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Novel Receiver Sensor for Visible Light
Communications in Automotive Applications

Alin-Mihai Cailean, Barthélemy Cagneau, *Luc Chassagne, Member, IEEE, Mihai Dimian and
Valentin Popa

Abstract— This paper presents an easy-to-use sensor aimed for
traffic safety applications using visible light communications. A
central problem in this area is the design of a suitable sensor able
to enhance the conditioning of the signal and to avoid
disturbances due to the environmental conditions. The visible
light communication sensor proposed in this article addresses
these issues and enables a robust communication for short to
medium distances. The presentation is focused on hardware
aspects and low-level coding techniques. The experimental
validation of the proposed sensor has been conducted by
analyzing communication performances between a commercial
traffic light and the sensor, for distances up to 50 m. The
measurements exhibit bit error ratio lower than 107 in an
outdoor configuration, using two well-known codes (Manchester
and Miller) without any error-correcting codes or complex signal
processing. The prototype is aimed for automotive applications
but other outdoor configurations can also be addressed by slight
changes in the system design.

Index Terms— infrastructure to vehicle communication,
robust sensor, smart lighting systems, vehicle safety applications,
visible light communications.

I. INTRODUCTION

URING the last decade, the semiconductor industry has

enhanced performances of light emitting diodes (LED)

enabling the development of Visible Light
Communications (VLC) systems. An important area of VLC
application is the automotive industry where vehicle to vehicle
(V2V) and vehicle to infrastructure (V21 or 12V)
communications are required to enhance the efficiency and the
safety of vehicles in high traffic density which in turn helps to
improve traffic regulations and estimations. This includes the
transmission of crucial data between vehicles such as
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information concerning the state of the vehicle (e.g. brake,
speed, acceleration, engine failure) or traffic (e.g. state of
traffic lights, accidents, traffic jams, line works). The
development of the smart transportation infrastructure is an
important challenge for the future.

The VLC systems are well suited for V2V and V2I/12V
communications due to their high performance to cost ratio,
ease-of-use and the capacity to be developed by using the
existing vehicle/infrastructure lighting systems. Recently,
significant research effort has been dedicated to the
development of communication systems between vehicles and
traffic lights [1-6] and even towards the design of large
infrastructures, such as Vehicular Ad Hoc Networks
(VANETs) with intelligent traffic lights [7]. The main
challenges in this area are to increase the rate of the data
transfer and to decrease the error rate, as reflected by the
recent normative efforts in the intelligent transportation
systems such as the IEEE 802.11p [8] and the IEEE 802.15.7
[9] standards.

An example of VLC usage in a highway configuration is
illustrated in Fig. 1. Safety vehicles proceed on the damaged
cars and transmit the information in the neighborhood of this
area. The neighboring cars receive the data by using light
sensors and send them further to the next nearest neighbors by
using their head/back lights. Data are thus propagated
throughout the highway. The traffic infrastructure also
contributes to the information broadcast. Furthermore, the cars
can also communicate with each other regarding their
mechanical state or other issues needed to enhance the traffic
safety and the security.

Fig. 1. llustrations of Visible Light Communication in an outdoor
configuration between several vehicles: emergency vehicles alerts users with
local broadcast messages and vehicles propagate the information through
their lights.
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This paper is mainly focused on the VLC receiver modules.
Based on the fact that the new generation vehicles are already
equipped with cameras used for pedestrians and traffic lane
detection, it is quite straightforward to use these embedded
cameras as VLC receiver modules. However, the automotive
industry use relatively low-cost cameras with noise
performances lower than the ones of independent photo-
elements and which have a limited number of frames per
second (fps). Such VLC camera systems can cover distances
of 1-2 m with very low data rates [10, 11]. Better results are
achieved when high speed cameras are used [12, 13] but they
are still too expensive for a broad distribution in automotive
industry. On the other hand, photodetectors are quite efficient
regarding noise performances and can be used over long
distances. However, long range implies active control of the
position, which in turn requires the detection of the traffic
light. In [14] they achieved this using a low-cost camera.
Another possible solution could be the usage of an array of
photodiodes along with an adapted beamforming algorithm as
the one presented in [15].

In spite of these major research efforts [1-19] and of the
advances made in the theoretical developments, the number of
VLC prototypes is rather limited as it is the experimental
validation in various environmental conditions. In this article,
we present a novel sensor module for outdoor VLC
applications, focusing on the hardware layer and using low-
level coding techniques. Preliminary results of this research
have been summarized in [20]. The experimental validation of
the proposed VLC sensor is provided, the tests being
performed in conditions similar to the ones encountered in the
envisioned applications, both outdoor and indoor. The sensing
module has been tested for a transmission link using the
standard Manchester code as well as the Miller code, suitable
for Multi-Input Multi-Output (MIMO) applications as in [21].
The obtained results are very promising taking into account
that the BER was lower than 107 in medium-range
communication link under moderate sun exposure without
using any error correction codes. With an error-correcting
code module based on the Direct Sequence Spread Spectrum
(DSSS) techniques such as in [1, 2, 22] or based on pseudo-
noise codes, a final BER of 10®-10° or even lower can be
expected.

1. DESIGN OF THE PROPOSED VLC SENSOR

The proposed sensor must be able to properly work taking
into considerations two major restraints imposed by long
range outdoor VLC applications. The first constraint is the
limited received power. In this case, the emitted power
depends exclusively on the application and on the eye safety
norms and thus, increasing the emitted power does not
represent an option. The second problem is caused by the
ambient interference affecting the link. As demonstrated in
[23, 24], the outdoor VLC channel is strongly altered by
artificial light sources and by sun radiation. Besides inducing a
strong DC component, the background light also represents a
strong source of shot noise. Moreover, the intense sunlight can
saturate the photoelement and thus block the communication.
Therefore, related to these issues, in the development of the
proposed sensor, a particular objective was to increase the

robustness to noise and to prevent saturation.

A. Functional block diagram of the receiver sensor

The proposed sensor is aimed at providing a relatively low-
cost solution for a medium range VLC system performing
under various environmental conditions. Its functional block
diagram is sketched in Fig. 2 and includes an optical collecting
system, an electronic front stage for signal reception, an
adaptive analog signal conditioning part followed by an
analog-to-digital convertor and a signal processing unit. The
input signal can be either red or green light sent by a LED
traffic light from distances up to 50 m. The optical collecting
system is mainly composed of a cover to reduce
environmental light coming from the sides and a lens to focus
the light on the sensitive part of the photodiode. The resulting
reception angle is estimated at + 10°. A low-cost silicon PIN
photodiode with fast response time is used as photodetector
and is coupled to a low-cost pre-amplifier in a transimpedance
scheme for pre-conditioning the signal. At this level, the gain
value is computed in order to prevent photodiode saturation
even in direct sun exposure, which has been experimentally
verified. When the incident light is within limits that cannot
saturate the photosensitive element, the gain is increased. This
pre-amplification unit ensures a magnitude level of the input
electrical signal on the order of tens millivolts for
communication distances up to 50 m. The characteristic
bandwidth is lower than 100 kHz but it can be significantly
improved, if necessary, by changing the photosensitive
element or the operational amplifier. However, the current
value is high enough since the rate of transmitted data required
in the envisioned road applications is usually lower than
100 kb/s, while the effects of background light noise are thus
limited.
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Fig. 2. Sketch of the reception sensitive module composed of several parts:
i) optical collecting system, ii) electronic front stage with transimpedance
board for signal reception, iii) analog conditioning signal with derivative
part, iiii) digital conversion and signal processing with adaptive controls
(gain, cutoff frequencies and triggering).
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The second stage of the sensor is an analog conditioning
board. The analog band-pass filter suppresses the offset due to
the daylight or perturbations from artificial light and filters
high frequency noise. One of the main parts of the sensor is
the adaptive derivation module which amplifies the signal
edges and makes the reconstruction process be mainly based
on the pulse width rather than the pulse amplitude, as
illustrated in Fig. 3. Reconstructing the signal mostly based on
the edges and less on the amplitude represents an enhancement
which makes the proposed sensor to be less reliant on the
power of the incoming signal. This makes it to be suitable for
the automotive domain and for other mobile applications in
which the emitter — receiver distance fluctuates and thus the
received power. The applied signal processing technique is
based on the traditional method, still using a band-pass filter.
However, in this case the filters are not optimally matched.
The optimal matched band-pass filters are indeed effective in
rejecting the DC component and also in removing the high
frequency shot and thermal noises. Besides removing the
noise, such filters also round off the signal edges, outputting a
quasi-sinusoidal signal. However, at low signal to noise ratios
(SNR), the quality of the resulted sine wave is strongly
affected by the intense noise. Furthermore, considering the
encoded signal (e.g. using Manchester or Miller codes),
depending on the data, pulses of different widths result from
the coding. As detailed in sections Il B and experimentally
illustrated in section Il C, the narrow pulse corresponds to a
frequency which is twice the one corresponding to the wide
pulse. In this case, the filtering has slightly different effects on
the different pulse width types. Consequently, the usage of
such a signal for the triggering could affect the width of the
pulse.

On the other hand, the high-pass filter derivative approach
has strong merits. The prototype is aimed to comply for the
outdoor environment, where the sunlight represents a major
impediment, introducing a high DC component and also a
very strong shot noise component. The high-pass derivation
efficiently removes the DC noise component. Furthermore, the
derivation also allows for precise edge identification. This
approach is very efficient at low SNRs because it minimizes
the influence of the noise on the pulse width, limiting the
distortions. With this method the main objective is to amplify
the edges rather than to completely separate the noise from the
signal.

Next, the Automatic Gain Control (AGC) unit enables the
sensor to properly receive information coming from different
distances and SNR. The AGC provides a complementary gain
whose value is adjusted according to the input signal power.
The AGC stage has as input a DC signal proportional to the
amplitude of the previously derived signal. The signal
conditioning stage is in connection with the signal processing
stage, continuously transmitting information regarding the
signal’s amplitude. At this level, the sensor includes an
analog-to-digital convertor (ADC) and a low-cost 8-bit
microcontroller (Microchip 18F2550). Depending on the level
of the signal, the microcontroller uses a precise algorithm to
select the value of the analog conditioning board. Depending
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Fig. 3. Example of electric signals on the reception board; a) output of the
pre-conditioning board; b) output of the conditioning part and c¢) output of
the decoding and decision block. It illustrates that the derivative part
emphasizes the front edges.

on the amplitude, adaptive gains and complementary filtering
are selected.

Following, the triggering is made based on the previously
amplified edges. The resulting signal is transmitted to the
main signal processing unit, which performs the message
decoding based on the pulse width measurement. The pulse
width measurements are performed by the microcontroller,
based on a high frequency clock. This process and the decision
algorithm are detailed in the experimental part since they are
dependent on the codes presented in the next subsection.

B. Discussions about the coding

Two codes have been implemented: the bi-phase
Manchester code and the Miller code. The Manchester code’s
selection is well argued since it is the code specified by the
IEEE 802.15.7 standard [9]. According to the standard, the
Manchester code is well suited for outdoor low data rate
applications, such as the communication between vehicles.
Even though the Manchester code has numerous advantages,
its bandwidth requirement is larger compared to other codes.
Based on this fact, and considering the future demand for
MIMO VLC applications, we also have chosen to implement
and to investigate the performances of the Miller code. The
Miller code can be easily constructed from the Manchester
code and has most of Manchester’s code advantages.
Nevertheless, in addition, the Miller code is also bandwidth
efficient, offering the premises for MIMO applications.
Furthermore, as detailed in [25], the flickering effect
introduced by the Miller code is rather limited, making it safe
to be used in outdoor applications. Both codes are used in on-
off keying (OOK) configuration and are well suited for short
or medium simplex communications where the SNR does not
need improvements based on more complex frequency or
phase modulation techniques. The OOK modulation is also
well adapted to data rates of tens of kilohertz which is
sufficient for the envisioned applications.

The Power Spectral Densities (PSD) S; of these two codes
are expressed by eq. 1 and 2, respectively [26]:
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where V is the signal magnitude, T the modulation period and
f the frequency for which the PSD is calculated.

The corresponding spectra are plotted in Fig. 4a for two
selected modulation frequencies. For readability, the curves of
the Manchester code have been inverted, so they have
negative values. Depending on the amplitude of the signal, the
spectra can be scaled by a factor K, which is included, for
simplicity, in the PSD unit. It is apparent from Fig. 4a that the
Miller code requires a total bandwidth of approximately 12
kHz which is significantly smaller than 27 kHz required by the
two channels in the Manchester code. For a five channels
simulation of the Miller code, presented in Fig. 4b, one can
identify a total bandwidth lower than 150 kHz while the five
sub-carriers can be easily filtered by band-pass filters. As a
general rule for the Miller code, the PSD is approximately 2/5
of the modulation frequency. These two plots illustrate the
Miller code efficiency in channel usage, pointing out its
perspectives in future MIMO applications.

In our prototype, the microcontroller can be switched
between Manchester and Miller codes in order to test different
configurations. The temporal properties of both codes are also
important for the detection board in order to design the
electronics without using complex decoding algorithms.

The main parameter of the transmission is the width of the
elementary moments of the digital bits. For the Manchester
code, there are only two symbols (the positive edge and the
negative edge) leading to only two combinations of widths:
either one elementary bit width or two bit widths. For the
Miller code, its memory effect leads to three possible
combinations: either one elementary width, or one and a half
or two widths [25]. These properties are exploited and detailed
in the section I11.

C. Description of the transmission test bench

A general VLC test bench has been developed (see Fig. 5),
including the receiver previously described and an emitter
which can be either a car stop (red) light or a commercial
traffic light — switching between red or green lights — with the
power modulated by simple digital switches. All the
components have been chosen for their low-cost, compactness
properties, and for their compatibility with industrial
prototypes. The light is current modulated with OOK
modulation controlled by a low-cost microcontroller (18F2550
from Microchip) according with the codes mentioned in the
previous section. A digital frame has been defined as
schematically illustrated in Fig. 5. Several synchronization bits
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Fig. 4. a) Comparison between Manchester and Miller PSD for two

modulation frequencies. Manchester curves are negative for readability; b)
Simulation for a five channel configuration with Miller code for modulation
frequencies of 10 kHz, 30 kHz, 70 kHz, 150 kHz and 300 kHz. Spectrum
separation for Miller code is easier than for Manchester code due to its
narrower PSD.

Traffic light green or red 12V power

@
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Fig. 5. Sketch of the experimental test bench with the receiver prototype,
only supplied by a 12 V battery to be easily embedded. The test emitter can
be either a vehicle’s red stop lightning, or a commercial traffic light — red or
green. The sent data can be Manchester or Miller coded and is composed of a
traditional frame with synchronization bits, stat bits, data bytes and stop bits.

Rebuilt output

begin the frame to alert the receiving board that a message is
sent. The rest of the frame is composed of start and stop bits,
and an additional flag providing information on the data frame
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length. The emitter and receiver are interfaced with a PC
through a USB connection and can be placed on a mobile
platform which facilitates the variation of the distance
between emitter and receiver and their relative directions.

The IEEE 802.15.7 standard for outdoor VLC applications
specifies data rates between 11.67 and 100 kb/s in the case of
OOK. Since in a first step our main goal is to maximize the
communication range and to enhance the robustness to noise,
the lowest data rate of the standard was considered.
Consequently, the clock of the receiver is not synchronized
with phase locked-loop (PLL) for simplicity. However, in
order to improve the data rate, the future version of the system
should use PLL.

I1l. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental tests have been conducted both indoor
and outdoor having as main objective the validation of the
VLC prototype under various environmental conditions. The
receiver decodes the data in real-time, based on the code
information provided in the signal header and proceeds to the
post-processing part and to error calculation.

A. Experiment 1 — Sensitivity determination

In the first set of experiments, a specific message is sent by
using a modulation frequency close to the minimum of the
IEEE 802.15.7 standard (11.67 kHz). The noise sensitivity for
the pre-conditioning stage of the sensor is illustrated in Fig. 6,
where the pure noise spectrum is plotted against the spectra of
the detected Miller coded signal for short-range (10 m) indoor
communication. A good signal-to-noise ratio and a sensitivity
of about —80 dBm for frequencies above 3 kHz can be
observed in these experiments. Since the sensor was
developed to work at frequencies close to the lowest one of the
standard (11.67 kHz), as the frequency increases above 22
kHz, the sensitivity begins to drop, making the signal
amplitude as low as the one of the noise. Within the middle
region, the sensitivity for the data signal is high enough.
Concerning the noise, it can be observed that its amplitude
follows a linear trend for the entire concerned band.

B. Experiment 2 — Mobility evaluation

The aim of the second experiment is to test the functionality
of the AGC stage. For these experiments, the distance between
the emitting traffic light and receiver was changed and the
response of the receiver was monitored. While modifying the
emitter - receiver distance, the microcontroller computes the
gain value in real time and commands its selection on the
board. The results illustrating how this value is affected are
presented in Fig. 7 for some distances.

One can see how the gain of this stage is amplified with a
factor 10 between the shortest and the longest distances. The
amplification factor had as purpose to maintain the signal
amplitude between the threshold limits. The values of the
thresholds were determined experimentally. It was observed
that when the signal decreased to half its value, or even below,
the signal reconstruction process is not affected. This is
possible because, like previously mentioned, the triggering is
mainly based on the identification of the rising and of the
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falling edges rather than the signal’s amplitude. This is why,
even if the distance decreases 20 times and so the signal’s
amplitude (at this point), an amplification factor of 10 is
sufficient to maintain the signal level within the optimum
thresholds.
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When AGC is performed, the system responds in real time
to the variations of the intensity of the incoming signal. This
enables the system to maintain a decent BER for the entire
length of the service area (SA). The experimental results
showed that when the AGC stage is disabled the
communication range is reduced if an insufficient gain is
preselected. Otherwise, when a high gain is preselected, the
system becomes unsuitable at short distances, as in the case
when the car is too close to the traffic light, which may lead to
the saturation of the sensor.

C. Experiment 3 — Pulse width measurement

In the third set of experiments, the distribution of pulse
widths has been analyzed. As mentioned in Il C, the
Manchester code leads statistically to a message composed of
two main pulse widths separated by front edges. In our case,
the elementary modulation width is approximately 400
microcontroller clock ticks. The accuracy and the stability of
microcontroller clock are good enough so the synchronization
of the emitter and receiver is not needed. The experimental
distributions of the pulse widths are presented in Fig. 8 for
approximately 5000 bits sent by using Manchester code (a)
and Miller code (b). Two groups of peaks can be observed in
Manchester case, one at approximately 400 ticks and another
one at approximately 800 ticks. The two groups are divided
into two subgroups due to asymmetry of the trigger threshold
that generates low-level and high-level triggered values.
Although this asymmetry is not necessary, it is a convenient
way to distinguish between low-level and high-level values.
Since the two groups are apart from each other, the
microcontroller is able to count the pulse widths at a high
frequency to easily retrieve the digital information. In the case
of Miller configuration, three groups of peaks are visible at
approximately 800 ticks, 1200 ticks, and 1600 ticks, each
group being divided into two subgroups corresponding to low
and high levels triggered values. These distributions are useful
to adjust the tolerance parameters on the detection threshold
for the embedded microcontroller software.

D. Experiment 4 — Bit Error Ratio (BER) determination

A fourth set of experiments has been realized to test the
BER. The received bits are compared to the original ones, for
sets of data containing 10 million bits obtained by sending
repetitively 64 bits. Tests are done either with red light or
green light alternatively, generating a BER lower than 107
which is appropriate for most of the road applications.
Additional BER improvement can be obtained by using error
detecting codes, correlation techniques or redundancy codes.
However, our focus was to evaluate the performance of the
sensor. Tests have been realized outdoor and indoor (on a
corridor with artificial neon lights generating a strong parasitic
100 Hz signal), the main results being summarized in Table I.

The indoor tests have been made in a corridor, limited to 20
m range because of the limited space available. The aim was
to evaluate the robustness of the sensor with respect to neon
lights located in the corridor, at a height of 1.5 meters above
the receiver. When the light is on, the remaining 100 Hz on
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TABLE |
Bit Error Ratio (BER) for Miller and Manchester codes at 15 kHz
modulation frequencies; green and red light have been tested in different
conditions.

Code Conditions BER
1-20 m inside a building with neon < 107
light on; Red light

Manchester 1-36 m outdoor, daylight; Green <107
light
1-50 m outdoor, daylight; Red light <10
1-20 m inside a building with neon <10
light on; Red light

Miller 1-36 m outdoor, daylight; Green <10"
light
1-50 m outdoor, daylight; Red light <10
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the photodetector module is well filtered and has no influence
leading to a BER lower than 107. Some errors can appear
when the light is switched on or switched off because of
transient pulses that can affect the frames but these are minor
drawbacks. Both red and green lights show same
performances.

The outdoor tests have been performed in different sun
exposures, for distances of up to 50 m distance. Within the
entire service area, the sensor was able to maintain the BER
lower than 107, providing a stable communication, which is
mainly due to the AGC stage. The front pre-conditioning stage
successfully prevented saturation even in the presence of
moderate sun.

The sensor shows lower performances for the green light
and the associated maximum distance is around 36 m. This is
due to three factors: the sensitivity of the photodetector is
lower for the wavelength corresponding to the green light than
for the red one [23]; the sun spectrum is more disturbing in the
green range than in the red one; the used lens is slightly
chromatically treated and the transmission coefficient is better
for the red light. We plan to enhance this point in the future
with higher gain or plastic color filtering to reduce the
influence of the sun light and to improve the signal to noise
ratio, even for the green light. Finally, note that the traffic
lights that we used are commercial ones and not custom-made
models unlike in other works [1-5]. In the case of the custom-
made traffic lights parameters such light intensity or light
emission angle can be adjusted, improving the system
performances.

These results demonstrate that the prototype is well suited
for data transmission over short or medium distances up to
50 m. Results show 0 errors for 107 bits sent for both
Manchester and Miller codes. Based on these results, it can
also be concluded that the proposed sensor is well suited for
applications in which the robustness is more important that
data rate, as the vehicular communications.

Unlike in other works, the performances of the system and
its suitability for outdoor VLC are confirmed by intensive
field testing and not by numerical analysis or simulations. This
grants the proposed sensor with increased compatibility with
future usage in industrial projects.

IV. CONCLUSIONS

This paper presented a very efficient prototype of sensing
unit for outdoor visible light communications. The sensor was
tested in various conditions in order to verify its reliability in
the presence of natural and artificial light. Focusing on the
hardware part, the prototype was able to achieve BER results
lower than 107 for distances of up to 50 m. These results are
very promising knowing that no error-correcting codes have
been used. It must be pointed out that even if there are few
other systems similar with the proposed one, this one has the
merit of achieving one of the lowest raw BER. Moreover, it is
able to maintain the BER at the 107 level for the entire service
area. In this case, the performances of the sensor are limited
by the detection sensitivity of the photodiode. This proves that
the implemented techniques are well suited even at low SNR.

Concerning this issue, it has been experimentally showed that
neither the artificial nor the moderate sun, do not affect the
communication. The next phase of this research project
involves implementing the embedded systems in real road
configurations. The optical part was made in cooperation with
Valeo industry and is also dedicated to be multi-functions. It
was developed to be a vehicle inter-distance sensor as well.
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