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Abstract

Visible Light Communication (VLC) has seen dras-
tic improvements in recent years, one approach
uses active light sources like LEDs, switching them
at hight speeds to send data. Another approach
uses the fundamental characteristics of liquid crys-
tals (birefringence and thickness) to transmit data
to a single pixel receiver. These characteristics al-
low for alterations in the color of the light. Little
power is being used to transmit this data in com-
parison with using LEDs, and is significant faster
than switching the LCs fully on or off like other
research has done. This paper proposes an algo-
rithm to decode the data transmitted by LCs with a
high-end smartphone instead of the single pixel re-
ceiver. This algorithm called ChromaCam has real
time transmitter detection and decoding of data. A
demonstration is shown using a prototype, achiev-
ing data rates of 31 bits per second.

1 Introduction

In 1880, Alexander Graham was the first person to transmit
data wirelessly, using sunlight to transmit the human voice
over 200 meters distance. He called this invention the Pho-
tophone [1]. After this, wireless communication technology
improved a lot and is so common in this day and age that
the microwave and radio wave frequency bands are getting
crowded. When multiple transmitters and receivers are using
the same bandwidth interference can occur where the data can
not properly be transmitted. One part of the electromagnetic
spectrum is not as commonly used for transmitting data, the
visible light frequency band.

With Visible Light Communication (VLC) many applica-
tions have already been developed, for example, creating an
indoor positioning system [8]. These systems have high en-
ergy consumption because of the cost of illumination [2].
These costs can become as large as a few Watts. A solu-
tion for this problem was proposed in LuxLink [3]. Ambient
light is modulated using liquid crystals to send data. This is
received by a photosensor that produces a electrical current
depending on the incoming light. This made the transmitter
use only around 30mW. The bit rate reached was only 80 bits
per second in a range of 60 meters using sunlight. Chroma-
Lux offers a new way to use liquid crystal displays to transmit
data [5]. Using the birefringent property of liquid crystal cells
it is possible to change the color of polarized light depending
on the voltage applied. This allows for smaller adjustments
in voltage for faster switching times between bits. The liquid
crystal panels work by having a different refractive index for
wavelengths of light. In a liquid crystal panel, we can change
this refractive index by applying a voltage to it. This way the
wavelength of the light can be modulated to allow for sending
data encoded in the color of the light.

Just like in LuxLink, Ghiasi, et al. in Chromalux used
a photosensor to detect the incoming light. In this paper,
we propose another way to detect the incoming light, with
a CMOS camera sensor. These cameras experience an effect

called the rolling shutter effect [4]. Every subsequent line
of pixels in a picture is taken right after each other, instead
of at the same line. If an object in the picture is moving or
changing fast enough, it results in distortion of the image.
This distortion is used to send data to the phone. This type
of camera can be found in modern-day phones. It will allow
for applications that require no extra hardware on the receiver
side. Using the transmitter from Chromalux, this paper will
explore how to demodulate the optical signal that is transmit-
ted with a high-end phone camera.

2 Related Work

In this section, other research in visible light communication
will be discussed, in particular systems for the transmitter,
receiver, and encoding of the data.

2.1 Transmitter

Many different types of transmitters have been developed in
the last few years, many use an active led to transmit the data
[7;8;9; 14; 15]. Others use passive VLC, no light is transmit-
ted at the transmitter. Ambient light is altered to send data.
This altering could be changing the intensity of the light, or
changing the color. Applications that use visible light com-
munication range from reading tags invisible to the human
eye [13] to modulating the amplitude of the light to send data
[3].

In this paper the transmitter developed by Ghiasi, et al. is
used [5]. The authors discuss how the wavelengths can be
selected for the on and off bits, to get the highest throughput.
The symbols will have high contrast and a low switching time
between these states. The authors also discuss how to choose
the optimal number of liquid crystals in a stack. It was no-
ticed that smaller transition periods were found with multiple
but less thick cells with a total thickness of n * w instead of a
single cell with a thickness of nxw. These liquid crystal cells
can change the direction of polarization of polarized light, if
this light then passes through another polarizer the color will
also update. ChromaLux placed this polarizer at the receiver.
To remove the need for dedicated hardware on the receiver
side, a modification is made here to the transmitter. The po-
larizer is placed at the transmitter. As humans can not see the
change in polarization of light, the trade-off is that extra care
needs to be taken to make sure the color modulation is not
harmful to observers as flicker in the form of the transmitter
changing color could be noticeable.

2.2 Receiver

Two types of receivers are commonly used in visible light
communication. Photodiodes [2; 3; 5] are simple, cheap and
have a fast update speed. They turn the incoming light into
a current. This allows for fast communication between the
transmitter and receiver. CMOS cameras [4; 8; 14; 15] are
exploiting how pictures are taken. Instead of exposing the
whole sensor at once, the image is captured line by line. This
effect is called the rolling shutter effect. As every line of
the picture is exposed at a different time, if the transmitter
can transmit fast enough bands of colors can be seen in the
picture, an example is shown in figure 1.



Figure 1: The rolling shutter effect with and LED that is blinking at
high speed.

In contrast with ChromaLux [5], where a photodiode was
used as a receiver, a high-end smartphone camera is used.
This allows us to explore the current limits of this technol-
ogy. Using the rolling shutter effect continuous data can be
received in a single picture [4]. A limitation is present here,
as the authors of RollingLight [9] found that two consecu-
tive pictures have an unpredictable time gap. This leads to
packet loss. Vasilakis in DynaLight [14] proposes a solution
to this problem to make sure that in every frame one packet is
received.

2.3 Encoding

Transmitting the actual data can be done with multiple encod-
ing schemes. On Off Keying (OOK) turns the light on and
off, each of these options corresponds with a different bit, 0
or 1. Another way to encode data is Amplitude Modulation
(AM), The brightness (or amplitude) of the light is used to
send data, commonly used with radio. Just like Frequency
Modulation (FM) is used, having data correspond with spe-
cific frequencies. In ChromaLux [5] the authors discussed
modulation techniques that could be used combining multiple
liquid crystal cells called a stack. Setting a voltage over the
stack produces a certain color, instead of settings this voltage
exactly over the stack, larger voltage swings are used mod-
ulating the duty cycle of the voltage to average out over the
wanted voltage. ChromalLux found that this achieves faster
switching times, but does introduce a small amount of noise.

3 Harmful encoding

Research has shown that flickering between 3 and 200 Hz
could potentially be harmful to humans [6]. These frequen-
cies could be harmful to part of the population that suffers
from epilepsy or could induce a headache in everyone. Even
though the transmitter is an adaption from ChromaLux, the
same encoding scheme will not be able to be used. Before
the light hits the second polarizer the color does not change,
only the polarization of the light. ChromaLux placed this
right before the receiver, thus no extra care needed to be
taken in making sure no harmful flickering occurred as hu-
mans. In this research, the second polarizer is placed at the
transmitter. Care now needs to be taken to make sure the fre-
quency of switching between colors is at least 200 Hz. Fol-
lowing this, a single color can not be displayed for more than
1/f = 1/200Hz = 5ms. The encoding in ChromaLux does
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Figure 2: Encoding used with ChromalLux. This assumes O volt was
already applied for at least 16 milliseconds. Five volt is then ap-
plied to get the transmitter to the required color. After this, every
millisecond a bit is send. Sending a one corresponds with pulling
the receiver high for 0.2 milliseconds, then applying O volt for 0.8
milliseconds. A zero corresponds a voltage of 2.2 volt for 1 millisec-
ond.
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Figure 3: Example of differential Manchester encoding. First five
symbols are the header, identified by three consecutive ones. From
symbol six to seven is the opposite edge as from from to five, and
thus represent a the bit one. The edges from eight and nine, and six
and seven are both rising edges, a zero bit is send.

not do this, as can be seen from the state machine in figure
2. As the voltage does not change on the display when zeros
follow each other, the maximum of Sms per color could be
reached with enough zeros.

Manchester encoding can be used to mitigate this effect.
This was used in Retro-VLC [10] and uses the edges to de-
note bits, instead of a one being a high voltage over the LCs,
a one is a change from a low voltage to a high voltage. Dif-
ferential Manchester encoding is an improvement where in-
stead of the bit one always being the transition from a low
voltage to a high voltage, it is the opposite of the last transi-
tion. This has the benefit that what the low and high voltages
correspond to on the LC stack does not need to be known,
as the difference in transitions will correspond with the data.
In figure 3 an example of Manchester encoding can be seen,
it can be seen the longest time a single symbol is displayed
is in the header, three times the symbol length. From this it
follows that a single symbol can not be displayed for longer
than 5/3 = 1.66ms. This corresponds with a frequency of
fsym = 1/1.66 = 600H z. As long as this criterion is met,
no harmful frequencies will be transmitted.



(a) High exposure time. (b) Low exposure time, modu-

lation becomes visible.

Result Result

(c) Difference between high
and low exposure image.

(d) OTSU filter applied to
black and white image of dif-
ference.

Figure 4: Process of searching for the transmitter. Two pictures are
taken, one with high and one with low exposure time. The difference
is taken between these two pictures. This picture is converted to
black and white, and an OTSU filter is applied.

4 Demodulation

The transmitted data is encoded in differential Manchester en-
coding as discussed in section 3. To decode this a picture is
taken with a CMOS camera exploiting the rolling shutter ef-
fect [4].

4.1 Packet

Each of the pictures contains at least a single packet. As dis-
cussed in DynaLight, a packet should fit at least twice in the
picture [14]. Together with repeating every packet once, a
packet cannot be partially in one picture, and partially in the
next. One of the two equal packets is always received cor-
rectly.

To determine the start and end of a packet, a header is used.
This header contains a pattern that can not occur in Manch-
ester encoding normally, a zero followed by three consecutive
ones and ending with a zero. This can be seen in the DFA in
figure 3. To determine the start of the packet the widest band
in the picture must be found, and the end will be the start of
the next packet.

4.2 Finding the data

When taking a picture, only part of the image will be of the
transmitter. Image processing needs to be applied to detect
where the data in the image can be found. In other works that
use an LED as a transmitter, the image was passed into an
OTSU filter, this filter turns a gray picture into a black and
white image by making the brightest part of the image white,
and everything else black. The contour of the transmitter was
found to be white while other parts of the image were black.
This will not work as the transmitter is more of an ’encoder’.
It is not transmitting light but only encodes it with data. In
the process, it is losing about 57 percent of the light intensity
[5]. As the transmitter is now darker than the surrounding, an-
other detection algorithm needs to be proposed. In this paper,
we propose a new algorithm to detect the transmitter, Chro-
maCam.

This algorithm uses the fact that high-end cameras nowa-
days can reach frame rates up to 960 fps [12]. This frame rate
is high enough to insert calibration frames when needed and
at the same time not lose too many packets. These frames
are taken with a higher exposure time, such that they will not
show the rolling shutter effect. Together with the next picture
that does show this effect, the difference between the two pic-
tures is taken, the result can be seen in figure 4c. This image
is converted to black and white, and an OTSU filter is applied.
In figure 4 the whole process can be found. With the result
of the OTSU filter, the boundaries of the transmitter are de-
tected. This results in the red bounding box in figure 5. To
track this location the colors and frequency of the modulation
are captured.

The time between frames can be as little as one millisec-
ond, thus the location of the transmitter will not differ greatly.
Instead of searching the whole frame for the transmitter, only
near the last known location of the transmitter needs to be
searched for a signal with a known color and frequency.
When the transmitter is found, the location will be updated
and the data is demodulated. If the transmitter is not found,
another calibration frame is inserted. As the calibration frame
does take valuable time, even at 960 frames per second, as
few as possible calibration frames should be used. In sec-
tion 6 we discuss how to decrease the number of calibration
frames needed.

4.3 Getting the data

To demodulate the data every vertical bar of the transmitter
is averaged to a single RGB value, the three color channels
can then be plotted separately, depending on what color the
transmitter is oscillating between, one of these channels will
hold the encoded data. Figure 5 shows the green channel
holding the encoded data as this channel has the highest av-
erage change in value. To obtain the data from this graph, the
header must be found. As can be seen from the DFA in 3, the
header contains three consecutive ones. This will result in the
widest band in the image, in figure 5 it results in the green
band. As we know this part is the result of three consecutive
ones, the width of a single symbol is also known. The data
can now be decoded by matching this length to the rising and
falling edges in the graph. Using this the differential Manch-
ester encoded data can be interpreted.
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Figure 5: Picture where the location of the transmitter is detected,
and the RGB channels are plotted.

To increase the throughput of ChromaCam, the optimal
colors for the transmitter to modulate between need to be
found, the optimal colors will have the highest change in con-
trast for the smallest change in time. This will decrease the
overall width of the bands that encode the data, and more data
will fit into a single frame. In ChromaLux [5] a way to deter-
mine these colors is discussed, this will be adapted to work
with a camera.

5 Platform

To determine the performance of ChromaCam, two seperate
platforms are used, a transmitter and a receiver.

5.1 Transmitter

The transmitter consists of four liquid crystal cells with a
height of seven centimeter modulated by an Arduino Uno op-
eration at 5.0V. To determine the optimal voltages for send-
ing the bits, the voltage over the liquid crystal cells versus the
color is plotted in figure 6a. To get the fastest switching times
a picture of a single transition is taken. The steepest slope
of a single channel is the point where the deviation in color
per change in voltage is the largest. If the colors in figure 6b
are matched with the voltages that correspond to those colors
in 6a it is found that between 2.2V and 2.6V the red channel
has the highest voltage difference for the smallest deviation
in voltage. These are the voltages for which this liquid crys-
tals switch the fastest, achieving the highest bandwidth and
contrast.

The Arduino Uno uses the build in timers one and two to
send the data. Timer two controls the output pin to the liquid
crystal cells, it uses Fast PWM mode to send a PWM signal
with a frequency of 10kHz. The duty cycle can be edited by
setting specific registers. The registers and what to set them to
can be found in the datasheet of the ATmega328P [11]. To get
the voltage of 2.2V and 2.6V, because the maximum voltage
is 5.0V the duty cycle will be 44% and 52% of period of the
10kHz signal. Timer one will be used to send the symbols,
every 0.5ms an interrupt service routine is called. This routine
will change the duty cycle of timer two depending on the next

0.1V .oV 2.0V 3.0V 4.0V 5.0V

(a) Colors that are produced by the LC shutter with a stable voltage
from 0.1V to 5V with steps of 0.1V.
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(b) Single transition from OV to 5V.

Figure 6: When a voltage is applied to the liquid crystal cells, the red
green and blue channel do not all respond equally fast. To determine
the fastest changing channel a single transition is plotted. in (b) it
can be seen that the red channel has the largest slope between two
colors. These colors can be matched with voltages in found in (a).

symbol in the packet following the DFA found in 3. If the
next symbol is a zero, timer two will have a duty cycle of
44%, a duty cycle of 52% is selected if the next symbol is a
one.

5.2 Receiver

The Samsung Galaxy S20 is used as a receiver. The phone
can go up to 960 frames per second at 1280 by 720 pixels
with a field of view of 53 degrees. As the S20 contains a fast
enough processor, demodulation can be done on the phone it-
self in real time. To process the pictures, the OpenCV library
is used. This library is able to process pictures and videos,
it also contains algorithms to follow objects. The library is
extensively used for the difference between two pictures, an
OTSU filter and tracking the transmitter.



Figure 7: Setup used with testing, the transmitter is posted against
the window

6 Evaluation

To evaluate ChromaCam, the platform is tested for stability
and data rate. Natural light is used by placing the transmitter
in front of a window. During testing the light intensity fluctu-
ated between 5 kLux when it is a cloudy day and 7 kLux on
a sunny day. Figure 7 shows the setup.

6.1 Bit rate

The bit rate of the system depends on a multitude of factors,
most important are the package size, distance to the transmit-
ter, and symbol rate of the transmitter. If the packet size can
be increased, more bits can be decoded in a single picture of
the camera. The packet size can not be increased indefinitely,
as the packet will no longer fit on the transmitter. For this
same reason, the distance from the camera to the transmitter
is an important factor. The size the transmitter takes on the
screen decreases with the distance. Lastly, if we increase the
symbol rate of the transmitter, a larger packet can fit in a sin-
gle picture. This is however limited by the shutter speed of
the camera and the switching speed of the transmitter.

Symbol Rate

To find the limit of how fast the transmitter can send a single
symbol and the camera can receive this, the distance is min-
imized. For increasing symbol rates of the transmitter, the
width of a single transition is measured. The result can be
found in figure 8. After about 6000 symbols per second, no
distinct transitions could be seen. Equation 1 is the regres-
sion line that conforms with the found data, with a width per
transition of /4y, and a symbol rate of s.

Loym = 122217 s~ 1039 (D)
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Figure 8: Width of a single transition plotted against the symbol rate
of the transmitter.
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Figure 9: Difference between high and low symbol of the red chan-
nel at certain symbol rates.

As the symbol rate increases, the contrast between the high
and low symbols decreases. This is shown in figure 9 where
the difference in the red channel is plotted against the symbol
rate. This decrease in contrast can be explained by how the
transmitter is still changing its color. Because ChromaCam
uses Manchester encoded data, where we are looking for
falling and rising edges, the exact value does not matter. As
long as the contrast is higher than the noise coming from the
transmitter, data can be decoded.

Packet Size

To be able to reliably decode data, a symbol rate of 3000
symbols per second is used for sending the packets in Chro-
maCam. With this symbol rate, equation 1 shows that a single
transition has a width of about 30 pixels. From figure 3 it is
known that a packet is at least five symbol lengths long, and
every bit added adds two symbol lengths. For a packet size
lpacket Of b bits, equation 2 shows the size of the packet.

lpacket = lsym * (5 + 2% b) (2)
ltransmitteT

dw ole = T T Eov -~ 3

hol tan( 220 3)

The Samsung Galaxy S20 has the whole transmitter in
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Figure 10: Datarate plotted against the distance to the receiver.

Figure 11: Example of the transmitter at seven centimeter sending
data at 3000 symbols per second.

frame at a distance of seven centimeters, with general geom-
etry equation 3 is found, it generalizes the distance the whole
transmitter is in frame for a camera with a field of view F'oV/
and the height of a transmitter lyqpnsmitter- FOr every dis-
tance smaller than this distance the whole transmitter is in
frame. As the resolution of the receiver has a limit of 720
pixels, keeping in mind that at least two packets need to fit
in a frame as seen in section 4.1, the max length of a packet
is 720/2 = 360 pixels. Rewriting equation 2 shows that at
a distance of seven centimeters three bits can fit into a sin-
gle packet. For every factor x with which the distance is in-
creased, the max size of a packet is decreased by this same
factor x. From this, it follows that if one bit is transmitting
with every packet, the maximum distance is twelve centime-
ters.

On average decoding a single frame takes about 95 mil-
liseconds, with a packet size of three bits, this means a bit
rate of 31 bits per second can be achieved by ChromaCam
with a stable link at a distance of seven centimeters. At a dis-
tance of twelve centimeters, the bit rate is reduced to ten bits
per second. Figure 10 shows the bit rate as a function of the
distance. An example of the transmitter at a distance of seven
centimeters is shown in figure 11.

6.2 Calibration Frames

The OpenCYV library proved useful for tracking objects. After
an initial calibration frame, if the transmitter was visible in

a frame, the tracking algorithm called "MOSSE” was able
to locate it. Only when the transmitter was out of frame a
calibration frame needs to be inserted again. Thus using this
library proves useful for the reliability of the link between
transmitter and receiver.

On average the extra steps to locate the transmitter when
calibration is needed takes an extra 45 ms. This time is
mostly calculating the difference between the two pictures
taken. This adds about 50% to the processing time of a frame,
and thus reduces the bit rate by one third if a calibration frame
was needed every time.

7 Future Work

The achieved bit rate is at the time limited by the processing
speed of the individual frames. If the tracking procedure can
be improved and be made faster, large improvements in the
bit rate can be found up to 750 bits per second, as this is the
maximum the transmitter supports.

Another place for improvements is the effect of an optical
zoom found in the newest phones. This could potentially lead
to large improvements in the distance data can be decoded
from.

One problem found during evaluation of ChromaCam was
background noise. The color of the light coming from the
receiver depends on what is behind the liquid crystal stack.
The colors the liquid crystals are switching between can be
obscured depending on the color of the incoming light. Re-
search can be done to make the colors of the LCs more vibrant
and thus better readable, even with background noise.

8 Responsible Research

In this section the reproducibility and integrity of this paper
is discussed. As discussed by S. Verma, the performance
of light-to-camera communication depends on many factors,
that makes direct comparison not possible. ChromaLux also
discussed the difference in liquid cells and found a difference
of 0.5 millisecond in some cells [5]. This difference can make
the system unusable. To overcome these difficulties, every
setting is documented and the steps to optimize the perfor-
mance for a particular setup is shown. Furthermore, every
step in the algorithm is clearly explained. Libraries that were
used are mentioned and are open source. This should make it
possible for other researchers to reproduce the ChromaCam
algorithm.

9 Conclusion

In this work, we looked into how to demodulate an opti-
cal signal with a high-end smartphone. An algorithm called
ChromaCam was proposed to locate the transmitter. This al-
gorithm takes the difference between two consecutive pic-
tures taken with different shutter speeds to locate the trans-
mitter, then uses common tracking algorithms from OpenCV
to follow the transmitter. This transmitter works based on the
basis of passive visible light communication. It is not trans-
mitting light, instead it is modifying and changing the color
of the incoming light. To test ChromaCam, a prototype was
used. At a distance between transmitter and receiver of seven



centimeters, a bit rate of 31 bits per second was able to be
reached. This proves the viability of ChromaCam.
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