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ABSTRACT

communication.

LED-to-camera communication allows LEDs deployed
for illumination purposes to modulate and transmit data
which can be received by camera sensors available in
mobile devices like smartphones, wearable smart-glasses
etc. Such communication has a unique property that a
user can visually identify a transmitter (i.e. LED) and
specifically receive information from the transmitter. It
can support a variety of novel applications such as augmented reality through mobile devices, navigation using
smart signs, fine-grained location specific advertisement
etc. However, the achievable data rate in current LEDto-camera communication techniques remains very low
(≈ 12 bytes per second) to support any practical application. In this paper, we present ColorBars, an LED-tocamera communication system that utilizes Color Shift
Keying (CSK) to modulate data using different colors
transmitted by the LED. It exploits the increasing popularity of Tri-LEDs (RGB) that can emit a wide range
of colors. We show that commodity cameras can efficiently and accurately demodulate the color symbols.
ColorBars ensures flicker-free and reliable communication even in the presence of inter-frame loss and diversity of rolling shutter cameras. We implement ColorBars
on embedded platform and evaluate it with Android and
iOS smartphones as receivers. Our evaluation shows
that ColorBars can achieve a data rate of 5.2 Kbps on
Nexus 5 and 2.5 Kbps on iPhone 5S, which is significantly higher than previous approaches. It is also shown
that lower CSK modulations (e.g. 4 and 8 CSK) provide extremely low symbol error rates (< 10−3 ), making them a desirable choice for reliable LED-to-camera
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1. INTRODUCTION
Increasing adoption of LEDs for common lighting applications in indoor environment has provided a unique
opportunity to utilize them for Visible Light Communication (VLC). In VLC, information can be transmitted by the LEDs using different modulation techniques,
and can be received by either a high-speed photodiode
or a camera sensor commonly available in today’s mobile devices. The LED-to-camera communication holds
special importance because it enables any mobile device
(smartphone, tablet, wearables like smart-glasses etc.)
with a camera to receive the information transmitted by
the LED. One major advantage of LED-to-camera communication is that it allows a user to visually locate
a transmitter (i.e. LED) and receive the information
specifically transmitted by that transmitter. This association of the transmitter identity and the transmitted
information has a huge potential to create many novel
applications such as augmented reality through cameras
of mobile devices, fine-grained location specific services
such as advertisements and navigation etc. For example, in a retail store, a consumer can visualize an LED
on top of a merchandise rack through her smartphone
or smartglasses, and receive detailed information about
the products on the rack including advertisements, promotions etc. In augmented reality applications, for example, the LED lights in an office can broadcast the
floor map and directions to a specific room.
The visual association property of LED-to-camera
communication is difficult to achieve using Radio Fre-

quency (RF) or Near Field Communication (NFC). Since
data can be received from multiple transmitters in RF
communication, it is difficult to associate the data to
a visually identifiable transmitter. The communication range of NFC is much shorter compared to VLC
making it unsuitable for such applications. The LEDto-camera communication has great potential, however,
low achievable data rate remains one of its biggest limitations. In recent works such as [1] and [2], the achievable data rate of LED-to-camera link is shown to be no
more than 11.32 and 1.25 bytes per second respectively.
Although such data rate might be enough for transmitting identification codes etc., it is certainly not sufficient
for most of the practical applications such as advertisements and augmented reality which require transfer of
small images and textual content. The rolling shutter
phenomenon of the camera which allows it to receive
the data transmitted by LEDs also imposes limits on
the type of modulation that can be used by the LEDs,
resulting in low link data rates.
In this paper, we present ColorBars, a system that
is designed to improve the data rate of LED-to-camera
communication. ColorBars utilizes Color Shift Keying
(CSK) for modulating the data where LED transmits
different data symbols by emitting light of different colors. It exploits the increasing popularity of tri-LED
lights which use three separate red, green and blue LEDs
to produce white light. The advantage of the tri-LED
is that it allows the generation of a large number of colors by varying the RGB intensity. We show that such
color-based modulation of data is perfectly suitable for
today’s mobile devices given that their cameras can easily capture a large variety of colors, making it feasible to
use higher CSK modulation schemes. The use of CSK
reduces the symbol duration significantly in comparison with Frequency Shift Keying (FSK) based schemes.
The shorter symbol duration along with feasibility of
higher CSK modulations result in improved data rate
in ColorBars.
Although CSK is well-suited for LED-to-camera communication, there are three main challenges in design
of ColorBars. First, since the LEDs serve a dual purpose of illumination and communication, it is necessary
that the color-based modulation does not impact the
human perceivable color of the LED. ColorBars eliminates the color flicker problem by adding illumination
symbols of white light such that perceived light in the
critical duration of human eye remains white. Second,
current rolling shutter cameras suffer from inter-frame
gap where symbols transmitted during the gap are lost.
Given shorter symbol duration of ColorBars, this can
result in loss of a large number of symbols. We show
how error correction coding and packetization can be
used to recover the symbols lost due to the inter-frame
gap. Third, in order for ColorBars to support commod-

ity camera devices as receivers, it is necessary to address the diversity of the design of their camera sensors. Specifically, different camera sensors interpret the
same transmitted color symbol differently due to differences in the type of color filter, its manufacturer and
arrangement. To address this issue, ColorBars proposes
to use a calibration process with the use of additional
management packets sent out by the LED transmitter.
We implement ColorBars on BeagleBone Black embedded platform and tri-LEDs as the transmitter module. We develop an Android application that implements all receiver functionality and evaluate the system
using a Nexus 5 smartphone. We also evaluate ColorBars
using iPhone 5S as the receiver. Our implementation
confirms that ColorBars can enable reliable and flickerfree LED-to-camera communication at a higher data
rate.
The contributions of our paper can be summarized as
follows (1) This paper shows that modulating data using different color symbols - Color Shift Keying (CSK) - with
the use of tri-LED is a feasible and well-suited technique for LED-to-camera communication. Due to the
ability of commodity cameras to detect a wide range of
colors, it is possible to use higher constellations with
CSK. This along with shorter symbol duration provides
higher data rates compared to previously studied modulation approaches like FSK.
(2) We design ColorBars, an LED-to-camera communication system which addresses many challenges that
arise when utilizing CSK modulation. ColorBars ensures
color flicker-free operation of the LED where transmitted color symbols do not change LED’s human perceivable color for consistent white illumination. It shows
how error correction codes and packetization can be
used to provide reliable communication in the presence
of data loss due to inter-frame gap. ColorBars is designed to support commodity cameras available on mobile devices as receivers. It addresses the design diversity in the camera sensors with the use of transmitterassisted calibration to reduce demodulation errors.
(3) We implement ColorBars on embedded board with
tri-LEDs and evaluate it using Android and iOS smartphones. Our evaluation shows that ColorBars can achieve
a data rate of 5.2 Kbps on Nexus 5 and 2.4 Kbps on
iPhone 5S which is significantly higher than previous
approaches (11.32 and 1.25 bytes per second in [1] and
[2] respectively). We also show that ColorBars, when using lower CSK schemes (i.e. 4 and 8 CSK), can achieve
moderate to high data rate along with extremely low
symbol error rate (< 10−3 ) which can provide reliable
LED-to-camera communication.
The remainder of the paper is organized as follows.
In Section 2, we provide the necessary background. Section 3 details various challenges that arise in using CSK
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Figure 1: The rolling shutter effect, different modulations as received by camera, and CSK constellation design
for LED-to-camera communication and provides an overview
of our system. Section 4 shows how ColorBars eliminates the color flicker problem. Section 5 and 6 outline the use of error correction codes for inter-frame
loss and transmitter-assisted calibration process respectively. Section 7 describes the demodulation procedure
and Section 8 evaluates our system. Section 9 discusses
the related work and we conclude in Section 10 with
discussion on open challenges.

2. BACKGROUND
In this section, we first provide a primer on camera
sensor’s rolling shutter effect and then discuss how CSK
can overcome the limitations of current low-throughput
modulation schemes.

2.1 Rolling Shutter, OOK and FSK
Rolling Shutter: The CMOS (Complementary MetalOxide Semiconductor) image sensor (or camera), most
commonly used in today’s smartphones, tablets, laptops and other mobile devices, exhibit a phenomenon
referred as rolling shutter. The image sensor consists
of a matrix of photodiodes where each photodiode converts the incident photons to voltage. This voltage is
then used to obtain the pixel value of the image frame.
In order to reduce the overhead of caching, design complexity, power consumption and cost, the rolling shutter
image sensors expose only one scanline of photodiodes

at a time and read the output. This scanning of photodiodes, one scanline after another in sequence, is referred as the rolling shutter effect. Once all the scanlines
of the matrix are read, their output are concatenated to
produce an image. Fig. 1(a) shows an LED that alternates between ON and OFF states, and correspondingly
how a camera produces an image frame with alternating bands of pixels with bright and dark shades due to
the rolling shutter effect.
On-Off Keying (OOK): The rolling shutter phenomenon enables communication between an LED and
a camera where multiple data symbols can be transferred within one camera frame. In OOK modulation,
LED ON and OFF states are used to communicate 1
and 0 respectively (Fig. 1(b)). Because OOK only utilizes LED’s white light, it is less robust to ambient light
noise. OOK can also produce human perceivable LED
flickering in the case of long runs 0s or 1s in the transmission data.
Frequency Shift Keying (FSK): To address the
limitations of OOK, [2] and [1] have proposed to used
FSK where different symbols consist of many ON-OFF
bands at different frequencies. Fig. 1(b) shows a frame
with two FSK symbols. FSK reduces the demodulation
error due to longer symbol duration and multiple ONOFF bands in each symbol. FSK has shown to provide
a throughput of 11.32 and 1.25 bytes per second in [1]
and [2] respectively.

2.2 Color Shift Keying (CSK)

3. OVERVIEW OF COLORBARS

To overcome the limitations of low achievable throughput, we propose to use CSK modulation for LED-tocamera communication in this paper. CSK was originally proposed by IEEE 802.15.7 standard [4] for visible
light communication.
CSK exploits the design of many current commercial
LED luminaires which use three separate (red, green
and blue) LEDs to generate white light in place of the
traditional phosphorescent white LED. With three LEDs,
such luminaires can be configured to provide a variety
of colors using R, G and B mixture. CSK modulates the
signal by modifying the intensity of the three colors. It
utilizes color space chromaticity diagram as defined by
CIE 1931 [5]. The diagram maps all colors that are perceivable by human eye to two chromaticity parameters
- x and y - as shown in Fig. 1(d). Depending on the
operating frequency of the red, green and blue LEDs
of the source, a constellation triangle can be formed
within the color space. The constellation symbols are
then chosen inside the triangle such that inter-symbol
distance is maximized for reduced inter-symbol interference. Figs. 1(e) and 1(f) show the constellation symbols
for 8 and 16 CSK respectively as provided by the IEEE
802.15.7 standard.
Pulse Width Modulation: The LED transmitter
varies the intensity of the three LEDs to produce a desired color symbol. Pulse Width Modulation (PWM) is
used to vary the intensity of LED’s emitted color. PWM
is a technique to use the digital signals to control the
power supplied to electrical devices such as the LEDs,
motors etc. The digital signal could switch between on
(full voltage) and off (no voltage). The percentage duty
cycle describes the percentage of the time the digital signal is on over a period of time. In the case of an LED,
different duty cycles result in a steady voltage between
0 and full, allowing us to control the brightness of the
LED. If we use three PWM signals to control the inner
red, green and blue LEDs of one tri-LED with different
duty circles respectively, the tri-LED will generate an
accumulated color.
On the receiver side, the image sensor receives the
color symbols in the form of different color bands in a
frame as shown in Fig. 1(c). The receiver can map the
received color to reference symbol’s color for demodulation. When a higher CSK modulation is chosen, each
symbol can represent many bits. This can increase the
data rate compared to FSK where multiple bands have
to be used for one symbol. Depending on the receiver
hardware and how many colors the image sensor can
capture, higher CSK modulations can be implemented
to dramatically improve the data rate. This paper identifies and addresses the major challenges involved in using CSK with rolling shutter camera receivers.

In this section, we first identify the design challenges
and then provide an overview of our ColorBars system.

3.1 Design Challenges
When CSK is used for LED-to-camera communication, there are three major challenges (1) Color Flicker: It is necessary that when an LED
is used for data communication, it continues to serve its
primary purpose of illuminating the indoor space. Different from OOK or FSK which utilizes only white light
during the ON period, if the data symbols are transmitted in the form of different color light, the color changes
can be perceived by the human eye. Such non-white
illumination is undesirable as it changes the rendered
colors of surrounding objects, causing a great discomfort to users. Apart from this, fast, human perceivable,
changes in color is known to have a detrimental physiological effects on humans [6]. Hence, it is required that
in ColorBars, even when the color symbols are transmitted, the human perceivable color of illumination remains white.
(2) Inter-frame Data Loss: The commodity cameras available in commonly used mobile devices such as
smartphones cannot continuously capture image frames.
They require a certain amount of time to process the
captured frame as shown in Fig. 2(a). The symbols
transmitted by the LED during this inter-frame gap are
not received by the camera. In the absence of any uplink communication from the camera to the LED, it
is necessary to design techniques that can recover the
symbols to ensure a reliable communication.
(3) Receiver Diversity: When supporting commodity cameras as receivers, it is necessary to take into
account the diversity of these cameras in terms of their
color filters, their type and arrangement. Due to the diversity, the same transmitted color symbol can be perceived differently by different cameras. It is essential
to design a mechanism by which these differences are
minimized to reduce the demodulation errors.

3.2 System Overview
We now provide a brief overview of our system. The
block diagram of various modules of ColorBars system is
shown in Fig. 2(b). On the transmitter side, the input
data bit stream is divided into blocks of bits and error
correction coding is applied on each block. ColorBars
uses Reed-Solomon encoding to deal with the data loss
due to inter-frame gap and inter-symbol interference errors. The blocks of data and parity bits are then used
to form packets where a header and a packet delimiter are added to each packet. The encoded bits of the
packets are then modulated into a stream of symbols
using CSK modulation. For example, when 8CSK is
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Figure 2: (a) Inter-frame gap of camera sensor and (b) ColorBars system block diagram
used, the bits are split into pieces of 3-bits and each
of the piece is mapped to a color symbol according to
the CSK constellation design. At this point, additional
white light symbols are added to the data symbols in
order to guarantee flicker-free operation of the LED.
The symbols are transmitted by the tri-LED which is
controlled by a PWM module. The PWM controller
generates three separate pulse signals to control the intensity of red, green and blue LEDs in order to produce
a specific color.
The ColorBars receiver (camera sensor) captures the
symbols transmitted by the tri-LED transmitter in image frames. An image frame contains bands of different colors each representing a transmitted symbol.
Each of the captured image is first converted from RGB
color space to CIELab color space to reduce the impact of nonuniformly distributed brightness. To reduce the computational overhead of image processing
on resource-constrained smartphones, each image is reduced to a single dimension during symbol detection
phase. The symbols are identified using color matching
process and demodulated using the constellation design.
The delimiter sequences are used to form packets. At
the end, Reed Solomon decoder is used on the bits of
the packets to recover the errors due to inter-frame gap
and inter-symbol interference.
Note that when utilizing a high-speed high-gain photodiode as a receiver, the achievable data rate is known
to be much higher (refer to [7–9] for survey). However,
in this work, we are only interested in using rolling shutter cameras as receivers due to their availability in most
commonly used mobile devices. Also, minimizing intersymbol interference in the CSK constellation design has
been studied in [10, 11] with respect to high-speed photodiode receivers. However, designing such optimization for rolling shutter cameras is beyond the scope of
this paper. For this work, we adopt the CSK constellation designs provided by the IEEE 802.15.7 standard.

4. AVOIDING COLOR FLICKER
In this section, we discuss how ColorBars addresses
the color flicker problem. Our eyes can perceive the surrounding objects through the images projected onto the
retina. As the brain needs a certain amount of time to
“process” the received images, our visual system cannot
respond to the immediate change of stimuli, resulting in
a delay in observing change in luminance or color. If the
intermittent stimuli is presented below a specific rate,
our visual system can perceive the changes (an effect
referred as flicker ). Above the rate at which the flicker
effect ceases is called the flicker fusion threshold [12].
To perceive the surrounding objects, our eyes experience a process called temporal summation. During the
temporal summation, the eye will accumulate the incoming photons for a period of time until it saturates.
This time period is referred as the critical duration. According to Bloch’s law of vision [13],
Ψ = I · t, (t ≤ tc )

(1)

where I is the intensity of stimulus (LED in our case)
and tc is the critical duration, the perceived intensity Ψ
is a linear function of the duration t. Once the threshold
is reached, additional stimuli light will not change the
perception of the visual system.
The perception of the color is the average of the temporal summation during the critical duration. According to the Bloch’s law, the perceived color (ψ) is
R
R
R
Ir (t)dt + Ig (t)dt + Ir (t)dt
ψ=
(2)
t
where Ir (t), Ig (t), Ib (t) are the intensity functions of red,
green and blue light respectively. This is further demonstrated with an example in Fig. 3(a). Here, a tri-LED
emits pure red, green and blue light in a sequence at
very high frequency. Given that the three lights are
emitted with the same proportion, the human eye will
perceive a white light due to temporal summation within
the critical duration.
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Note that in our CSK constellation design, the symbols are equally spread within the R, G and B areas
of the constellation triangle (Figs. 1(d), 1(e) and 1(f)).
This means that irrespective of which CSK modulation is chosen, when these symbols are transmitted in
equal proportion within the critical duration, they can
in fact provide white light. However, the challenge with
ColorBars is that the symbols within one critical duration might not provide an average white light perception. This is because, depending on the data, any
random symbols can be chosen for transmission and it
is possible that the combined effect of symbols might
create a color offset that is visible to the users.
To address this issue, ColorBars inserts dedicated illumination symbols of white light. When sufficient number of periodic illumination symbols are inserted, the
perception of white light can be guaranteed. Since the
illumination symbols do not serve any purpose for communication, it is desirable to reduce their proportion
to increase the achievable data rate. We empirically
derive how many white light symbols are necessary to
guarantee white light perception for different symbol
frequency. We perform an experiment where we increase the symbol frequency from 500 Hz to 5000 Hz
and each symbol is a randomly chosen color from the
constellation triangle. We vary the percentage of white
light symbols, and ask 10 volunteers to observe the LED
light for color flicker for all combinations of symbol frequencies and percentage white light. Fig. 3(b) shows
the minimum (as observed by the 10 volunteers) percentage of white light necessary to eliminate any effect
of color flicker.
From Fig. 3(b), it is interesting to note that as the
symbol frequency increases, the percentage of white light
necessary decreases. This is because, at a higher symbol
frequency, it is more likely that the symbols in each critical duration are more uniformly distributed within the
constellation triangle, resulting in a combined effect of
white light. At lower symbol frequencies, longer symbol

duration might create a color offset from the white light,
requiring more white light symbols for illumination adjustment. This result shows that operating an LED at
higher symbol frequency is better for two reasons: (i)
as the symbol frequency increases, the achievable data
rate increases and (ii) at a higher symbol frequency,
fewer white light symbols are necessary for illumination
which in turn also increases the data rate as more data
symbols can be transmitted within a unit time. We
use the results of Fig. 3(b) to determine the necessary
percentage of white light in the rest of the work.
Although higher symbol rate is desirable for higher
data rate, there are two limiting factors - (1) the hardware limitations of the transmitter, such as the computational capacity of controller, the maximum frequency
of LED etc.; (2) the limitation of receiver’s hardware
and the data processing algorithm. With the use of
rolling shutter cameras as receivers, the second factor
imposes a major limitation on LED’s symbol frequency.
As the symbol frequency increases, the size of the symbol received (width of the color band in the frame) by
the camera decreases (see Fig. 3(c)). Once the width
falls below a specific value, it becomes extremely difficult to correctly demodulate the symbol. From our
experiments, we empirically find that minimum width
of the band should be 10 pixels to avoid any symbol
detection error.

5. INTER-FRAME DATA LOSS
As we mentioned before, since a camera requires a
certain amount of time to process the each captured
frame, there exists a time gap between the two consecutive frames when the information transmitted by the
LED is lost. We refer to this as inter-frame data loss.
In this section, we show how we can use error-correction
coding and packetization to ensure reliable data transfer.
Error Correction Coding: The inter-frame data
loss can be recovered using an error correction coding
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scheme. To apply an error correction coding, ColorBars
first divides the bitstream into blocks of k bits. Due
to unidirectional communication from LED to camera
and unsynchronization between the two, the inter-frame
data loss can occur at any part of the block of k bits. To
handle such error characteristics, ColorBars uses ReedSolomon (RS) codes for error correction. RS codes are
block-based error correction codes that are widely used
in wired and wireless communication as well as the storage systems. In RS(n, k) coding, a codeword of n bits
is generated by adding n − k parity bits to k data bits.
Such an RS encoding can detect errors in up to 2t bits
and can correct up to t bits where 2t = n − k. RS codes
are especially suitable for ColorBars as it can detect and
correct bit errors anywhere within the codeword of n
bits.
It is noted that the computational overhead of encoding and decoding increases sharply [14] as k increases.
In ColorBars, the size of k and n should depend on the
inter-frame gap of the receiver. Let us say that for a
symbol rate of S symbols per second (sym./sec.), the
inter-frame loss ratio is l and the frame rate is F . The
inter-frame loss ratio is the ratio of size of inter-frame
gap to the total size of a frame and an inter-frame gap.
Hence, the number of symbols received in one frame by
the receiver is FS = (1 − l) · S/F . This is shown in
Fig. 2(a). The additional illumination symbols of white
light are added with illumination ratio of ηS . The illumination ratio is the ratio of number of useful data
symbols to total number of data and white light symbols. Also, let us say that for the given CSK scheme
in use, the size of the symbol is C bits. This way, the
number of symbols lost between two consecutive frames
is LS = l · S/F , and the total number of data bits lost
is ηS · C · LS .
We can get the size of codeword n = ηS ·C ·(FS +LS ).
In order for recovering these bits, the RS coding with
t = ηS · C · LS should be used, which means the parity size should be 2t = 2ηS · C · LS . Hence, ColorBars
chooses k = n − 2t = ηS · C · (FS − LS ). For example, if
there are 150 bands within one receiver frame (FS = 150
symbols) and the number of lost bands is 30 (the loss
ratio is 1/6), the transmitter is using 8CSK (C = 3 bits)
and ηS = 4/5 (20% illumination symbols), the size of
the message is calculated to be 36 bytes. This way, the
error correction coding used by ColorBars can be indicated by RS(ηS C(FS + LS ), ηS C(FS − LS )). Note that
in ColorBars, the bitstream is first mapped to symbols
based on the chosen CSK modulation scheme, and the
“white” symbols are added afterwards to the encoded
symbols.
Packetization: The data and parity symbols along
with the illumination symbols are encapsulated in a
data packet. A header is attached to each of the packet
which includes the size of the packet. Note that if the
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Figure 4: Data Packet Structure
size of the packet is too small, the entire packet can
be lost during the inter-frame gap and additional techniques might be necessary to recover the packet. On the
other hand, if the packet is too large, even when only the
header of the packet is lost during the inter-frame gap,
the resultant data loss can be much larger. In this case,
a natural choice of size of the packet p = C(FS + LS )
which is the total size of a frame and inter-frame gap.
Since the receiver is required to perform decoding
and demodulation on each packet, it is necessary to
delimit each packet using a pre-defined delimiter sequence. ColorBars uses “owo” sequence as delimiter between packets where “o” and “w” are LED OFF and
white light symbols respectively. During the OFF symbol, the LED is turned off to produce a dark symbol that
can be easily identified and distinguished from other
data symbols. The symbol duration of the OFF symbol
is also chosen to be the same as other symbols based on
the symbol rate. The delimiter along with the packet
structure is illustrated in Fig. 4.
Apart from the packet delimiter, each packet is assigned a header which includes two fields - (1) a flag
indicating that the packet is either a data packet or calibration packet (Section 6) and (2) size of the packet.
A data packet is indicated by a flag of sequence of five
symbols “owowo”, while the size of the packet is indicated using 3 data symbols. The size of the packet is
required in the header as it allows the receiver to determine how many bits were lost in the inter-frame gap
and apply RS decoding accordingly. If either the delimiter or the packet header is lost inter-frame gap, the
packet is discarded.

6. RECEIVER DIVERSITY
One of the biggest challenges in utilizing color-based
modulation scheme is to address the diversity in camera receivers. The camera image sensor used in different
smartphones or other devices can vary significantly in
their characteristics, especially, in how they capture different colors. For ColorBars, the different color symbols
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broadcast by the LED transmitter should be correctly
demodulated by all the camera receivers. This requires
that each of the camera receivers is able to calibrate the
captured color and the true transmitted color with the
help from the transmitter. In this section, we first identify the issues that arise due to camera diversity and
how transmitter can enable receiver-side calibration for
improved demodulation.

has severe limitations in terms of removing brightness
from the received color. We will discuss in Section 7 that
the use of CIELab color space is better in demodulation
as it can distill symbol’s color by removing most of the
effects of brightness.
ColorBars uses CIELab color space for demodulation
on the receiver side. CIELab is a three channel color
space with one channel for lightness L and two channels for colors (a and b). It was designed to overcome
the limitations of RGB space in which the distance between two colors does not always correspond to separation perceived by the human eye. The CIELab color
space is shown in Fig. 5(b). The a dimension spans
from green (−a) to red (+a) and the b dimension spans
from blue (−b) to yellow (b). The vertical axis L captures the brightness by spanning from black to white.
After removing the lightness dimension, any color can
be represented by {a, b} as shown in Fig. 5(b).
Fig. 6(a) shows how 8 different color symbols (8CSK)
transmitted by an LED transmitter are received by the
camera sensor of two different smartphones (Nexus 5
and iPhone 5S). It can be observed that there is a noticeable difference between how the same color is perceived by two different cameras. As we discussed, this
is attributed to different color filters used by the camera
sensors.

6.1 Different Cameras, Different Symbols
An image sensor consists of a matrix of photodiodes.
Since a photodiode can only perceive the intensity of
the light and not the color itself, the images captured
using the sensor are grayscale images. In order to estimate the colors in the image, each photodiode is covered with a color filter. A commonly used color filter
is Bayer filter (shown in Fig. 5(a)). A Bayer filter is
matrix of filters with alternating rows of green-red and
green-blue filters. The higher number of green filters
is due to the fact that human eye is more sensitive to
the green color wavelength. Depending on the intensity of different colors after filtering and demosaicing
procedure, the true color of the pixel is estimated in
the image. For different image sensors, the color filters (technology and manufacturer), their arrangement
and the demosaicing procedure can be different which
results in different cameras estimating the same true
color differently.
Note that in ColorBars, the transmitter uses CIE color
space (Fig. 1(d)) as its basis for constellation design.
This is because it allows to choose a set of symbols
that are equally distributed among RGB wavelengths
and together can produce a white light (necessary for
illumination). However, the receiver can demodulate
the transmitted symbols using any color space that can
reduce the symbol error. A naive way of matching the
color of symbols is to use RGB color space and apply
a distance metric. Although it is intuitive, this method

6.2 Same Camera, Different Symbols
There is another challenge introduced by the camera sensor diversity issue. Because an image capture is
controlled by many different parameters of the camera
sensor (e.g. exposure time, ISO etc.), the same symbol
when transmitted at a different time can be received
differently by the same camera. The camera sensor in
most modern smart devices adjust the exposure time
and ISO automatically and dynamically depending on
the current ambient light conditions. This can lead to
significant variation in received symbols spatially as well
as temporally. The exposure time is the length of the
time the camera shutter is open to allow light into the
photodiode matrix. Larger exposure time means that
each photodiode will have more time to accumulate photons until it saturates. ISO is a parameter that determines how many photons are enough to saturate the
photodiode. For a higher ISO, lesser number of photons
are needed to saturate the photodiodes. Fig. 6(b) and
Fig. 6(c) show how the same transmitted color symbol
(pure blue) can be perceived differently with different
exposure time and ISO respectively.
Calibration Packet: ColorBars handles the receiver
diversity issues with the use of dedicated management
packets called calibration packets. The calibration packets are sent out by the transmitter periodically. A calibration packet includes a flag and all symbols of current
modulation scheme in a sequence (e.g. 8 symbols for
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Figure 6: Camera’s perceived color can vary substantially due to variations in camera filter and settings
8CSK). Similar to the data packets, the flag is used to
identify the calibration packets. We use “owowowo” sequence as the flag indicator for calibration packet where
“o” and “w” are LED OFF and white light symbols
respectively. The choice of OFF and white symbols
ensures that a receiver can infer an incoming calibration packet even before it has received the color sequence for calibration. Once a receiver receives a calibration packet, it stores each of the symbols and its
color for future matching. Since the calibration packets
are sent out periodically, the receivers can quickly adapt
to changing channel condition (i.e. ambient light) to
reduce the symbol demodulation error. A new receiver
joining the system can wait till the reception of the first
calibration packet to start demodulating the data.

7. DEMODULATION
The color symbols transmitted by an LED are received by the image sensor which can demodulate them
to receive the data. The receiver captures a continuous
set of frames through video recording and then extracts
the symbols in each frame. It carries out the following
steps in order to demodulate the data from each frame.
Step 1 - Convert to CIELAB color space: Fig. 8(a)
shows a received frame to demonstrate the brightness
within the frame is not uniformly distributed. The center of the frame is observed to be brighter compared to
the peripheral region. As we discussed before, the RGB
values vary considerably within a band due to the nonuniform brightness. To address this, ColorBars converts
the received color to CIELAB color space and eliminates
the brightness dimension to distill the symbol color using {a, b}.
Step 2 - Preprocessing packets: In order to decrease the computational overhead of demodulation, the
receiver reduces a 2D frame containing the color bands
to a single dimension. Let P [i, j] be the color of the
pixel at ith row and jth column of the frame, and let

M be the number of pixel rows in the image. Note
that P [i, j] = {a, b} in the CIELab space without the
lightness dimension. We first calculate the mean color
of jth column by averaging the a and b of all M pixels in the column. The mean color of each column is
used as a way to reduce the frame to an array of pixels.
After this, any delimiters between the packets are detected based on sequence matching. Once the packets
are split, the illumination symbols (white light) are also
removed. Note that detecting and distinguishing OFF
and white symbols is possible with very high accuracy.
Each packet is then marked as either a data or a calibration packet using the flag information in the packet
header.
Step 3 - Decoding and demodulation: For the
calibration packets, the sequence of color symbols are
stored by the receiver along with the number of symbols used by the CSK scheme. These symbols are used
as reference symbols for demodulating the symbols in
the data packets. We use ∆E [15] to measure the difference between the colors of two pixels in CIELab color
space. ∆E is the euclidean distance between two colors
in the a, b-plane of the CIELab space. It is known that
the difference between two colors is noticeable when
∆E ≥ 2.3 [15]. We use 2.3 as the threshold to match
the color of a symbol to reference colors received in the
calibration packet.
For each data packet, the first essential information to
be decoded after demodulation is the size of the packet
available in the header. If the number of symbols received in the packet matches the size mentioned in the
header, it means that the packet did not suffer any interframe loss. In this case, the RS decoding fixes any symbol error induced by color matching procedure. If the
number of received symbols are lesser than the header
size, the RS decoding recovers the data lost due to the
inter-frame gap. Recall that our RS encoding was designed to ensure that the data can be recovered correctly
in the presence of inter-frame loss.
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8. PERFORMANCE EVALUATION
Experiment Setup: The ColorBars transmitter is
implemented using BeagleBone Black board [16]. BeagleBone Black is a low-cost, open hardware embedded
development platform with 1 GHz processor and 512
MB of memory. The BeagleBone platform is especially
suitable for implementing ColorBars as it provides sufficient number of PWM controls necessary for generating
different colors through off-the-shelf RGB tri-LED. It
has also been recently used for developing open-source
VLC testbed in [17]. We empirically find the maximum
frequency of color change supported by the BeagleBone
board to be less than 4500 Hz. Various components of
the transmitter are depicted in Fig. 7(a) and the circuit
diagram of the transmitter module is shown in Fig. 7(b).
The ColorBars receiver module is implemented on smartphones. In order to evaluate multiple commodity cameras, we use Android (Nexus 5) and iOS (iPhone 5S)
smartphones. For the Nexus 5, we develop an Android
app that implements the functionality of ColorBars receiver including decoding, image space conversion, symbol detection, demodulation and error correction. We
use multiple threads to speed up the real-time decoding
process. In the implementation, one thread is used to
read frames from the camera and perform color space
conversion along with dimension reduction. The preprocessed image is then added to a queue, from where
another thread receives the frames. This thread performs the symbol detection, demodulation and error
correction. In the case of iPhone 5S, we capture the
video using the device and perform the decoding procedure offline. As the lumens of the tri-LED is low in
our experiments, the phone camera is kept close to the
LED (within 3cm).
We evaluate the ColorBars transmitter and receiver
modules using three performance metrics - symbol error
rate, throughput and goodput.

Inter-frame Loss Ratio: We first measure the interframe loss ratio of the two smartphone receivers. The
Nexus 5 camera sensor has a resolution of 2448 × 3264
with 30 frames per second. The iPhone 5S camera has
a resolution of 1080 × 1920 with 30 frames per second.
Note that we use the back camera of both the devices in
our experiments. In order to determine the inter-frame
loss ratio, the transmitter sends out symbols at different
rates and the device cameras record the received symbols. Table 1 shows the number of symbols received per
second for the two devices. Based on this, we can observe that iPhone 5S has a higher inter-frame loss ratio
(0.37) compared to Nexus 5 (0.23).
Color Space Conversion: The advantage of converting the received frame from RGB color space to
CIELab space is to remove the majority of the effect
of brightness variation within the same color symbol.
Fig. 8(b) compares how well CIELab space can remove
the brightness variations compared to the RGB space.
For this, we choose a color symbol in the center of the
frame shown in Fig. 8(a), and calculate its mean color in
both spaces. We then calculate the variance of euclidean
distance from each pixel’s color in the symbol column
to the mean color of the column to observe the variation from the mean due to brightness artifacts. CIELab
space observes much smaller variance due to removal of
most of the brightness effects compared to the RGB
space.
Symbol Error Rate: The evaluation of Symbol
Error Rate (SER) shows the demodulation errors experienced by the receivers due to the inter-symbol interference. We measure the SER in CIELab space for
both Nexus 5 and iPhone 5S smartphones for different
CSK schemes. To capture the effect of symbol frequency
(symbols per second), we vary it from 1000 Hz to 4000
Hz in the increments of 1000 Hz for each of the CSK
schemes. We do not modify the exposure time or ISO
settings in either of the cameras to allow it to adjust
these parameters automatically as it happens in most

Transmission Symbol Rate
Nexus 5
iPhone 5S

1000 Hz
772.84
640.55

2000 Hz
1506.11
1263.56

3000 Hz
2352.65
1887.73

4000 Hz
3060.67
2431.01

Avg. Inter-frame Loss Ratio
0.2312
0.3727

Table 1: Average inter-frame loss ratio of Nexus 5 and iPhone 5S
practical scenarios.
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Figs. 9(a) and 9(b) show the observed SER for Nexus
5 and iPhone 5S respectively. Here, the SER is the fracFigure 10: Throughput of different CSK modulations
tion of symbols that incorrectly demodulated by the
and symbol frequency
receiver. We observe that for both the smartphones,
as we increase the symbol frequency the SER increases
Figs. 10(a) and 10(b) show the raw achievable throughfor higher CSK schemes (i.e. 16 and 32 CSK). This is
put data rate by the Nexus 5 and iPhone 5S respecbecause with higher symbol frequency, the size of the
tively. For the calculation of raw throughput, we do
symbol (width of the band) decreases. This increases
not perform any error correction at the receiver but
the inter-symbol interference as it becomes more and
simply measure the number of symbols received excludmore difficult to distinguish symbols with fewer pixels
ing the illumination symbols of white light. We can
of true representation of the colors. It is also observed
observe that the throughput increases with increase in
that the SER in lower CSK schemes (i.e. 4 and 8 CSK)
the symbol frequency as expected. Similarly, in the abis close to 0, which means that both the camera desence of any error correction, higher CSK modulation
vices can accurately distinguish (4 or 8) colors even at
schemes achieve higher throughput. The maximum oba very high symbol frequency. This means that lower
served throughput with 32 CSK and 4KHz symbol freCSK modulation schemes can be used in the applicaquency is over 11 Kbps and 9 Kbps for Nexus 5 and
tions where reliable LED-to-camera communication is
iPhone 5S respectively.
desirable.
The reason why iPhone 5S achieves lower throughIt is also observed from Fig. 9 that iPhone 5S achieves
put compared to Nexus 5 is because the throughput dea lower SER compared to the Nexus 5 smartphone. This
pends on two factors - SER and inter-frame loss ratio.
can be purely attributed to how well a camera sensor
Even though iPhone 5S has lower SER, its inter-frame
captures the true color emitted by the LED. We observe
loss ratio is much higher (Table 1) in comparison with
that iPhone 5S better captures the true color, allowing
Nexus 5. This means that more number of transmitthe receiver to better distinguish the symbols.
ted symbols are lost for the iPhone, resulting in overall
Throughput and Goodput: We now evaluate the
throughput and goodput that is achievable through ColorBars throughput reduction.
Figs. 11(a) and 11(b) show the observed goodput for
system. Similar to the SER results, we vary the CSK
Nexus 5 and iPhone 5S respectively. For the goodput
modulation and symbol frequency to investigate their
measurement, we perform the RS error correction on
impact on throughput and goodput, with automatic
the receiver and measure only the correctly received or
camera settings of exposure time and ISO. It should also
recovered symbols. Different from throughput, in the
be noted that currently ColorBars transmitter sends out
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Figure 11: Goodput of different CSK modulations and
symbol frequency
case of goodput, we observe that higher CSK modulation does not always increase the goodput. This is
because at higher CSK modulation, such as 32 CSK,
the higher value of SER starts to decrease the goodput.
The maximum observed goodput of approximately 5.2
Kbps and 2.5 Kbps occur at 16 CSK with 4 KHz symbol
rate for both Nexus 5 and iPhone 5S respectively.
The lower goodput of iPhone is attributed to its higher
inter-frame loss ratio. For the higher inter-frame loss ratio of 0.37 for iPhone, the transmitter has to apply to
RS encoding accordingly which increases the encoding
overhead (more number of parity bits). This shows that
in practice, where a single ColorBars transmitter has to
support different smartphones, the achievable goodput
remains bounded by the the slowest (highest inter-frame
loss ratio) smartphone that needs to be supported as a
receiver.

9. RELATED WORK
LED-to-camera communication has been recently studied in [1, 2, 18, 19]. In [18], authors proposed the use of
undersampled OOK (one symbol per frame) in order to
ensure reliable data delivery even in highly noisy environment. The use of OOK was also explored in terms of
rolling shutter cameras in [19] where the use of shorter
symbol duration was proposed. Compared to CSK,
OOK suffers severe noise due to ambient light. Also,
undersampled OOK can result in flickering effect due
to very slow symbol rate. In a recent work [1], authors
proposed the use of FSK and addresses various issues
such unsynchronization, inter-frame gap loss etc. Similarly, [2] proposed to use FSK for non-LOS communications. In both works, the achievable throughput in this
case is also shown to be no more than 12 bytes per second. Compared to this, ColorBars uses CSK modulation
which reduces the symbol duration and in turn increases
the data rate. CSK has been the focus of research in

some recent papers [10, 11] and also used in the IEEE
802.15.7 standard [4]. Different from these, ColorBars
utilizes rolling shutter cameras as the receivers which
introduces many novel challenges. A recent work [20]
has proposed to use RGB LED and CSK for data communication with mobile phones, however, it does not
utilize the rolling shutter scheme of CMOS cameras or
address the issue of color flicker.
In another set of research works, screen-to-camera
communication has been studied in [21], [22], [23], [24].
Authors in [21] proposed visual-MIMO for enabling communication between pixels of LCD/LED arrays and cameras. Authors in [22] proposed to use blur-adaptive
OFDM coding to encode the data in the pixels of LCD
display. [23] is designed to achieve communication between smartphone screen and camera using 2-D color
barcodes. The limited throughput of previous schemes
were improved by LightSync [24] using the transmitter and receiver frame synchronization. In recent work
[25, 26], the screen-to-camera communication is shown
to be feasible in parallel with screen-human viewing.
Many design challenges introduced by LED-to-camera
are different from that in screen-to-camera communication. As an example, ColorBars requires the LED to
provides white illumination while enabling the communication. Rolling shutter cameras have also been used in
visible light localization in [27] and [28] where a camera
can receive beacons from multiple LEDs and localize
itself using angle or arrival calculation. Compared to
these, the primary focus of ColorBars is to provide high
data rate and reliable communication in LED-to-camera
links.

10. DISCUSSION AND CONCLUSIONS
In this work, we presented ColorBars, an LED-tocamera communication system that leverages tri-LED’s
ability to provide a variety of colors as a way to modulate information which can be received by rolling-shutter
cameras. We identified three challenges - (1) color flicker
(2) inter-frame data loss and (3) receiver diversity - and
addressed them in the design of ColorBars. Our testbedbased evaluation showed that it can achieve a data rate
of 5.2 Kbps on Nexus 5 and 2.5 Kbps on iPhone 5S
devices. We also show that when ColorBars uses lower
CSK modulation, extremely low symbol error rate can
be guaranteed for a reliable communication.
There are many open challenges which provide the
directions for our future work. First, the LEDs utilized in our experiments provide low lumens, requiring
the phone camera to be in close proximity while communicating. We plan to extend our work to utilize an
array of tri-LEDs to provide high lumens and enable
communication from farther distances. Second, in this
work, we used the CSK constellation as suggested by the
802.15.7 standard, which is not necessarily optimized

for the rolling shutter camera receivers. In the future,
we plan to optimize the CSK constellation design to
minimize the inter-symbol interference.
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