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Abstract. This paper focuses on the performance analysis
of a camera-based vehicle-to-vehicle visible light communication system employing undersampled phase shift on-off
keying modulation under interference scenario. Two Nissan Qashqai front lights with daylight running light emitting
diodes based lamps are used for communications. The bit
error rate (BER) performance of the proposed system is experimentally measured for a transmission span up to 24 m
focusing mostly on the side interference due to reflections.
Based on experimental data we demonstrate reduction of the
system performance due to the side reflection and illumination of the detector by other light sources which have to be
taken into account during further data processing. We provide with further statistics for particular shutter speed and
transmitter power setting and discuss BER improvement especially to meet FEC via the method of the adaptive region
of interest.
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1. Introduction
Today’s dense road traffics in combination with relatively fast cars require additional improvements in the car
and road safety. Transportation has become an essential part
of everyday life. New safety systems have been developed
thanks to newly emerged technologies such as anti-collision
and intelligent transport systems (ITS) [1]. The widespread
deployment of ITS will achieve a high level of continuous
traffic flow, safety, and a lower carbon footprint at a global
level. Vehicular networking (VN) is an essential component
of ITS, which offers vehicle-to-vehicle (V2V) and vehicleto-infrastructure (V2I) communications. The information
DOI: 10.13164/re.2017.0946

gathered via V2V and V2I provides the drivers with realtime information on the traffic and road conditions including
collisions, congestion, surface condition, traffic signal violations, emergency brakes, etc. [2], [3] Furthermore, such
information can be used by the local transport departments
to develop efficient traffic applications (e.g., speed advisory,
platooning) or by automotive manufacturers to develop safety
applications (like collision avoidance). To achieve this, ITS
have taken advantages of the information and communication technologies (ICT) to assist the vehicle users. The
most widely adopted ICT are based on the short-range radio
frequency wireless technologies (i.e., ultra-high frequency
and very high-frequency) employing IEEE 802.11 protocols.
However, longer range communications have been proposed
based on worldwide interoperability for microwave access
(WiMAX) IEEE 802.16, global system for mobile Communications (3G, 4G) requiring extensive and very costly
infrastructure deployment compared to the shorter range system [4], [5].
ITS has also been considering the use of visible light
communications (VLC) [6] by way of exploiting the potential of light-emitting diode (LED) based lighting fixtures in
both vehicles and roadsides (i.e., street lamps, traffic lights,
car lights). This approach will lead in the long run to reduced cost, greener environment and the release of highly
need RF frequency spectrum for other applications. VLC
(in the spectrum range of 380 to 780 nm) has attracted the
attention of many researchers in the last decade with dedicated IEEE 802.15.7r1 standard [7], which defines network
architectures, physical and medium access control (MAC)
layers. The LED light sources adapted are characterized
mostly by their lower power consumption, relatively higher
energy efficiency, switching capability and much wider bandwidth compared to the incandescent and fluorescent lights.
Hence LEDs are not only suitable for illumination but also
for data transmission, and sensing as well as for very precise
localization (e.g. in [8] reported precision <1.7 cm for indoor
navigation), which cannot be achieved in the RF domain.
OPTICAL COMMUNICATIONS
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Fig. 1. Typical road traffic situation for a two-lane road.

VLC systems employ LEDs as the transmitting source
and a photodiode (PD) or a camera sensor (CS) as the receiving module. Almost all modern vehicles have already
LED-based head and brake lights, and indicator lights, thus
being possible for the concept of vehicular VLC (VVLC) as
a new cost-effective way to implement V2V and V2I communications [9–13]. Furthermore, LED-based roadside units
can also be used for both signaling and broadcasting safetyrelated information to vehicles on the road.
Several test use-cases and experimental results have
been published for VVLC networks consisting of onboard
units, vehicles, and road side units (i.e., traffic lights, street
lamps, digital signage, etc.) [15], [14]. Recent studies reported on V2V communications use either PDs or a CS to
detect oncoming vehicles and subsequently control the illumination pattern of the head lights to avoid the glaring.
Furthermore, the camera concept can also be used as a receiver (Rx) as part of the VLC based ITS [16], [17], known as
the optical camera communications (OCC) [18]. VLC systems based on the LED transmitter (Tx) and a camera based
Rx were proposed for automotive applications in [19], where
a signal reception experiments were performed under laboratory conditions with fixed positions and then within outdoor
environment with changed distance of the receiving camera
Rxs with up to a 15 Mb/pixel/s error-free performace. In [20],
it was shown that under the driving condition the Rx could
detect and accurately track an LED Tx array with an errorfree communication over a transmission range of 25 – 80 m.
Contrary to a typical VLC communications scenario (with
a data source, driver, Tx, PD-based Rx, and processing units),
the camera-based VLC system can receive and separate multiple light sources within its field of view (FOV) and extract
the information using image sequence processing. This detection technique also offers a unique feature, for example,
utilization of the multiple-input and multiple-output (MIMO)
capabilities supporting parallel data transmission [21].

Nowadays, many new cars are equipped with a built-in
camera for data recording and detection of road condition
for safety reason and headlight illumination control. Such
a camera can also be used for data communications as well
as sensing as part of VLC based ITS. Because of the low
frame rate of standard low-cost cameras, OCC only offers
a low data rate, typically tens of bits per second, which is
sufficient for traffic related information transmission as part
of ITS. With respect to such a low data, communication will
have a form of periodic broadcast of the short messages,
such as hazardous location warning, traffic signal violation
warning, etc. This paper is focused on the experimental verification of the camera setting on V2V VLC employing the
undersampled phase shift on-off keying modulation scheme,
which uses two square wave carriers at the same frequency,
with the same amplitude and opposite phases to represent
bits 0 and 1.
The paper is organized as follows. At first, the main
concept of the V2V system model is introduced in Sec. 2
taking into consideration typical V2V VLC scenario and the
main drawbacks that have to be considered in the experimental part. We have focused especially on the side interference
reflection. Section 3 outlines setup of the experimental campaign. The results from the OCC VLC system measurement
including the bit error rate (BER) performance for different
camera parameter settings are given in Sec. 4. Finally, the
conclusion is discussed in Sec. 5.

2. System Scenario
Figure 1 shows a typical two line road case where
vehicles are communicating with each other using OCC
VLC [22]. The cars have two cameras to detect the cars
at the front as well as the oncoming vehicles. In detecting
vehicles, the beam direction and shape can be adjusted to
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Fig. 2. A C2C VLC link with possible noise sources.

avoid dazzling of other drivers. The VLC communication
link is used to transmit traffic related information between
the cars.
Figure 2 depicts the both line of sight (LOS) and NLOS
(non-LOS) paths including as well interference due to lights
from the Sun, other vehicles, street light, etc. which can reach
the camera based Rx positioned within the cars. When a light
beam illuminates a surface, it results in reflection, transmission, and absorption from the road surface [23]. Contrary to
the PD-based Rx, which combines the light rays from LOS
and NLOS paths, the camera-based Rx can spatially distinguish each reflected and non-reflected light sources, and
process them separately. The reflection from the road surface not only depends on the tarmac road materials but also
on the weather conditions. A dry surface road has a diffuse
characteristic where an incident light ray is reflected at many
angles with some reaching the Rx, whereas under the wet
road surface condition the reflection is specular similar to
a mirror (including polarization properties) [24].
The received optical power from a single head light can
be expressed in the case of the LOS propagation by [25]:
I · Ar ·cos(ΘBLOS )

,
 R LE
2
R ·dLOS
PLOS = 
 0,


0 ≤ ΘBLOS ≤ Ψ,
ΘBLOS > Ψ

(1)

where IR is luminous intensity of the car light in a particular
direction, ΘBLOS denotes the angle between the PD surface
normal and the incident Line-of-sight direction, d LOS is the
direct distance between the source and detector, Ar and Ψ are
active surface area and field of view of the PD, respectively,
and LE R stands for the luminous efficiency of radiation.
For the NLOS propagation path between the source and
detector the received optical power is given as
!


dPNLOS dS,
0 ≤ ΘBNLOS ≤ Ψ,
PNLOS = 
(2)
 0,
ΘBNLOS > Ψ

dPNLOS =

dIR · Ar · cos (ΘBLOS )
2
LE R · d NLOS

where d NLOS is the NLOS path length, ΘNLOS denotes the
angle between the road surface or surrounding reflecting object and the PD surface normal, and S is the entire area of the
surface that has been illuminated by the source.

2.1 Undersampled Phase Shift On-Off Keying
VLC links based on camera Rxs typicaly use undersampled frequency shift on-off keying (UFSOOK) [26], employing two square wave based carrier signals at frequencies of
f c0 , f c1 to represent bits 0 and 1, respectively. Additionally,
there is a square wave signal with higher frequency
f cFH >

(4)

which represents the intermediate state or also known as the
frame header (FH).
In UFSOOK, aliasing is intentionally introduced, and
the original data can be decoded from the sampled results.
Note that at the Rx sampling is done at the camera frame
rate f c . With a camera based Rx, a number of frames per
second (fps) with a fixed or variable exposure time can be
captured. Normally, for commercial cameras, f c ≤ 60 fps to
support data transmission with no flickering. Therefore, the
baseband data should be modulated at higher frequencies,
and the modulated signal must conform to the flicker-free
illumination requirement.
Undersampled phase shift on-off keying (UPSOOK) [27], [28] uses opposite phases to represent bits 0
and 1 and scheme supports flicker-free OCC. Note that the
critical flicker-fusion frequency (CFF) of an average human
eye f eye is about 100 Hz [29] and CFF of the camera f ca is
given by
1
f ca =
.
(5)
shutter speed
In UPSOOK, a square wave subcarrier with a frequency
f s = n · f c,

(3)

1
,
shutter speed

f eye < f s < f ca

(6)
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this effect together with the integration time of the camera
sensor will result in reduced signal to noise ratio (SNR).
At higher shutter speed the integration time is shorter and
therefore the probability that the integration window will be
between two symbols is rather low. However, the SNR can be
improved by increasing the integration time but at the cost of
the integration window spreading over two symbols. In the
extreme case, when the center of the integration window is
at the edge of a symbol, then the probability of 1 being read
as 0 and vice versa increases, thus leading to higher BER.
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Fig. 3. UPSOOK waveform and two possible undersampled
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Fig. 4. Illustration of sampling in UPSOOK based OCC VLC.

where n is an integer with a typical value higher than two.
Figure 3 shows an example of the UPSOOK modulated signal with a FH. The FH is a 50% duty cycle square wave with
a frequency of 10 kHz, which is much higher than f ca . For the
modulated bits 1 (mark) and 0 (space) the symbol duration
Tc = 1/ f c to ensure that the symbol rate Rs = 1/Tc and f c are
the same. Therefore, the camera can correctly undersample
the bit stream at each sampling strobe.
The UPSOOK signal can be expressed as
s(t) = dcos (2π f c t + θ n )e,

0 < t ≤ Tc

(7)

where d.e denotes a square wave with the phase θ n modulated
by an input data an given by

 0◦,
θn = 
 180◦,


an = 1,
an = 0.

(8)

We have carried out experimental verification of the
proposed OCC VLC system composed of two LED-based
daylight running light (DRL) modules and a camera-based
Rx in an indoor environment. The focus of our investigation
was mostly on the non-LOS reflected paths to mimic the outdoor condition. A pseudorandom binary sequence of length
of 100 symbols was generated and subsequently converted
into the UPSOOK format [27] (i.e. total length of the frame
is 102 symbols including FH and one symbol representing
symbol 1 following FH). A Tektronix AFG3252C arbitrary
waveform generator was used to generate the UPSOOK signal for intensity modulation (IM) of two LED headlights for
Nissan Qashqai vehicle, see Fig. 5.
Based on the results published in [30], which outlines
that the typical duration of V2V VLC link is in the order of
seconds, we set the transmission rate to 50 fps. It means that
transmission of a single frame takes approximately 2 second.
An 18-megapixel Canon EOS 100D camera with a shutter
speed ranging from 1/4000 to 30 seconds was used to capture and record the IM LED light sources, see Fig. 6. The
captured video stream was stored in the camera as MOV files
with a resolution of 720p. The focal length of the camera was
set to 18 mm. The transmission link length was set within the
range of 2 m to 26 m, with the step of 6 m. Note, at 30 mph
the thinking distance, the braking distance and the average
distance to stop are around 9, 14 and 23 m, respectively. Two
different shutter speeds were used, 1/800 and 1/4000.

Since the sampling phase of the camera at the Rx is
generally not controlled, there will be a random phase difference between Tx and the camera. Figure 3 illustrates two
possible undersampled scenarios obtained by two groups of
sampling strobes: green (dashed lines) and blue (solid lines)
strobes. Ideally, the sampling points should be at the center
of each symbol. Nevertheless, owing to the asynchronous
transmission, the sampling point is randomly shifted within
the symbol period.
Note, the sampling points of A1 and A2, and B1 and
B2 results in normal and shorter sampling intervals, respectively as shown in Fig. 4. The sampling points of C1 and C2
illustrate the extreme case where samplings are right at the
transition edges of the pulse, thus may result in wrong decision making between the logic levels of 0 and 1. Therefore,

Fig. 5. Experimental setup: the Tx.
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Fig. 7. Example of image data. (a) Whole camera FOV. (a) ROI
covers both left and right LED headlights.
Fig. 6. Experimental setup: the Rx.

In [27], a system utilizing a mapping of bits via two
LED Txs to increase the data rate was reported. In our experimental work, we have used both DRLs to transmit the same
data. During tests, we analyzed OCC VLC result when the
front light low beam (LB, in parallel used only for illumination, not carrying VLC) turned on or off in order to influence
the VLC link performance. We modulated the light intensity
by applying two sets of current, 200 mA and 600 mA.

4. Results
We considered two types of detection with the camera
based Rx:
(i) camera emulates PD Rx – averaging entire camera FOV
(see Fig. 7a) into one value. Such a detector does not
need any further image processing, but all reflections
and noises are integrated in the reception and affect the
quality of transmission significantly.
(ii) The adaptive region of interest (ROI) – adaptively capturing always one Tx area (ROI for a distance of 2 m see
Fig. 7b) – when a detector needs a tracking algorithm
in case of moving cars and real-time image-processing.
In both cases as mentioned above, the off-line data processing provides the simple sum of pixel values in the selected
ROI (or whole frame). The frames are then converted from
RGB color space to grayscale. Note that FH were manually
identified and also thresholds to distinguish between symbol 0 and symbol 1 were founded separately for particular
video sequence.
Figure 8 then illustrated the example of decoded UPSOOK waveform with cropped captured frames. Although
the quality of this link is perfect, one may see the effect of the
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The frequency of the square wave carrier was chosen
200 Hz (i.e. n = 4 in (6)). The data stream was packaged into
data frames. Each frame began with a header consisted of
a symbol formed by a 10 kHz signal (camera sees this signal
as a half of the peak to peak optical power) followed by a single bit of logical 1 to correct the potential unsynchronized
phase between the Tx and the Rx.

Fig. 8. Example of decoded data. Shutter-speed 1/4000, LB off.
LED current 600 mA.

phase shift between the sampling strobe and the waveform,
which are labeled as B1 and B2, respectively, in Fig. 4.
From data processing regarding BER statistics, it was
observed that most of the errors were due to a phase shift of
sampling time and symbol position. Contrary to the emulating PD (whole picture averaging), the link length was not
a limiting factor for data transmission in the case of adaptive ROI as can be demonstrated in Fig. 9 and 10. Because
of a very low-speed data rate, it is not uncommon to obtain relatively high values of BER in contrast to conventional
telecommunication links, especially when a link connection
lasts only a few seconds. The primary source of the increased
BER due to the reflection of the low beam especially for the
case of shutter speed of 1/800 where the BER is above the forward error correction (FEC) 7% BER limit of 3.8 · 103 [31].
This can be clearly seen from Fig. 9a, where values of BER
in such case do not meet FEC limit for distances longer than
(i) 8 m for the shutter-speed of 1/800 and the LED current
of 200 mA with LB is off; (ii) 14 m for the shutter speed of
1/800 and the LED current of 600 mA; (iii) 8 m for the shutterspeed of 1/800 and the LED current of 200 mA; (iv) 8 m for
the shutter-speed of 1/4000 and the LED current of 200 mA
when LB is off. BER does not meet the FEC limit for the
shutter-speed of 1/800 and the LED current of 200 mA when
LB is on. This has to be taken into account in further preprocessing of the received data. It is also evident, that quality
of the link is significantly worsen when lower LED current
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is used. Faster shutter speed reduces BER as an be seen in
Fig. 9b. Considerable improvement is achieved when ROI
implemented – as shown in Fig. 10 BER has been reduced
bellow the FEC limit for both shutter speeds thus providing
seamless communications over the entire transmission span.
The camera based Rx needs to consider several issues
that influence link performance: (i) when recording a video
stream, the entire picture may not be captured at the same
time (i.e., rolling shutter effect) (ii) asynchronous data transmission. The latter is when the camera captures the image
exactly at the transition time of the symbol; it is not possible
to distinguish the symbols 0 and 1 because of the integrator
functionality of the image sensor as described above. For the
sake of completeness, Fig. 11 displays examples of the probability density functions (PDF) of the decoded data, which
clearly demonstrating how particular effect results in overlaping of detected 0 and 1 symbols. The histograms show PDF
calculated from ten consecutive frames, i.e. 1020 symbols.

The values obtained as a sum of all pixels in the grayscale
image were normalized relative to the highest value in that
sequence. While Figures 11a and 11b illustrates how the
distance between the Tx and the Rx affects distinctiveness
of symbols, Figures 11c and 11d show the role of the LED
current. Figure 11e then shows the impact of the ROI.

5. Conclusion
Even though the car to car communications have been
considered as new ways to improve road safety and several
papers have been published recently a very limited number
of papers have been devoted to the influence of the camera
setting on the optical camera communications. Based on the
experimental campaign employing common camera as part
of the OCC system we tested adaptable low beam and surrounding reflection impact on the system performance. We
have realized a VLC link to experimentally evaluate perfor-
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mance over a distance up to 24 m under several scenarios. It
is evident that proper setting of the shutter speed and detected
picture processing can result in BER being above the FEC
limit in case of the low beam interference. These aspects
have to be taken into account since they could considerably
impact transmission of the messages between two moving
vehicles when there are only short timeslots available.
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