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1. INTRODUCTION
Camera communication (CamCom) is a form of visible

light communication (VLC) that makes use of a camera as
the receiver. One very important advantage of CamCom
is that the acquired images during the receiving process
provide a means to visually associate the physical object
with the transmitted information, since the receiver has the
knowledge of which pixels in the images are transmitting.
Figure 1 shows a simple example. A user points her smart-
phone camera at multiple lights, touches the screen to select
one, and uses the virtual switch that appears on the screen
to adjust the lighting level. In this scenario, the lights simply
periodically transmit simple identifiers, such as IP addresses,
to the smartphone. The system is able to directly associate
what the user sees (the image pixels corresponding to the
light selected by the user) to the transmitted information
(the identifier of the light). An out-of-band channel, such as
WiFi, can then be used to send the actual command to the
selected light to adjust the setting. Compared to the con-
ventional approach of identifying a particular set of visual
features unique to the object with computer vision tech-
niques, this approach is simpler, more intuitive, and more
accurate.

The biggest limitation of CamCom is that the data rate
is severely limited by the frame rate of the camera. A mod-
ern consumer-grade camera usually has a frame rate of 30
frames per second (fps), which translates to a sampling rate
of 30 Hz and an undesirable data rate of 15 bits per second
(bps) [5] per transmitting LED. Several existing works [1, 4]
exploit rolling shutter, which exists in most modern CMOS
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Figure 1: An example of utilizing CamCom for visual asso-
ciation.

cameras, to increase the data rate. Cameras with rolling
shutter have each row of pixels exposed and read out at
slightly different points in time, which are separated by a
constant read-out time. Although this creates undesirable
effects in images such as wobble or skew, this however cre-
ates a new opportunity to improve the sampling rate to tens
of KHz, which in turn improves the data rate.

To create a system that works for every CMOS camera,
many challenges are not yet addressed by existing works.
Those include:

1. Different sampling rate used by different cam-
eras. For the system to be useful, it is apparent that
the transmitted optical signal needs to be compatible
with a range of different cameras with different hard-
ware specifications. One of the biggest challenges is
that the sampling rates, which is the inverse of the
readout time, is drastically different among cameras
(see Table 1), creating difficulties in designing the mod-
ulation format.

2. Significant time gaps between received signal
segments. Different from conventional communica-
tion channel, the rolling shutter sampling process is
not continuous in time and time gaps are present be-
tween segments of consecutive signal samples. This
is due to two reasons: (1) significant time difference
between the end of exposure for the last row of pix-
els in the current frame and the start of exposure for
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Table 1: Summary of Camera Parameters

Image Resolution Frame Rate Measured Read-out Time Time Gap (ms)
(Xmax x Ymax) (fps) / Sampling Rate (Percentage of Frame Duration)

Point Grey Flea3 2048×1080 30 14.75 µs / 67.80 KHz 17.40 (52.23%)
Apple iPhone 5S 1920×1080 29.98 19.15 µs / 52.22 KHz 12.67 (37.99%)
Apple iPhone 4S 1920×1080 29.87 24.48 µs / 40.85 KHz 7.04 (21.03%)
HTC New One 1920×1080 30 18.79 µs / 53.22 KHz 13.04 (39.11%)
Apple iPhone 4 1280×720 29.97 44.88 µs / 22.28 KHz 1.05 (3.15%)
HTC Desire HD 800×480 29.08 55.18 µs / 18.12 KHz 7.90 (22.97%)

Google Nexus One 720×480 30.57 59.66 µs / 16.76 KHz 4.07 (12.45%)

the first row of pixels in the next frame. According to
our measurement results, this could be up to 50% of
the frame duration (the inverse of the frame rate) for
some cameras (see Table 1); and (2) the transmitting
light does not necessarily occupy all rows of pixels in
the image. As a result, depending on the size of the
transmitting light in the image, an additional percent-
age of signal samples are lost. This creates difficulty
in designing a modulation format for the receiver to
operate at different distances.

3. The long exposure (shutter) time required by
imaging distorts high frequency components of
the signal. To acquire an image, the camera sensor
needs to expose the array of photodiodes to incoming
photons for a period of time. The exposure operation
of the camera sensor essentially integrates the received
signal over the period of exposure time, and thus acts
as a low-pass filter. This distorts the high frequency
components of the signal, and in most cases the symbol
rate of the system cannot go beyond the inverse of the
exposure time. In most mobile devices, the exposure
time of the camera is not configurable by the user.
For example, the achievable throughput of the system
proposed in [1] is severely limited due to these reasons.

4. The transmitting LED and the receiving cam-
era are not synchronized. For almost all cameras,
time synchronization with the transmitting LED is not
possible since the user has no control over the timing of
the exposure operation. This means that the symbol
durations (i.e., frame durations) of the transmitter and
the receiver are not aligned and are different, creating
difficulty in decoding the transmission.

In this demonstration, we present RollingLight, a Cam-
Com system that works for a wide range of CMOS cam-
eras, including those in smartphones, tablets, and laptops.
To address the first three of the four previously mentioned
challenges, we propose and utilize a novel Rolling Shutter
Frequency Shift Keying (RS-FSK) modulation format,
while we leave the last one for future work. Utilizing only
a single LED as the transmitter, our system can achieve a
data rate of 15 byte/s per transmitting LED with a 30 fps
camera.

2. RS-FSK MODULATION
Transmission. The fundamental idea of RS-FSK is to

use to square waves of a number of different frequencies as
different symbols, mapped to different bit patterns of the

same length. The signal of the i-th symbol is represented by
the fundamental frequency fi of the square wave:

si(t) = Imax

!

cos(2πfit)
2

"

(1)

where Imax is the maximum output intensity of the trans-
mitting light.

A frequency modulation is advantageous in the following
aspects: (1) The transmitted frequency can be demodulated
by receivers with different sampling rates, as long as the
sampling rate satisfies the Nyquist rate requirement. This
implies that cameras with different read-out time, i.e., differ-
ent sampling rate, are all compatible to a single transmission
signal format. (2) Demodulation is still possible when some
segments of signal samples are lost in a symbol period, as
long as the longest remaining signal segment has a length
larger than the transmitted signal period. This addresses
the time gap challenge previously described. (3) The aver-
age intensity stays the same for all symbols, implying that
the transmission is not observable by human eyes as long as
the frequency is higher than 100 Hz.

Reception. The transmitted signal period is the inverse
of the transmitted signal frequency fi. As rows of pixels are
sequentially obtained with sampling period Tr (i.e., read-out
time), one cycle of square wave transmission results in a pair
of bright strip and dark strip in the image, the sum of whose
widths is given by

W =
1

fiTr

. (2)

Note that the width of the bright strip could be larger
than the width of the dark strip in the image. This is due to
blooming, the overflow of charge from a saturated pixel into
its neighboring pixel [3]. We thus consider the widths of the
bright strip and the dark strip together in the calculation,
to average out the effect. Since W might not be an integer,
averaging the observed widths over a large image area would
help to improve the accuracy. Then, the transmitted symbol
can be determined with the estimated value of W and eq.(2).

To have a more robust method to accurately determine
the period of the signal, i.e., the average width of a pair
of bright and dark strips in the image, we modified a well-
known pitch detection algorithm (PDA), YIN [2], which is
originally designed to determine the fundamental frequency
of a segment of audio signal in speech or music. We chose
to use a method that operates in time domain, so that com-
putationally expensive Fourier Transform operation can be
avoided.
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Figure 2: System components of the prototype

3. PROTOTYPE
To allow flexibility in system development, the transmit-

ter is implemented with a software defined radio platform.
Digital signal samples of RS-FSK are generated by a com-
puter, then passed to a Ettus Universal Software Radio Pe-
ripheral (USRP) N200. USRP then converts the samples to
analog voltage-varying signal, which in turn is converted to
current-varying signal by a custom-made VLC front-end cir-
cuit board to control the output intensity of the connected
LED component (see Fig. 2). A high brightness LED array
suitable for indoor illumination purposes, Bridgelux BXRA-
W0802, is chosen as the transmitting LED, with a maximum
output power of 26 Watt. In the demonstration, the user can
specify a text message to be repeatedly transmitted by the
LED. The dimension of the transmitting LED is also in-
cluded as part of the transmitted packet, to allow accurate
calculation of the distance between the two devices using
photogrammetry.

Two cameras are used in the demonstration as the re-
ceiver. Point Grey Flea 3 (FL3-U3-88S2C-C) is a high-
speed USB camera built for experimental purposes. The
images are captured with 2048×1080 resolution at 30 fps
and processed in real-time on the laptop. The decoded text
message and the estimated transmitter-receiver distance are
displayed on the screen.

To show that our system also works for cameras on mobile
devices and the decoding process can be executed in real-
time with their processors, we also implement an iOS RS-
FSK decoding app, running on an iPhone 5S. The images are
captured with 1920×1080 resolution at 30 fps and processed
in real-time by the app. Similarly, the decoded text message
is displayed on the screen of the phone.

Our demonstration video can be found at the following
URL: http://goo.gl/o53dsU.

4. DEMONSTRATION LOGISTICS
We need a 3 × 1 meter space and half an hour to set up

our demonstration. In terms of equipment, two power strips
and a large LCD monitor (which helps the audience see the
received message clearly) are needed for our demonstration.
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