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Abstract—Visible light communication (VLC) has recently 
emerged to become a promising wireless communication 
technology. Vehicle lights and traffic lights have started to utilize 
LEDs and due to their shorter response time, they can be easily 
modified to become VLC transmitters. In addition, cameras 
embedded in smartphones can be used as VLC receivers. As a 
result, Vehicular VLC (V2LC) between vehicle lighting and 
smartphone cameras has the potential to enable a great number 
of applications with low cost. In this paper, a prototype V2LC 
system that utilizes undersampled frequency shift ON-OFF 
keying (UFSOOK) modulation is proposed. The system utilizes 
rolling shutter cameras as the receiver and takes advantages of 
its characteristics to improve the receiving performance. An off-
the-shelf vehicle LED taillight is used as the transmitter. 
Information is transmitted in the continuous state (ON-OFF) 
changes of LEDs which are invisible to human eyes. The 
performance evaluation results demonstrate that the 
communication prototype is robust and can resist common 
optical interferences and noises within the image. 

Keywords—Visible light communications; rolling shutter; 
smartphone camera; vehicular visible light communications 
(V2LC); undersampled frequency shift ON-OFF keying (UFSOOK) 

I.  INTRODUCTION  
Visible light communication (VLC) is considered as a 

promising future wireless communication technology due to 
the improvements of light emitting diode (LED) technologies 
and the existing pervasive lighting infrastructure. Compared to 
radio communication technologies such as WiFi and cellular 
technologies, VLC has the following advantages: (1) A large 
amount of bandwidth in the visible light spectrum is available 
for use and is not yet regulated; (2) VLC is more secure 
because light does not penetrate walls or other thick materials 
and in most cases communication is only possible when the 
transmitter and the receiver has line-of-sight (i.e. the adversary 
needs to be within the visual range of the receiver to perform 
attacks); (3) Visible light poses no harm to the human body and 
the eyes when the transmitted optical power is below a certain 
level [1]. 

 Many existing investigations have focused on improving 
the data transmission data rate and transmission range of VLC. 
In [2], the data rate of 100 Mb/s is achieved using on-off 
keying and nonreturn-to-zero modulation. References [3-4] 

introduce the use of OFDM with higher modulation schemes to 
improve the transmission range and the data rate. However, to 
achieve high data rate, special transmitting and receiving 
devices are required. In general, these hardware modules or 
components are expensive, and thus may have an adverse 
effect on the adoption of the technology. 

Over the last decade, smartphones have penetrated in 
almost everyone’s daily life. As most smartphones have 
embedded cameras, providing the ability to capture pictures 
and videos, they can be utilized as VLC receivers. On the other 
hand, LEDs are widely used in vehicle lighting and traffic 
lights. They can be easily modified to become VLC 
transmitters. A number of applications based on the VLC 
between vehicle lighting, traffic lights and smartphone cameras 
(V2LC) can be implemented with this new form of 
communications and can help us to build vehicles or 
transportation systems that are more intelligent. For example, 
instead of attaining the diagnosis information of a vehicle from 
the On-Board Diagnostics (OBD) interface, we can use 
smartphones to obtain the information from the taillights with 
V2LC, which is much more convenient. Another application is 
collision avoidance. A smartphone can be mounted in a car or 
on a scooter, so that its camera can capture the images of the 
lights of surrounding vehicles. When the vehicle ahead 
performs an emergency brake, this information can be 
broadcasted with the taillight and the smartphone can receive 
the warning message with its camera and alerts the driver.  

However, unlike indoor LED lights which usually have an 
appearance with even illuminated surface, vehicle lights and 
traffic lights usually consist of many small LEDs and irregular 
reflective surfaces which generate optical interferences and 
noises in the images, creating difficulties as the receiver 
attempts to decode the transmission. In addition, most current 
smartphone cameras use rolling shutter CMOS sensors. The 
camera sensor has a low sampling rate, up to only tens of times 
per second (frames per second, fps), and exhibits a special 
rolling shutter effect. Thus, specific communication protocols 
and receiver need to be designed and tailored to address these 
limitations. 

A few existing works have realized VLC with LEDs and 
regular cameras using different methods. Casio’s PicapiCamera 
[5] uses flashing dots on a display or flashing colored light to 
convey a small amount of data. The data rate is very low and 
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the transmitting light needs to be a special type of light that can 
change its color. [6] utilizes the rolling shutter effect of a 
regular CMOS camera sensor and Manchester coding to 
increase the data rate. The camera needs to capture the image 
from a reflected surface to fill the entire image for decoding. 
By taking advantage of different rows of pixels captured at 
different time, their protocol and demodulation method can 
achieve a data rate of 3.1 kb/s. However, it is not suitable for 
V2LC as vehicle lights and traffic lights have irregular and 
complex surfaces, and in most scenarios there is no large 
reflected surface for the receiver to utilize.  

In order to develop a V2LC system that is suitable for the 
envisioned applications, we developed a receiving system that 
can decode transmissions using the undersampled frequency 
shift ON-OFF keying (UFSOOK) modulation [7] with rolling 
shutter cameras. Our prototype uses off-the-shelf vehicle LED 
taillight as the transmitter and a smartphone camera as the 
receiver. The performance evaluation results demonstrate that 
the prototype can effectively resist the interferences and the 
noises caused by irregular reflective surfaces, and performs 
well in different illumination conditions and at different 
distances. 

II. ROLLING SHUTTER AND COMMUNICATION PROTOCOL  

A. Rolling shutter 
Rolling shutter is a method of image acquisition in which 

each frame is recorded not from a snapshot obtained at a single 
point of time, but rather by scanning across either vertically or 
horizontally. The rolling shutter effect is shown in Fig. 1. The 
transmitting LED light switches on and off at very high 
frequencies according to the modulation, and the pixels of the 
camera sensor activates sequentially (by row) and therefore 
does not get the entire image simultaneously. When the rows of 
pixels (scanlines) are activated, they are exposed to the light at 
that time and then their values are stored. After the procedure is 
completed, the scanlines captured at different time are merged 
together to form a single image [6]. Fig. 1 shows the procedure 
of a rolling shutter camera capturing a LED light switching on 
and off with a high frequency. 

When the on-off frequency of the transmitting light is 
higher than the sampling rate (frame rate) of the camera but 
lower than the scanning frequency of the rolling shutter 1 , 
stripes of different light intensity (dark and bright stripes) 
appear in the pixels occupied by the transmitting LED in the 
picture (see Fig. 1). When the on-off frequency is much higher 
than the scanning frequency, the camera sensor can only obtain 
the average light intensity in the pixels occupied by the 
transmitting light, and the area appears as half on. Note that it 
is assumed that the shutter time is set to be shorter than or 
approximately the same as the inverse of the on-off frequency. 
This is usually true as the transmitting light is very bright and 
reduces the camera shutter time. 

                                                           
1  The inverse of the readout time. The readout time is the 
duration for a rolling shutter sensor to complete the acquisition 
of one row of pixels. 

On OFF On OFF

  
Fig.  1. The rolling shutter effect 

B. Communication protocol 
A camera sensor consists of a large number of photodiodes, 

forming a two dimensional array, but can only be sampled at a 
rate of tens of times per second due to its limited output 
bandwidth. As a result, the protocol and the modulation format 
have to be specifically designed to include considerations of 
these properties. In this paper, it is assumed that the frame rate 
of the camera is 30 frame/s.  

1) UFSOOK with rolling shutter 
UFSOOK [7] is a modulation method that encodes bits 

using a form of DC balanced differential encoding. The 
modulation concept is similar to frequency shift keying (FSK), 
and it encodes bit ‘1’ and bit ‘0’ with different frequencies. 
Appropriate mark (bit ‘1’) and space (bit ‘0’) frequencies are 
selected so that, when undersampled by a low frame rate 
camera, bit values are represented by different on-off pairs. For 
example, bit ‘0’ is decided by two consecutive video frames 
with pixels that both appear on or off, and bit ‘1’ is decided by 
two consecutive video frames with one that appears on while 
the other appears off. However, as shown in Fig. 1, when a 
rolling shutter camera is used, dark and bright stripes appear in 
the pixels occupied by the transmitting light. A more robust 
decoding algorithm can be derived, rather than using the ON-
OFF combinations of a single pixel to decode the 
transmissions. The details are described as follows. 

The bit encoding and decoding pattern with rolling shutter 
camera is shown in Fig. 2, in which the Y-axis represents 
whether light is on or off. Bit ‘1’ is transmitted as 7 cycles of 
105Hz OOK (shows in blue) and bit ‘0’ is transmitted as 8 
cycles of 120Hz OOK (shows in red). Therefore, each bit is 
transmitted for 1/15 second. When this OOK waveform is 
sampled 30 times per second by a camera (30 fps), represented 
by the rectangle windows in the figure, there are two samples 
per bit and hence the bit rate is half of the sample rate. The two 
samples of bit ‘1’ are shown in yellow windows and the two 
samples of bit ‘0’ are shown in dark blue windows. The time 
period of the windows represents the number of rows of pixels 
illuminated by the light multiplies the readout time.  

During this time period, the rows of pixels captured when 
the light is on appear bright, and the rows of pixels captured 
when the light is off appear dark. When transmitting a bit ‘0’, 
any same rows of pixels in two consecutive image frames 
would be captured at the time with the same light state, and the 
bright and dark stripes stay in the same position in the pixels 
occupied by the lights in the two consecutive image frames.  



Light ON

Light OFF Tframe  
Fig. 2. UFSOOK encoding of a logic “1 0” bit pattern 

When transmitting a bit ‘1’, on the contrary, any same rows of 
pixels in two consecutive image frames would be captured at 
the time with opposite light states, and dark and bright stripes 
appear in alternative positions in the pixels occupied by the 
transmitting light, i.e., the dark positions in one frame will 
change to bright in the next frame and vice versa. Therefore, bit 
values can be decoded by comparing the position of the bright 
and dark stripes in consecutive image frames. 

2) SFD 
To detect the beginning of a data packet, it is required to 

define a start frame delimiter (SFD) that is appended to the 
beginning of each data packet. The end of the packet is 
indicated by the appearance of another SFD, which signals the 
beginning of the next frame. In order to distinguish SFD from 
data bits, SFD is represented by a much higher OOK frequency 
than the scanning frequency of the rolling shutter. In this case, 
the camera sensor extracts the average light intensity and the 
image appears half on. Compared to images that are captured 
when a data bit is transmitted and has bright and dark stripes, 
the image pixels of the light when transmitting SFD appears all 
bright (while the intensity is actually half of the on state). The 
high OOK frequency transmission of SFD persists for one bit 
time (2 image frames) to signal the beginning of the packet.  

III. SYSTEM DESIGN 

A. Transmitter 
The block diagram of our system is shown in Fig. 3. The 

transmitter is implemented with Ettus Universal Software 
Radio Peripheral (USRP) N200 software defined radio (SDR) 
and GNU Radio signal processing software. We implement the 
packet formulation and modulation scheme as GNU Radio 
blocks, which are executed in real-time on a laptop. Digital 
samples generated by GNU Radio are sent to USRP, which are 
then converted to analog voltage-varying signal. The signal is 
then converted to current-varying signal by the LED frontend 
to control the output intensity of the transmitting LEDs. 

Data is transmitted in the form of packets. In the protocol, 
each packet consists of two parts: SFD and DATA, as shown in 
Fig. 4. According to the communication protocol, two video 
frames are required to decode one bit. Thus, the bit rate is half 
the frame rate. For a frame rate of 30 fps, the bit rate would be 
15 bits per second (bps). Considering the SFD overhead, the 
data rate would be slightly lower than 15 bps. Although the bit 
rate is low compared to most communication technology, it is 
sufficient for certain application scenarios, such as transmitting 
the diagnostic information of the vehicle to the user (when the  
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Fig. 3. Prototype block diagram 
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Fig.4. Data frame format. B1, B2…, and B10 represent 10 different data bits. 

vehicle is not operated), or an emergency message to warn 
neighboring vehicles about a hazardous road condition ahead. 

B. Receiver 

The receiver is implemented on a smartphone running iOS. 
The smartphone camera faces the LED light directly and the 
preview mode of the camera captures a continuous array of 
frames at a fixed frame rate of 30 fps. Then, a decoder running 
in an iOS application processed the captured video frame by 
frame to demodulate the data embedded in the pixels occupied 
by the transmitting LED. The decoding procedure includes 
three parts, detection of SFD frame, detection of bit ‘0’ or bit 
‘1’, and data decoding with error handling mechanism, 
described in detail as follows. 

1) Detection of SFD frame 
The main difference between SFD frame and DATA frame 

is that DATA frame has regular dark and bright stripes while 
SFD frame appears all bright. However, due to taillight’s 
numerous LEDs and uneven illumination caused by irregular 
reflective surfaces, the light intensity of different parts of the 
image varies significantly and even within the dark stripes 
there exist very bright spots. Fig. 5 shows the comparison 
between them. 

A straightforward method for SFD detection is to determine 
whether there are dark stripes in the image. In order to get more 
accurate detection results with a less complicated algorithm, it 
is necessary to know the width of stripes in advance. We 
propose the following method to calculate the width. First, the 
LED transmits a 1500 Hz OOK signal, and in the image where 
the LED entirely occupies, there are 75 stripes or 37.5 pairs of 
dark and bright stripes in one image. The scanning time of each 
pair of stripes corresponds to one cycle of 1500 Hz OOK, 
which is 1/1500 second, and thus the scanning time of the 
entire image is 1/40 second, calculated by multiplying 1/1500 
with 37.5. Then, when the LED transmits bit ‘0’ with an OOK 
frequency of 120 Hz, as the resolution of preview mode is 960 
x 540, the width of each pair of stripes can be calculated as  

1 1
540 180

120 40
pixels÷ ÷ =⎛ ⎞

⎜ ⎟
⎝ ⎠

 

When sending bit ‘1’ at an OOK frequency of 105 Hz, the 
width can be calculated in a similar way and is 206 pixels.  



  
a) SFD frame                          b) DATA frame 

Fig. 5. Images of the transmitted SFD and DATA portion in a packet 
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Fig. 6. SFD detection flow chart 

Based on the width of stripes, we will introduce a simple but 
robust way to detect the SFD. The flow chart is shown in Fig. 
6. 

a) Sampling: The sampled line of pixels should cover 
at least one dark stripe and one bright stripe in order to detect 
whether there are dark stripes. To ensure the sampled pixels 
can meet this requirement, they are sampled every several 
pixels from a continuous line of pixels which goes across one 
dark stripe and one bright stripe, shown as the white lines in 
Fig. 5. The length of the line should satisfy the inequality 

0 1

1 1,s

width

T
L Max

R f f
⎛ ⎞

≥ ⎜ ⎟
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where sT is the time to scan across all rows of the camera 
sensor, widthR  is the width of preview mode’s resolution in 
height (for example, if the resolution is 960*540, widthR  is 540), 
and L  is the length of the continuous pixel line. 0f , 1f  are 
the OOK frequencies of bit ‘0’ and bit ‘1’. 

b) Noise elimination: As the taillight consists of many 
LEDs and irregular reflective surfaces, the illumination is 
uneven and there are a lot of noises in the image. For example, 
the dark stripes still have some irregular bright spots. In order 
to avoid misjudgments caused by the bright spots, the red 
values of the sampled pixels are sorted in ascending order and 
only a few smallest values are selected for SFD detection. 

c) Threshold training: The selected smallest values are 
then compared with a threshold to determine whether this 
frame is a SFD frame. However, the values of the pixels 
obtained from the camera sensor are affected by several 

Light ON

Light OFF
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Fig. 7. A scenario where the sampling time could result in symbol errors 

  
a) Two consecutive received frames when bit ‘0’ is transmitted 

  
b)  Two consecutive received frames when bit ‘1’ is transmitted 

Fig. 8. Patterns of bit ‘0’ and bit ‘1’  
factors: the light intensity of the transmitting LEDs, the 
exposure time of the camera, and the distance between the 
LEDs and the camera. Thus, the threshold should be set 
dynamically in order to deal with different conditions. In our 
prototype, the first ten DATA frames are used as training 
frames to determine a proper threshold, which is set as the 
maximum value of the ten smallest values of the sampled 
pixels. 

d) Voting Scheme: As there exist a slight timing 
difference between the transmitting LED and the receiver, due 
to the variance caused by the crystal oscillators in the devices, 
the frame rate of the camera is not exactly 30 frames per 
second with respect to the time reference of the recevier; the 
error could be as large as 0.1%. The error in frame rate causes 
the sampling phase of the camera to constantly change. Fig. 7 
shows the problem caused by frame rate error; the high 
frequency square wave on the left represents the SFD and the 
low frequency square wave on the right represents the DATA 
portion. The red rectangular window represents the time for 
the rolling shutter to scan across all rows and the square wave 
inside this window would correspond to the image captured by 
the camera. Because of the frame rate error, the left boundary 
of the window constantly changes, leading to the unexpected 
result that the square wave in the window does not always 
have the same frequency. As shown in Fig. 7, in this case the 
image would show a LED light with half appearing bright , 
representing the SFD, and half with bright and dark stripes.  

In order to mitigate this problem caused by the frame rate 
error, multiple lines of pixels are sampled and a simple voting 
scheme is used. In our prototype, three pixel lines with  
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Fig. 9. Error handling mechanism flow chart 

different start points in the rolling shutter scanning direction 
are used to perform SFD detection individually. If two or three 
detection results show that the frame is SFD frame, then the 
frame is confirmed to be a SFD frame. 

2) Detection of bit ‘0’ and bit ‘1’ 
In the DATA portion of the packet, bit ‘0’ is transmitted as 

8 cycles of 120Hz OOK and bit ‘1’ is transmitted as 7 cycles of 
105Hz OOK. Thus, the transmitting time of one bit is 1/15 
second, which is two video frame time at the frame rate of 30 
fps. The two frames of bit ‘0’ have the dark and bright stripes 
at the same positions while the two frames of bit ‘1’ are at the 
alternating positions, as shown in Fig. 8. Once the decoder 
receives two frames, it starts to decode the data bit. Sampled 
pixels are from the same positions of the two frames and the 
detection algorithm is described as follows. 

Input: 
Num: the number of sampled pixels 
Threshold: the trained threshold used for SFD detection 
frame1: array of the values of the sampled pixels in the first 
frame 
frame2: array of the values of the sampled pixels in the second 
frame 
Output: 
result: whether the bit is ‘1’ or ‘0’ 
1: for i from 1 to Num do 
2: if abs(frame1[i] – frame2[i]) < threshold 
3:  count = count + 1 
4: end if 
5: end for 

6: if count > Num/2 
7: result = 0 
8: else 
9: result = 1 
10:end if 

TABLE I.  FOUR STATES 

States Prior Video Frame Current Video Frame 

SFDJustBegin DATA SFD 

SFDWillEnd SFD SFD 

DataJustBegin SFD DATA 

DataDidBegin DATA DATA 

3) Error handling mechanism 
The carefully designed SFD detection and bit detection 

methods previously described are intended to ensure accurate 
data decoding. However, due to some uncertain factors such as 
the distance between the LEDs and the cameras, and ambient 
lighting condition, errors are inevitable in the decoding 
procedure. In order to make the data transmission more 
reliable and the decoder more robust, it is necessary to design 
an error handling mechanism which can detect and then deal 
with the errors. 

In our prototype, we design the error handling mechanism 
based on the state machine concept. Each data frame has the 
same structure which begins with the SFD and then followed 
by series of data bits. SFD and each data bit is transmitted in 
two video frame time, and each video frame can be classified 
into either a SFD frame or a DATA frame. The permutation 
and combination of the two types of video frames form four 
states: SFDJustBegin, SFDWillEnd, DataJustBegin and 
DataDidBegin, shown in table 1.  

The four states switch from one to another in certain 
conditions and the next video frame detected ought to be a 
certain type. For example, if the prior video frame is a DATA 
frame and the current frame is a SFD frame, the state is 
SFDJustBegin. As SFD consists of two frames, the next frame 
must also be SFD frame; otherwise, an error must have 
happened and thus the state is reset. The flow chart of the error 
handling mechanism is shown in Fig. 9. When the decoder has 
detected another SFD which indicates the end of this data 
frame, the number of the video frames buffered from last SFD 
is checked; if the number is odd, which is impossible as each 
data bit is transmitted in two video frame time, there must 
have been errors, and thus the buffered frames are dropped 
and state is reset. If the number is even, the video frames are 
further processed to obtain the transmitted data. 

IV. PERFORMANCE EVALUATION 
To test the performance of the prototype, an iPhone 4 with 

a five megapixel camera is used as the receiver. The LED light 
of the transmitter is a scooter’s taillight which consists of 
twenty small red LEDs and irregular reflective surfaces. The 
iOS application on the iPhone enables preview mode of the 
camera and calls the decoder implemented with objective-C. 
The frame rate of the camera is set to 30 fps and the resolution 
used in the experiments is 960 x 540.  



TABLE II.  TEST RESULTS OF DIFFERENT DISTANCES 

Distance Bit Error Rate Frame Detection Error 
8cm 0/13736 = 0 99/31896 = 0.31% 
20cm 0/13328 = 0 98/30942 = 0.32% 
30cm 0/8400 = 0 111/19890 = 0.56% 
35cm 31/8340 = 0.37% 144/19999 = 0.72% 
40cm 16/2224 = 0.72% 97/5620 = 1.7% 

TABLE III.  TEST RESULTS OF DIFFERENT ILLUMINATION CONDITIONS 

Illumination environment Bit Error Rate Frame Detection Error 
Bright 0/13328 = 0 98/30942 = 0.32% 
Dark 0/18400 = 0 96/42712 = 0.22% 

The system is evaluated by transmitting a number from the 
taillight to the camera of iPhone 4. The decimal number is 
converted to a binary sequence and then modulated with 
UFSOOK. After demodulating the captured images, the iOS 
application converts the binary sequence to decimal numbers 
and displays them on the screen. 

In order to test the robustness and reliability of the system, 
two scenarios are evaluated: different environment 
illumination and different distances between the transmitter 
and the receiver. The utilized performance metrics include bit 
error rate (BER) and frame detection error rate (FDER). BER 
is the error rate of decoded data bits. FDER is the error rate of 
the video frame classification of either SFD frame or DATA 
frame. Once the error handling mechanism resets the state, a 
frame detection error happens. A random number from 100 to 
1000 is selected to be transmitted repeatedly and the decoder 
on the iOS application decodes the data and the performance 
metrics are calculated 

For different distance between taillight and smartphone 
camera, 8cm, 20cm, 30cm, 35cm and 40cm are tested 
respectively. The results are shown in Table III. The 
denominator of the metrics is the number of total frames or 
data bits received and the numerator is the number of errors. It 
can be observed that as the communication distance increases, 
FDER increases. When the communication distance is 
relatively small, no bit error is observed. For larger distances, 
both BER and FDER increase. This is because the camera 
used in the prototype can be sampled at only 30 fps and the 
OOK frequencies are designed based on such a low sampling 
rate; thus, the width of stripes in the image is relatively broad. 
It is required that the taillight in the image covers at least one 
pair of dark and bright stripes so that the dark stripes locate 
inside the bright taillight and can be clearly detected. In 
addition, when the distance increases, the size of taillight in 
the image decreases, the difference between the light intensity 
of dark and bright stripes are too small for the decoder to 
distinguish. A set of higher OOK frequencies could be used to 
resolve the problem; however, in this case, the shutter time of 
the camera must be reduced in order to observe the high 
frequency OOK signal, and the range could also be limited 
due to less light exposure. Trade-offs between these options 
are not investigated in this paper and left as future works. 

We also conduct our experiments in two different 
illumination environments with a communication distance of 
20 cm. First, the experiment is carried out in dark environment 

where the taillight is the only light source. Second, the 
experiment is repeated during daytime in an indoor 
environment around noon. The transmitter faces a window so 
that sun light is reflected by the surfaces of the taillight and 
acts as relatively strong interference. The test results are 
shown in Table II. We can observe that the FDER is higher in 
bright environment due to relatively stronger interferences. 
However, the FDERs in both illumination environments are 
acceptably low and no bit errors are observed. This 
demonstrates that our proposed protocols and error handling 
mechanism can effectively resist interferences and noises. 

V. CONCLUSION 
In this paper, we investigate the possibility of using 

existing LED lights in a vehicle or in a traffic light and the 
camera of a smartphone to carry out V2LC. A communication 
protocol is proposed based on UFSOOK, optimized for rolling 
shutter camera, and a prototype is implemented. Evaluation 
results demonstrated that the system is robust and can resist 
high interferences and noises. As far as future work is 
concerned, in order to make the system more applicable for 
vehicular environment, methods to increase the 
communication range and to improve the robustness of the 
decoding algorithm in moving environments need to be 
investigated.  
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