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1.

WP objectives

Intelligent Transportation Systems (ITSs) build upon cooperation, connectivity, and
automation of vehicles and are expected to improve the safety, efficiency, and sustainability
of passenger and freight transportation while enhancing the comfort of driving. Vehicle-to
vehicle

(V2V),

vehicle-to-infrastructure

(V2I)

and

infrastructure-to-vehicle

(I2V)

communications, commonly referred to as V2X, are key connectivity components for the
practical implementation of ITSs. Existing research activities and standardization efforts on
V2X have mainly focused on radio frequency (RF) technologies. The impact of current V2X
communications on the RF spectrum usages is negligible due to low levels of current market
penetration. However, with the widespread adoption of ITSs in the near future, limited RF
bands licensed for ITSs can quickly suffer from high interference levels particularly in highdensity traffic scenarios. Channel congestion will result in longer delays and degrade the
packet rate. To address such shortcomings of RF-based solutions, visible light communication
(VLC) has been proposed as an alternative or complementary technology to RF-based V2X
communications.
Vehicular VLC is in its infancy in many aspects and requires further research efforts in several
areas which this WP aims to address. For example, most works on the propagation modelling
and characterization of VLC channels are mainly limited to the indoor environment. For the
vehicular networking, special attention should be devoted to mobility as well as to the
atmospheric channel. A new key concept to enable connectivity in vehicular VLC is that of
multi-hop transmission, where the signal transmitted from the source vehicle can reach the
destination vehicle through a number of intermediate vehicles termed "relays." There are also
other design considerations in the upper layers that require special attention to realize a fully
functional vehicular VLC network. For example, medium access (MAC) protocols for RF
systems have been investigated in the literature assuming isotropic radiation of sources. VLC
systems with their inherent directionality render conventional MAC schemes practically
useless. Hybrid VLC/RF links will also be investigated to ensure link availability at all weather
conditions.
In light of the above open research topics, the overall objective of this WP is to develop VLCbased wireless access solutions for V2V and V2I/I2V communications. Towards this overall
objective, four tasks (each assigned primarily to an ESR) were defined with the following
objectives:
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Task 3.1 Channel modelling and characterization (ESR 8): The objective is to develop realistic
outdoor VLC channel models applicable for V2V and V2I/I2V scenarios and characterize the
performance of vehicular VLC systems in different weather and environmental conditions.
Task 3.2. Physical (PHY) layer design (ESR 9): The objective is to develop a robust PHY layer
design based on multi-hop transmission techniques to enable connectivity between distant
vehicles and analyse their performance in various deployment scenarios.
Task 3.3. Networking design (ESR 10): The objective is to develop efficient MAC and upperlayer communication protocols for vehicular VLC links.
Task 3.4. Proof-of-concept implementation (ESR 11): The objective is to develop a customdesign testbed and experimentally verify the feasibility of vehicular VLC links.

2.

WP general progress

ESR 8 (responsible for Task 3.1) used non-sequential ray tracing approach to develop channel
models for various vehicular scenarios including V2V, V2I and I2V. He further explored the use
of multiple receivers to ensure an omnidirectional coverage and investigated proper
positioning of multiple receivers on the vehicle for optimum reception in typical deployment
scenarios. ESR8 is currently at his secondment at HHI for experimental verification of some of
the channel models that he developed so far.
ESR 10 (responsible for Task 3.3) investigated “network bonding” as an enabler for hybrid
VLC/RF system design which can be used for purposes of either high availability, loadbalancing, maximum throughput or a combination of these. She further developed a
comprehensive NS3 network simulator which will be the basis for the evaluation of MAC layer
protocols for VLC.
ESR 11 (responsible for Task 3.4) developed an experimental testbed using software defined
evaluation platforms (known as USRPs) and custom-design VLC front-end. He implemented
orthogonal frequency division multiplexing (OFDM)-based PHY layer on this testbed and
experimentally demonstrated the bit error rate of OFDM VLC systems. After initial indoor
tests, he integrated this set-up in two vehicles (modified for experimental purposes), made
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initial measurements at outdoor and demonstrated the feasibility of vehicular VLC
transmission in the presence of sunlight and other interferers. He is currently working on
system optimizations to extend the transmission range and signal coverage.
As will be detailed in this deliverable, ESR 9 (responsible for Task 3.2) first developed a
comprehensive system model for performance evaluation of vehicular VLC systems. She
carried out experimental investigation on the relaying protocols for multi-hop transmission
and developed a new technique to increase the link span in vehicular communications using
the rolling shutter-based optical camera communications.

3. Progress on “PHY Design of Vehicular Visible Light communications”
3.1 Mathematical modelling
First, a mathematical and Matlab based simulation system models have been developed in
order to evaluate the performance of vehicular VLC network (VVLCN). In this work, we have
considered both the transmitter’s (Tx) positions on the road and different receiver (Rx)
geometries. We have adopted a measured market-weighted lamp data [1] in order to increase
the reliability of the model. Using the model, we have determined received power levels for a
range of link spans, receiver heights and the transmission distance as shown in Fig. 1. We take
into account mobility in vehicular environments considering that the Tx and Rx may not be
horizontally and or vertically aligned. Hence we calculate the received power for varying
horizontal offsets and vertical offsets (different receiver heights) and the car headlamps are
positioned at 0.56 m and -0.56 m (1.12 m apart) on the vertical axis on Fig. 1.
In VLC based vehicular communications, it is important to consider the channel conditions in
order to develop a comprehensive system model representing a real environment. In this
work, both line of sight (LOS) and non-LOS configuration are considered. We have carried out
analysis for the received power by considering weather conditions and reflections from the
road surface, see Fig. 2.
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(a)

(b)

Fig. 1. Receiver’s position as function of the received power for a link span of 40 m for: (a) Rx
height = 0.6 m and (b) Rx height = 0.8 m.
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Fig. 2. Configuration of V2V system
For a LOS link and considering the right side (RS) headlamp of a vehicle, the received optical
power at the 2nd vehicle is given by [2]:
𝑃𝑅𝑋_𝐿𝑂𝑆_𝐿𝑆 =

𝐼𝑅𝑆 (𝛽𝑀 , 𝛾𝑀 )exp(−𝜏)𝐴𝐷 cos(𝜉𝐿𝑂𝑆 )
2
𝐸𝑅 𝐷𝑅_𝑅𝑆

(1)

where 𝐷𝑅_𝑅𝑆 is the inter vehicle, 𝐼𝑅𝑆 (𝛽𝑀 , 𝛾𝑀 ) is the luminous intensity for the LOS link and 𝜉𝐿𝑂𝑆
is angle between the optical receiver surface normal and the incident direction. 𝐴𝐷 represents
the photodiode area and 𝐸𝑅 is the luminous efficacy of radiation and here we consider that of
a high power phosphor-coated white light emitting diode (LED).
For the NLOS link, the received optical is given as [2]:
𝑃𝑅𝑋_𝑁𝐿𝑂𝑆_𝐿𝑆 =

𝐼𝑅𝑆 (𝛽𝑁 , 𝛾𝑁 )exp(−𝜏)𝑠𝑖𝑛𝛼𝑁 𝐴𝐷 𝜌𝑐𝑜𝑠𝜃cos(𝜉𝑁𝐿𝑂𝑆 )𝑑𝑆
2
2
𝐸𝑅 𝜋𝐷𝑅𝑆_𝐶
𝐷𝐶_𝑅

(2)

where 𝛼𝑁 represents the angle between the road surface normal direction and the incident
direction, 𝜃 is the polar angle of the scattered light and 𝜏 denotes the optical depth.
𝐼𝑅𝑆 (𝛽𝑁 , 𝛾𝑁 ) represents the luminous intensity for the NLOS link, ρ is the diffuse reflectivity and
𝜉𝑁𝐿𝑂𝑆 represents the NLOS incident angle. DRS_C and DC_R are the distances between the RS
headlamp and point C and from point C to the Rx respectively and S is the entire area of the
road surface that has been illuminated. The key system parameters adopted are shown in
Table 1.
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TABLE 1: Key system parameters
Parameter
Reflection coefficient for road surface

Value
0.4

FOV of PD

45

PD area (AD)

1x10 m
0.2-0.8 m
0.62m

PD mounting height
Headlamp height from ground
Speed of light
Luminous efficacy of radiation (ER)
Refractive index of lens
Gain of optical concentrator
Beam type
Headlamp separation distance

o

-4

2

8

3x10 m/s
250.3(lm/W)
1.5
4.5
High beam
1.12m

3.2 Link power budget analysis
It is important to know the allowable inter-vehicle distances for safe driving, which is beneficial
in the link power budget analysis. Typically, a two seconds rule is recommended (for intervehicle distance), whereby a driver maintains a minimum of two seconds behind the vehicle
in front under perfect weather conditions, which is doubled to four seconds in bad weather
conditions [3]. Note, in some other driving rules three, six and nine-second rules are
recommended for good, average and bad weather conditions as depicted in Fig. 3.

Fig. 3. Driving distances between vehicles at different speeds using the 2 and 3 seconds rules.
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A link power budget analysis for vehicular VLC links is carried out to determine the required
receiver sensitivity and transmit power levels over a range of link spans. Unlike vehicle
headlamps there are no available optical data for vehicle taillights such as the luminous
intensities at varying angular displacements. We therefore characterise six taillights for
different vehicles by measuring their beam profiles, frequency response and peak
wavelengths. We only show the link power budget analysis for one taillight (i.e., Nissan 26550
4EA0A model). The optical receiver here is a photodiode and the key parameters used for the
analysis are listed in Table 2.
TABLE 2: Key parameters for power budget analysis
Parameter
Optical receiver’s sensitivity
Link safety margin
Surface area of the photodiode
Peak wavelength of taillight
Maximum Tx transmit power
Minimum Tx transmit power
Surface area of taillight

Value
-36 dBm
3 dB
1 cm2
626 nm
17.57mW
1.2mW
38.2cm2

The sensitivity of the receiver required for a given transmit power 𝑃𝑇 can be written as:
𝑅sen (dBm) = 𝑃𝑇 (dBm) + 𝐻LOS (𝑑𝐵) − Linkmargin

(3)

where 𝐻𝐿𝑂𝑆 is the channel DC gain for the LOS which can be obtained from [4]:
𝐻𝐿𝑂𝑆 = 𝐴𝐷 cos(𝜉𝐿𝑂𝑆 ) /𝐷2

(4)

where 𝐴𝐷 is the area of the photodiode, 𝜉𝐿𝑂𝑆 is the angle between the optical receiver surface
normal and the incident direction and D is the link span.
Figure 4 shows the receiver’s sensitivity as function of vehicle’s speed for different weather
conditions (using the Nissan 26550 4EA0A taillight). Perfect, average and bad weather
conditions are the scenarios we consider using the 2 seconds rule described earlier. From the
results in Fig. 4, it is apparent that as the vehicle’s speed increases the required receiver
sensitivity is higher due to longer distances in between vehicles. Moreover in Fig. 5 the
required transmit power versus vehicle’s speeds is shown for perfect, average and bad
weather conditions. Apparently, the lower the vehicle speed the lesser the transmit power
required for communication and as the weather condition deteriotes, the higher the transmit
power required.
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Fig. 4. Receiver sensitivity over driving speeds for perfect, average and bad weather conditions

Fig. 5. Required transmitter power over driving speeds for perfect, average and bad weather
conditions
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3.3 Fog effect on V2V communications
In LED-based vehicular links, two types of Rxs may be employed: a photodiode and an image
sensor (i.e., camera). However, based on the fact that, new cars generally come with
camera(s), we consider camera-based Rx in this study. We carry out experimental
investigation of the effects of fog on a camera-based VLC link by considering a range of
visibility levels and inter-vehicle distances. Consequently, we investigate a reduction in the
modulation index (MI) of the signal from 1 to 0.75 and 0.5 considering applications for a
vehicular environment where tracking the light source is indispensable due to mobility and we
present the transmission success rates for a range of visibilities [5].
The schematic block diagram of the proposed V2V VLC link is shown in Fig. 6. It is composed
of a real LED-based taillight (i.e., Nissan 26550 4EA0A model) as the Tx and a camera (Canon
Rebel SL1 EOS 100D) as the Rx. An indoor laboratory fog chamber is used to simulate the
outdoor foggy channel. At the Tx, an on off keying (OOK) data stream s(t) is used for intensity
modulation of the taillight. The data stream (a short traffic message) is a packet with a header
and payload of 21 and 175 bits, respectively. The intensity modulated light x(t) is transmitted
through the fog channel. At the Rx side, the signal is captured using a camera where two
consecutive frames represented one bit [5].
h(t)

i(t)
s(t)
Signal
generator

x(t)

Driving
circuit

Fog
chamber

Taillight
n(t)
ŝ(t)
BER
test

y(t)
Image
processing

+

Receiver
(camera)

Fig. 6. The schematic block diagram of a V2V based OCC link [5].
The attenuation of a light beam in the atmosphere is described by Beer’s law [6]. Visibility is
usually used to characterise fog attenuation in optical systems. Using Mie scattering model [7]
to reflect the attenuation, the link visibility is obtained from the fog attenuation as:
𝐴𝐹𝑂𝐺

3.91 𝜆 −𝑞
=
(
) ,
𝑉 550

(5)
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where V is the meteorological visibility in km, 𝝀 denotes wavelength in nm and the parameter
q is the distribution size of scattering particles given by Kim’s model [8]:
1.6𝑉 > 50km
1.36km < 𝑉 < 50km
𝑞 = 0.16𝑉 + 341km < V < 6km.
𝑉 − 0.50.5km < 𝑉 < 1km
{
0𝑉 < 0.5km

(6)

More information on the system model can be found in our relevant publications (see section
4).
The experimental setup of the OCC based V2V system under fog is shown in Fig. 7. The outdoor
fog condition is simulated using a laboratory fog chamber. The link visibility was measured
simultaneously along the length of the fog chamber at 550 nm wavelength (using the 𝐴𝐹𝑂𝐺
parameter from Eq. (4)). The bit error rate (BER) of OCC link was measured for clear and fog
channel conditions. Furthermore, for each visibility condition, measurements for three
modulation indexes (1, 0.75 and 0.5) is carried out. This is due to the fact that, for vehicular
communications, the position of the Rx, constantly changes with respect to the Tx as vehicles
are moving around. Consequently, it is necessary during communications to be able to track
the light source in order to maintain the communication link. This is very important
particularly when a ‘0’ symbol is transmitted, in which the taillight is off if a MI of 1 is used and
it is therefore difficult to track the light source in the camera image. The key parameters of
the experiment are shown in Table 3 [5].

Fig. 7. Experimental setup for investigating the effect of fog on the V2V based OCC link [5].
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TABLE 3: Key parameters of the experiment
Parameter
Shutter speed
International Standard
Organisation (ISO) of camera
Camera focal length (f)
Camera aperture
Meteorological visibility V
Camera frame rate
Camera resolution
Number of start bits
Number of data bits
Length of the fog chamber

Value
1/800 s
6400
18 mm
f3.5
5-120 m
60 fps
1280 ×720
21 bits
175 bits
7.5m

The percentage success of received bits versus the meteorological visibility is shown in Fig. 8.
The data transmission over the fog channel is error-free for the MIs of 1 and 0.75 up to a
meteorological visibility of 10 m while for the of MI of 0.5 the success rate is reduced to
98.47%. Below the meteorological visibility of 10 m, the success rate of the data transmission
has decreased considerably with the MI, with the lowest success rate of 63.27% achieved at a
MI of 0.5. From the results obtained, the proposed OCC based V2V link shows high reliability
even under the fog condition up to a meteorological visibility of 20 m (for all the 3 MIs
employed) [5].

Fig. 8. Success rate of data transmission with fog for a range of MIs [5].
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Furthermore, the normalized received light intensities of the taillight captured by the camera
for MIs of 1 and 0.5 for transmission under fog conditions are shown in Fig. 9. Note that, the
received light intensities under fog conditions were normalised with reference to the clear
weather condition for each MI. The results show that there is a continuous decrease in the
received light intensities with decreasing visibility as demonstrated by captured images of the
car taillight in Fig. 10(a-d). At the meteorological visibilities of 10 and 5 m, for both MIs of 1
and 0.5 the percentage of received light intensities is decreased to about 30% and < 0.5%
respectively (Fig. 9), with the latter been the worst case scenario and the taillight is not visible
in the captured image as shown in Fig. 10(d). Table 4 provides the values of the percentage
loss in the received light intensities of the taillight at the corresponding meteorological
visibilities with reference to the clear weather [5].

Fig. 9. Meteorological visibilities versus normalized received light intensity of the car taillight
by the camera at MI of 1 and 0.5 [5].

(a)

(b)

(c)

(d)

Fig. 10. Captured images of the car taillight for a MI of 1: (a) clear weather, (b) 40 m, (c)
10 m and (d) 5 m meteorological visibilities [5]

13

TABLE 4. Percentage loss in received light intensity over meterological visibility [5]
Experiment

Meteorological visibility V
(m)

Percentage loss in
received light
intensity for MI=1

Percentage of
received light
intensity for MI=0.5

1
2
3
4
5
6
7

Clear weather
120
60
40
20
10
5

0.0
2.5
11.7
27.0
49.7
70.2
99.7

0.0
3.0
16.3
27.5
48.9
67.6
99.9

3.4 Investigation of relaying protocols
We experimentally investigate relaying protocols; amplify and forward (AF) and decode and
forward (DF), using a vehicle taillight as the Tx and a photodiode as the receiver. In practical
vehicular environments, direct signal transmission from one vehicle to the desired target
vehicle may not be possible in the presence of intermediate vehicles blocking the LOS link.
Furthermore, the communication distance is also another limitation, hence the need for relays
where intermediate vehicles acting as relays. We employ transmission data rates of 100 kb/s
to 1 Mb/s, which is sufficient in ITS for V2V communications (i.e., data traffic and safety
messages).
In AF relaying, following optical to electrical (OE) conversion at the relay node, the received
signal is amplified before it is used for the intensity modulation of the next vehicle’s taillight
(taillight 2). The schematic block diagram and the experimental set up are shown in Figs. 11
and 12.
Taillight 1

Signal
generator

Lens

Optical
receiver
(PD)

Driving
circuit

Lens
Signal
processing

Signal out

Amplifier

Optical
receiver
(PD)

Amplifier

Taillight 2
(Relay)

Driving
circuit

End receiver

Fig. 11 Block diagram of AF relaying
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Fig. 12 Experimental setup

In DF relaying, the received signal at the relay vehicle is decoded first and then re-encoded
before retransmission. The schematic block diagram is shown in Fig. 13.

Taillight 1

Signal
generator

Lens
Optical
receiver
(PD)

Driving
circuit

Lens
Signal
processing

Signal out

Amplifier

Amplifier

Signal
processing

Taillight 2
(Relay)

Optical
receiver
(PD)

Driving
circuit

Signal
generator

End receiver

Fig. 13. Block diagram of DF relaying

The key parameters of the experiment are shown in Table 5. For each of the link spans
considered, three data rates are employed for transmission. We have used lenses at the Rx
(to increase the communication distance) with a focal length of 35 mm. The size of the lens
we employ is realistic for use in V2V VLC set ups. From the results obtained, DF relaying shows
higher signal to noise ratio (SNR) even at higher data rates compared to AF for the same link
spans. Moreover, we have carried out further investigations for DF relaying considering a
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second hop and the result shows a fairly constant SNR in comparison with the first hop. This
is obviously a desirable feature for V2V communications.
Figure 14 shows the eye diagrams at 12 m and 16 m link spans for AF and DF relay links,
respectively. For the 16 m link span (Fig. 14(c&d)) at 250 kb/s employing AF relaying the eye
diagram is completely closed with the SNR of 2.43 dB while for DF with the same link span and
a data rate the SNR is increased to 6.61 dB. This is so for the AF relay as the noise accumulates
over the link span. Obviously for the DF relay the signal is cleaned up (i.e., reconstructed) at
the relay node prior to retransmission. For the DF relay scheme we can see that, the eye
diagram is open while for the AF relay scheme the jitter increases with the link path and is
higher than DF relay with same link span. For both relay schemes, the eye opening decreases
with the increasing data rates.

TABLE 5: Key experimental parameters of the relay system
Parameter

Value

Driving current at taillight 1

0.96 A

Biconvex lenses focal length at Rxs

35 mm

Tx data

104 bits

Data rates

100 kb/s-1000 kb/s

Detector’s active area diameter of PD 1
(APD430A2)
Operating wavelength of PD 1

0.2 mm

Detector’s active area diameter of PD 2
(PDA10A2)
Operating wavelength of PD 2

200 – 1000 nm
1.0 mm
200 – 1100 nm
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SNR= 5.09dB

(a)
SNR=2.43dB

(c)

SNR=7.96dB

(b)
SNR=6.61dB

(d)

Fig. 14. Eye diagrams at :12m link span and data rates of 250kb/s for (a) AF relaying (b) DF
relaying; 16m link span for (c) AF relaying with bit rate of 250kb/s (d) DF relaying with bit
rate of 250kb/s

3.5 Increasing the link span of vehicular communications
While relaying is essential to extend transmission range, the link span (i.e., achievable range
with a single hop) must be maximized as much as possible. To this end, we have developed a
new technique to increase the link-span of the rolling shutter (RS) based camera
communications. This is applicable in scenarios where intermediate vehicles are father away
from each other (i.e., in highways and at night times). The schematic block diagram of the
proposed long distance link is shown in Fig. 17. It is composed of a 2.5 x 2.5 cm2 size chip on
board (COB) LED as the Tx and a camera as the Rx. At the Tx, an on off keying non return to
zero (OOK-NRZ) data stream s(t) is used for intensity modulation of the LED. The intensity
modulated light x(t) is transmitted and captured at the Rx side. To decode the received signal,
the recorded videos are processing off-line with MATLAB.
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processing
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Fig. 17 Schematic block diagram of the long distance link
Key parameters of the experiment are shown in Table 6.
TABLE 6: Key parameters of the experiment
Parameter
Exposure time
Distance between Tx & Rx
Video resolution
Camera frame rate
Camera pixel size
Camera binning
LED’s switching frequency
Driving current of Tx
Lambertian order of emission
Field of of
view
(FOV) of Tx
Tx (m)

Value
100-800μs
150-400 m
648 × 484 (RGB32)
25 fps
2.2μm x 2.2μm
4x
533.16Hz
0.33A
0.957
122o

We carried out measurements for link spans of 150 m to 400 m and considering four exposure
times within the range of 100 µs to 800 µs for each of the link span. Between 100-200 image
frames of the transmitted data were captured per video and with up to 100% received success
rate for all link configurations. In order to quantify the link performance for each link we used
the image quality metric i.e., peak signal to noise ratio (PSNR) as in [11]:
𝑃SNR

2
𝐼max
= 10𝑙𝑜𝑔
,
𝜀(𝑖)

(7)

where 𝐼max is the maximum pixel value possible. 𝐼max = 2𝑛 − 1, where n = 8 for a grayscale
image. 𝜀(𝑖) is the pixel luminance mean squared error which can be obtained as [11]:
𝑛

1
𝜀(𝑖) = ∑(𝐼𝑇𝑋 (𝑖) − 𝐼RX (𝑖))2 .
𝑛

(8)

𝑖=1
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𝐼TX (𝑖) and 𝐼RX (𝑖) are the difference between the pixel values for the transmitted symbols
(symbol 1 and 0) and the difference between the average pixel values for the received symbols
respectively.
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