley (black); hence, we should not
miss the first peak (white) because that provides the second highest
contrast in the theoretical response. In the next section, we will see
that six cells is the optimal number for the type of LC we consider.

4.2 Time domain

In traditional constellations, the amount of time required to move
between any pair of symbols is the same. That is not the case for
LCs. The ChromaLux constellation has two important differences.
First, the time to move between points changes depending on the
chosen pair. For example, moving between symbols at the edges o