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and interference rejection performance.

In this paper, we developed a ranging and communication system for vehicular safety applications. The light-emitting
diode (LED) array and photodetector (PD) array serve as the transceiver. The imaging technique is applied to the
receiver, which can detect the angle of incident light and imaged different lights to corresponding PDs. Benefiting
from this structure, this system is able to detect distance as well as location, and work between multiple users
simultaneously. While keeping a low cost and compact size, it can still provide high lateral resolution, high frame rate,
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1 Introduction

As wireless technologies evolve at a rapid rate, oppor-
tunities are provided by these technologies to support
more advanced vehicle safety applications. With the help
of these technologies, vehicle-to-vehicle and vehicle-to-
infrastructure communications become feasible. And this
also offers the potential to support vehicle safety appli-
cations, such as traffic signal violation warning, curv-
ing speed warning, emergency electronic brake light,
pre-crashing sensing for cooperative collision mitigation,
cooperative forward collision warning system, left turn
assistance, lane change warning, and stop sign movement
assistance [1].

Most of these applications are based on radio frequency
(RF) technologies, in particular the dedicated short-range
communications (DSRC) at 5.9 GHz [2], due to their
significant advantages like very low latency communica-
tion and broadcasting ability [1]. However, RF has limited
available bandwidth and may cause significant broadcast
problem since the RF signal is usually transmitted in
all directions. Furthermore, the RF ranging method can-
not provide high lateral resolution because of its wide
beamwidth, which can result in location ambiguity.

Nowadays, there has been a trend that more and more
automobile manufacturers are using light-emitting diodes
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(LEDs) as the light source due to their high efficiency, low
cost, and fancy styling. This provides potential to emit
ranging and communication signal with these LEDs. A lot
of work has been done separately in LED optical rang-
ing or communication for vehicular applications. In [3],
the distance was calculated from the geometrical trans-
formation of the position of LED markers mounted on
the vehicle with an imaging-based technique. A low-cost
LED ranging sensor for collision avoidance was designed
in [4], which measures the time of flight of an optical
pulse to determine the distance. Also, another time-of-
flight optical ranging system was proposed in [5], using a
two-dimension imaging sensor to offer better lateral res-
olution. For vehicular optical communication, Cui et al.
proposed an outdoor line-of-sight (LOS) visible light
communication (VLC) path loss model and validated it
by measurements [6]. In [7], the VLC channel models
for intelligent transportation system application reflect-
ing practical conditions were simulated. The effects of
sunlight and other active VLC transmitters were also
examined in [8].

For efficiency consideration, there is no need of two
separated systems. And the integrated system of optical
ranging and communication features the following advan-
tages: (1) cooperative safety application becomes possible,
and (2) the physical position of each node can be used
to optimize networking. Nevertheless, a limited number
of publications considered to combine the optical rang-
ing and communication together. Mizui et al. proposed a
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vehicle-to-vehicle communication and ranging system by
multiplying the bit information to the spread spectrum
(SS) code and measuring the phase shift of the SS code [9].
However, this system can only measure distance instead
of acquiring the location information. In addition, it can
operate with one target only. In order to get both the dis-
tance and location information, at least two receivers are
needed [10]. In [11], a multi-user ranging and communi-
cation scheme was proposed, which makes this system be
operated between multiple vehicles simultaneously. Tech-
niques like frequency hopping and code hopping are also
developed to reduce the SS code collision probability [12, 13].

In this paper, we modified the system proposed in [9],
exploiting the LED and photodetector (PD) array as the
transmitter and receiver, instead of a laser and single
PD. This improved system is capable of working between
multiple vehicles simultaneously acquiring both distance
and location. Because of the good lateral resolution pro-
vided by the imaging-based receiver, it can greatly reduce
the user interference and noise with a wide field of view
(FOV). A scheme is proposed to mitigate the SS code
collision without changing the hardware of the system.

The rest of this paper is organized as follows: The sys-
tem design consideration is given in Section 2. Section 3
introduces the principle of the proposed combined system
and the vehicular network. The experiment results for the
basic ideas are presented in Section 4. At last, Section 5
concludes the work of this paper.

2 System design consideration

2.1 Using LED as the transmitter

In most conventional ranging systems, lasers or laser
diodes (LDs) are usually used as the transmitter. Lasers
and LDs can output a higher energy beam, compared
to LEDs, which means they can be operated at a longer
range. However, lasers and LDs are costly to acquire and
maintain. While LEDs can offer an acceptable perfor-
mance with a small fraction of cost.

Compact size is another advantage of LEDs. And lasers
and LDs require more drive current to produce higher
peak power, which makes the peripheral circuits for mod-
ulation usually complicated.

However, the wide beam angle is the main drawback
of LEDs. In contrast to the beam angle of lasers or LDs,
which is usually several milliradians, that of LEDs with a
narrow beam is about 0.1 radians. This will bring in two
problems: (1) the power density (power/area) decreases
quickly as the measuring distance increases, and (2) lateral
resolution is very low. We can see from the propaga-
tion function (Eq. 1) that the power intensity diminishes
quickly over distance [14].
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where Iiarget is the beam intensity on the target, 7, is the
atmospheric transmission loss, Py is the LED transmitted
power, 0; is the LED beam angle, and R is the target dis-
tance. Collimating the LED beam is one possible way to
mitigate this problem. But the collimation procedure is
very difficult because of the LED core sharp. It requires
a large diameter lens, which is not feasible for the LED
array.

Another way is to address this problem at the receiver
end. We will give details in the next section.

2.2 Using the PD array as the receiver

By employing a narrow beam laser or LD as the light
source, the conventional ranging systems feature good lat-
eral resolution. In order to produce a full view of the scene
ranging data, a precise scanning mechanism is essential.
On the other hand, for communication purposes, a track-
ing algorithm should be proposed to track the laser head
and maintain the link. This is usually difficult in a moving
situation.

Instead of constraining the beam width, limiting the
receiver FOV is another approach to increase the rang-
ing lateral resolution. The imaging lens makes it possible
by providing different narrow FOVs to the elements of
the PD array as the receiver sensor [15]. It can capture
the entire scene while making the receiving process highly
directional. The incoming light from different directions
will be imaged to corresponding PDs as long as they can
be separated wide enough in the real space. This will also
help reduce the ambient noise since we are only inter-
ested in several certain PDs sensing high signal power.
The imaging-based receiver allows distance measurement
without scanning, while offering high lateral resolution
and frame rate.

For the communication application, these PDs not only
give our system great potential to increase the data rate
but also enable our system to distinguish one user from
another since they will be imaged to different PDs. This
also provides a very effective media access control (MAC)
for the future vehicular optical network since differ-
ent users can transmit simultaneously without disturbing
each other.

Increasing the number of PD will absolutely increase the
resolution, but it will also increase the requirement of the
data bus since it needs higher readout speed. Because only
a few PDs are receiving optical signal, we need a track-
ing algorithm to find these PDs [16]. More PDs mean that
a more complicated algorithm is needed. This is a trade-
off when designing the system, so we need to choose the
number based on the application requirement.

2.3 Spread spectrum waveform
Even though the imaging-based method can greatly
reduce the interference between users in the LOS
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communication link, there still exists the possibility that
the backscattered signal could interrupt another user.
Also, the signal could be corrupted by the noise. The
spread spectrum (SS) code is robust against multiuser and
noise. Employing the pulsed SS waveform as the ranging
signal can reach a high peak power, which will bring a
higher signal-to-noise ratio (SNR) and provide a longer
operation distance, while maintaining a relative low aver-
age power. Low average power is crucial to eye safety
which is usually the limit of the optical ranging system.
And the optical communication system will also benefit
from the SS code on rejecting the multiuser interference.
There are several SS codes we could use in our system,
and the performance may vary depending on different
applications [17].

3 Proposed ranging and communication system
3.1 Principle of the system

The original idea of ranging and communication using
the SS waveform was proposed by Mizui et al. [9]. How-
ever, they just used a laser at the transmitter end and
a single PD at the receiver end, which will bring the
problems as discussed before: costly, bulky, requiring a
fine scanning mechanism, and complicated tracking algo-
rithm. Furthermore, it can only measure the distance
instead of the location and only support point-to-point
operation rather than between multiple vehicles. We will
compare the modified system with the originally proposed
one.

Figure 1 demonstrates the block diagram of the pro-
posed ranging and communication system. First, vehicle
no. 1 transmits a pulsed SS signature waveform s;(¢) to
vehicle no. 2. Then, vehicle no. 2 captures the signal fil-
tered by an image lens and renews its neighbor list table
(Table 1). After this, vehicle no. 2 multiplies informa-
tion bits (SS modulation) to the signature waveform and
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Table 1 Neighbor list table of vehicle no. 2
Neighbor Position Distance
s1(t) ey d
sk(D) Xk k) dx

transmits back to vehicle no. 1. Vehicle no. 1 acquires
the distance measurement by sensing the time of flight
(TOF) between the emitted light and received light and
then extracts the information bits.

This system can work under two different modes. Even
though vehicle no. 2 is not equipped with this system,
vehicle no. 1 can still acquire the distance via the reflecting
signal.

In this process, vehicle no. 1 can determine not only
the distance but also the location of vehicle no. 2, because
the imaging method can provide angle information of the
incoming light. And if two or more users receive the rang-
ing waveform, then they respond to it simultaneously, and
their signal will be imaged to different areas of the PD
array. The interference between different users can be
mitigated significantly. The reflecting signal power falling
into the corresponding PD, which mainly senses the active
responding signal, is also limited in the case that only one
single user responds.

3.2 Optical wireless communication network

N different users can be allocated N different unique SS
codes with the length N. In the mobile communication
network applying code division multiple access (CDMA),
the users’ SS codes are assigned by the base station. In
our system, the SS code is randomly generated by the user
itself with the fixed length N. So it is possible that two

Fig. 1 System block diagram

Vehicle No.1 Vehicle No.2
Spread Spectrum IR LED Image lens & Photo Diode
Waveform Generator $1(8) Array Optical Filter Array
1
\LReset & Start
Stopwatch I: renew Routin:
Swy ot Table
T stop
Matched Amplifier PhotoDiode | | Imag? lens IR LED Multiplying Information
Filter Array & Filter Array Unit Bits
¥21(t)
taelay1 taelay2




Li et al. EURASIP Journal on Wireless Communications and Networking (2015) 2015:190

or more users with the same SS code conflict. Assume
there are n users in our network and the SS code length is
N, then the probability of no SS code conflict is given by
Eq. 2.

N!

= ¥

where N'! means the factorial of N.

Figure 2 illustrates the probability with different users »
and different SS code lengths N. We can see that the prob-
ability of no two or more users are using the same SS code
decreases very quickly as the number of users in the net-
work increases, even with a large code length N. Conflict
of SS code will degrade ranging accuracy and communica-
tion performance. A mechanism is needed to reduce the
conflict.

In order to mitigate the negative effect caused by the
limited number of available SS codes, we proposed the
following method to decrease the conflict probability:

1. Before sending its own SS code, the node will listen
to other users and collect the SS codes being used.
Then, a new SS code is generated.

2. If one user finds there are two or more users using the
same code, it will inform all of these users and these
users will generate new SS codes not being used.

3. For ranging application, the ranging interval of
different users is the same. But the start time is
random for each user and a guard time window is
used. The received ranging signal beyond this
window will be discarded.

4. For communication application, not only the SS code
but also the location information will be used to
distinguish different users.

Also, several certain SS codes should be reserved for
special applications. For example, some SS codes should
be assigned to broadcast emergency information. And
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these codes are pre-known to all users so they can demod-
ulate the information correctly.

Another problem we need to take into consideration
is the interference between the ranging process and the
communication process. Although the spatial diversity
and the code diversity have been applied to distinguish
different users, the communication signal still can corrupt
the ranging signal for the same user because these two
processes use the same SS code. Thanks to the imaging-
based receiving method and the 2-D PD array, only several
certain PDs are corrupted. The reflecting ranging signal
can still reach on most of PDs and the distance infor-
mation can be acquired. Also, the computer vision tech-
nique can be applied to compensate the corrupted ranging
information.

The optical communication links mainly depend on the
LOS path and can be regarded as highly directional trans-
mission. These characters make it beneficial in dealing
with the broadcast problem. The broadcast information
flows in a certain direction and will not flow back, which
will help mitigate the broadcast problem occuring in the
RF method.

4 Experiment results

In this section, we will report the experiment results to
confirm that the proposed system can work effectively
and is robust to ambient light noise, reflection, and user
interference.

Figure 3 illustrates the experiment block diagram. On
the left end of the diagram, an M sequence was generated
by an arbitrary waveform generator (AWG) to drive the
LED with the on-off key modulation. The length of the M
sequence is 31, and the chip width is 100 ns. A single PD
was applied to capture the active responding signal with
an imaging lens to collect the energy. The captured sig-
nal was recorded by an oscilloscope and then processed
by MATLAB offline. On the right end, another single PD
was used to receive the ranging signal. The signal was
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Fig. 3 Experiment block diagram
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then transmitted back to the left end after being ampli-
fied. A customized PD array was not available, so we used
a single PD instead. But we can still prove that the imaging
method and PD array structure are beneficial later in this
experiment.

The experiment was completed indoors with all office
artificial lights on as the ambient light noise. The two ter-
minals were separated at distances of 5, 10, 15, 20, 25,
and 30 m. At each distance, ten measurements were con-
ducted. And after 20 m, a huge glass of about 25 m far
behind the receiver was applied as the reflection inter-
ference. So the data acquired after 20 m contains the
reflection noise signal. Table 2 gives the measured aver-
age time of flight at each distance which is the true time of
flight plus circuit delay.

We cannot directly use these data to calculate the abso-
lute distance because the measured time contains circuit
delay. So we calculate the relative difference between two
different distances instead of the absolute distance. Here
we assume that the circuit delay remains the same at dif-
ferent distances. Table 3 shows the obtained results and
deviations.

From the table, we can find there is a large deviation
(more than 15 %) from 20 to 25 m; this is because the
glass brings in reflection noise after 20 m. The reflection
noise was canceled out again, so the deviation decreases
to 3.2 % from a distance of 25-30 m. Except this point,
we can see that the proposed system is robust to the
ambient light noise. The PD was set in the focal plane
of the lens. The lens before the PD focuses light into a
small light spot. The PD could not detect the transmitted

Table 2 Measured average TOF for different distances

signal once the focused light spot was not imaged to
the PD sensor area. So if you use another LED to sim-
ulate the different user interference, it will be imaged
to the outside of the PD sensor area and will not affect
the received signal. But if we use a PD array as the
receiver, it will be imaged to another PD and demod-
ulated correctly. This illustrates that our proposed sys-
tem is also robust to the reflection interference and user
interference.

5 Conclusions

In this paper, we developed a vehicular optical system
which can acquire information and location simultane-
ously. The LED array which served as the transmitter can
make this system less expensive and compact. The PD
array based on the imaging receiving method can provide
high lateral resolution, while keeping a wide FOV with-
out a scanning mechanism. From the experiment results,
we can see this system can greatly suppress the user
interference if the incoming light from other source is
being imaged to the area out of the PD sensor. However,
the reflection interference from large background objects,
when they are in the same path as our target, may more
or less affect the ranging precision, which we could see
from row 5 in Table 3. Imaging processing or other tech-
niques could be applied to mitigate such reflection noise
in the future. Also, for a customized PD array, an efficient
algorithm should be proposed to detect the effective PDs,
where the signal is being sensed. And last, the network
protocol for the vehicular optical network system is what
we will discuss next in the future.

Distance (m) Average TOF (ns)  Table 3 Measured distance difference results

5 9956 Distance difference (m) Measured distance (m) Deviation (%)
10 117.33 5-10 5331 6.62

15 134.19 10-15 5.058 1.16

20 151.62 15-20 5229 458

25 165.65 20-25 4.209 15.82

30 182.85 25-30 5.160 32
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