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Abstract
Roundabouts are a form of circular intersections adopted to secure road safety of the vehicles. However, collisions are
not prevented entirely even when using roundabouts, since accidents may happen at specific intersection points
leading to either traffic congestions or serious accidents. In this paper, a visible light communication (VLC)-based
collision avoidance scheme is proposed to coordinate autonomous vehicles in traversing roundabouts, which has
high effectiveness in vehicular environments. In particular, roadside units (RSUs) are deployed at the roundabout
entrances to coordinate the vehicles in a vehicle-to-infrastructure (V2I) mode. By adopting the synchronization
approach, vehicles can pass the roundabout simultaneously if their paths are concurrent with each other. Otherwise,
vehicles are prioritized according to their arrival time and reasonable decelerations are applied to waive potential
conflicts. Simulation results showed that our proposed approach satisfies the roundabout traffic demands in terms of
concurrency, safety, and time utilization as vehicles are strongly recommended to decelerate in only 22% of the cases
studied in different scenarios.
Keywords: Autonomous vehicles, Collision avoidance, ITS, Roundabout, Safety, Synchronization, VLC

1 Introduction
Road safety has been one of the vital topics studied in
Intelligent Transportation Systems (ITS) as serious accidents cause loss of lives and destruction of infrastructures
[1]. Nevertheless, prominent safety features have become
possible due to advanced information and communications technologies [2, 3]. Accordingly, autonomous vehicles are an effective solution that could increase both the
driving safety and ride comfort besides enhancing the
road traffic flow [4].
Road intersections are a fertile place for accidents since
conflicts occur when two vehicles (or more) approach the
same point simultaneously [5, 6]. To improve the traffic safety on road intersections, roundabouts have been
widely adopted within the traffic infrastructure, for which
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they increase the traffic throughput and reduce the time
delay, in addition to the limited amount of maintenance
through a long latency. Roundabouts are sort of circular
intersections, where vehicles enter the circle when a gap
exists in the circulating area. After that, they pass the lanes
in a clockwise direction (in countries with right-hand traffic). Vehicles must comply with the offside-priority rule so
that circulating vehicles have priority over those entering
the traffic stream [7]. To secure more efficiency, multilane roundabouts are applied in heavy traffic intersections
with high-speed approaches [8].
Nevertheless, multi-lane roundabouts do not prevent
accidents entirely as serious collisions may happen due
to several factors, such as driving in high velocities with
inadequate deceleration, the unpredictability of the other
vehicles’ destinations, and finally, noncompliance with the
priority-to-circle rules. Figure 1 shows some potential
conflicts more likely to happen in the daily traffic among
both autonomous and human-driven vehicles: (1) The
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Fig. 1 Roundabout operations

entering vehicle stops while there is an existed gap sufficient for the entrance. (2) The entering vehicle advances
the circulating vehicle, even if the gap is insufficient, forcing it to stop moving. (3) The circulating vehicle gives its
priority on the road to the vehicle waiting to enter the
roundabout (referred to as priority reversal). (4) The circulating vehicle heads out beside a vehicle entering the
roundabout causing confusion for both drivers.
This issue becomes more serious when involving
autonomous vehicles in the traffic since although they
can regulate their positions automatically, it is difficult
to make intelligent decisions in complicated and dense
driving environments such as multi-lane roundabouts.
Furthermore, it is impossible to anticipate other road
user’s behavior or even to transfer the control to a human
driver in case of risky events, which led to the need for
an auxiliary system to coordinate the autonomous vehicles and contribute to their safety. In this case, the vehicle
safely traverses the roundabout with the assistance of the
auxiliary system considering the traffic situation and the
applicable road priority. If it reaches the system limit, it
keeps driving at a reasonable speed until it leaves the
roundabout successfully [9, 10].
For the vehicle-to-infrastructure (V2I) communication, signal interference and long transmission delays are
potential through the data exchange, which can affect the
comprehensive system performance. Thus, using conventional radio frequency (RF) waves is not ideal for the communication with autonomous vehicles as they demand a
reliable and super-high network connectivity to meet the
safety requirements [11, 12]. Furthermore, due to its distinguishing merits such as the less complexity, low energy,
and cost-effectiveness [13], the visible light communication (VLC) is utilized as an alternative solution to the
RF communications to receive and send the vehicle and
traffic information from and to the correlated RSU.
Accordingly, a VLC-based assistive approach is proposed to coordinate autonomous vehicles while passing
the roundabout, by supplying them with the information of any instant traffic changes, which reserve adequate

time to take appropriate reactions and precise decisions.
However, three challenges need to be faced for the design
of our collision avoidance system: (1) Safety against the
time delay. It is challenging to maintain the balance
between required safety and the time delay for communication and decision, since long time delays may lead to
driver irritation, stress, and frustration that may generate
more offensive driving behaviors besides slowing traffic
flow. (2) The roundabout operational conditions. Some
factors have to be taken into consideration when using
the VLC in the practical driving environment, such as
the transmitters’ locations and the effective transmission
distance [14]. Thus, it is challenging to consider these factors accurately when determining broadcast area and the
system workspace. (3) The ambient light. In outdoor environments, the VLC technique exposes to some sources
of external noise, i.e., ambient road lights, the sunlight,
and finally, the noise associated with light carrying the
warning signal itself. These noises may affect the system performance in terms of the signal-to-noise ratio
(SNR) [15].
The main contributions of our system are briefly highlighted as follows:
• The focus on the multi-lane roundabouts and mapping the traffic problem into a typical synchronization
approach. Hence, a centralized algorithm based on the
VLC technique is applied in the V2I mode.
• The signal processing complexity at the receiver is
significantly reduced by adopting the VLC technique
with the aid of the intensity modulation with direct
detection (IM/DD). In addition, the SNR value is
investigated in each change of vehicles’ position to
cope with the challenge of ambient noise and to assess
the performance of the system accurately.
• Extensive simulations based on various mobility scenarios are conducted. The simulation results confirmed that the system proposed can assist the
autonomous vehicles in taking appropriate reactions
according to different driving conditions.
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The remaining parts of this paper are organized as follows: Section 2 briefly presents some research about traffic management. Section 3 focuses on the analysis of the
system proposed. The numerical calculations required to
estimate the system performance are illustrated in Section
4 along with the analysis and discussion of the results.
Finally, Section 5 is reserved for both the conclusion and
future work.

2 Related work
To deal with these issues, some research related have
been carried out following various approaches rather than
adopting the standard traffic light system. In [16], a decentralized vehicle-to-vehicle (V2V) approach, which connects human-driven vehicles together, has been presented
to eliminate the potential overlaps out of vehicular paths.
Assuming that the vehicles head toward the roundabout
in steady velocities, that is inapplicable. The approach presented solves from 60 to 80% of possible conflicts with
20–40% of packet loss ratio. In [17], the authors presented
a new protocol for collision detection in autonomous
vehicles based on V2V communications. The protocol
proposed has reduced the delay and influenced, positively,
to avoid collisions. However, it has been only tested on
autonomous vehicles, not on human-driven vehicles. The
authors in [18] designed a control model for multi-line
roundabouts by adopting both cameras and Wireless Sensor Networks (WSN). This model aims to ensure that the
current number of vehicles in the roundabout is below the
vehicles’ optimal number. Results exhibited that the delay
is reduced, effectively, during the peak hour.
Additionally, different process management approaches
in operating systems design have been utilized for vehicular coordination at intersections along with conventional
transmission means [5, 19, 20]. Literature [19] designed
two novel algorithms, i.e., a centralized and distributed
algorithm, to control the traffic at intersections. They
modelled the competition problem at the intersection
as a Vehicle Mutual Exclusion for Intersections Problem (VMEI) and compared the algorithms proposed with
the conventional traffic light system to show its outperformance. However, they confirmed that deploying the
centralized algorithm is not feasible at all times due to the
high cost of additional devices required.
Furthermore, various recent studies discussed the traffic
and resource allocation issues and presented some algorithms to improve the existing once. In [21], the main
focus was on the edge offloading associated with fog
computing. The authors studied the tradeoff between the
service latency and power consumption of the industrial traffic and designed a new model to depict the
desire of traffic mobile users to share their resources
with other users. After that, two reinforcement learning
scheduling algorithms have been proposed to address the
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formulated offloading cost-minimization problem. The
authors in [22] analyzed some factors such as the transmission rate and cache allocation in content-centric IoT
and studied their impact on the QoE. Then, they proposed a deep reinforcement learning algorithm to solve
the formulated resource allocation problems and enhance
the QoE precision accordingly. Wang et al. [23] present
an overview of the ongoing research in resource allocation and efficient scheduling. It elaborated on the
state-of-the-art techniques of the cluster framework algorithms and classified them according to different principles. Finally, it illuminated the distributed systems design
principles by analyzing the properties of five desirable
categories.
On the other hand, adopting the VLC technique has
become a vital solution adopted in many state-of-the art
research to solve traffic issues. In the work [24], authors
have performed a comparative analysis of a crowdsensing
framework that utilizes the VLC technique only with that
utilizing VLC and IEEE 802.11p, simultaneously, considering the packet delivery ratio. Results asserted the performance improvement when utilizing both techniques,
as each one is complementary to each other, especially
in dense traffic scenarios. Cen Liu [25] estimated the
vehicular VLC network (V2LC) based on a developed
platform to study its resiliency, capability, and feasibility against the noise and interference of the visible light.
The results proved that V2LC can serve the vehicles’ network applications as it overcomes the packet collisions’
impact when reaching vehicles in the high traffic density
utilizing the inter-vehicle gaps and multiple paths available. The authors in [26] developed V2LC, a system that
combines both smartphone cameras and vehicle lighting.
The system adopts the Undersampled Frequency Shift
ON-OFF Keying modulation (UFSOOK) for transmission
decoding. In the system proposed, smartphone cameras
are considered as receivers and vehicles rear light LEDs
are considered as transmitters. The results emphasized
that the system is reliable, for which it can resist the
interference and transmission noise in various tested scenarios. Nevertheless, these solutions have been dedicated
to traffic issues with some deficiencies, as they do not
satisfy all the requirements of feasibility, flexibility, and
complexity.

3 Methods
3.1 System model

This section will present the basic assumptions, the channel models, and the evaluation factors in this paper. The
quality of the system proposed is evaluated through the
computation of both the SNR and bit error rate (BER) values. However, some related factors have to be identified
first, i.e., the received power, channel DC gain, and the
irradiation angle.
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3.1.1 Received power

The average received power on the receiver can be calculated with the DC gain as [27]:
Pr = H(0) × Pt

(1)

where Pr refers to the received power, while H(0) refers to
the channel DC gain, and finally, the transmitted power Pt
can be calculated using the following formula [27]:
 T
1
X(t)dx
(2)
Pt = lim
T=∞ 2T −T
where X(t) refers to the periodic input power and T refers
to the time period.
To model the channel accurately, VLC channel is modelled with IM/DD as a linear additive white Gaussian noise
(AWGN) channel, for which the modelling is given by
[28]:
y(t) = Rx(t) ⊗ h(t) + n(t)

(3)

where y(t), R, x(t), h(t), and n(t) refer to the current
received power, the photodiode responsivity, the instantaneous transmitted power, the response of the channel
impulse, and the AWGN noise, respectively. Moreover, ⊗
means convolution.
3.1.2 Channel DC gain

Since the light propagates from the transmitter LED (considered as a Lambertian emitter) to the receiver through
the transmission channel in a line of sight (LOS) path, the
channel DC gain can be computed as [29]:

(m+1)A cosm (φ)Ts(ψ)g(ψ) cos(ψ)
, ≤ ψ ≤ ψc
2πd2
H(ψ, φ) =
0,
ψ > ψc
(4)
where m denotes the order of the Lambertian emission, A
means the detector physical area, φ refers to the irradiation angle, Ts is the gain of optical filter, ψ refers to the
incidence angle at the transmitter, g(ψ) is the gain of optical concentrator, and finally, d means the space between
the transmitter and the receiver.
In this paper, φ is being computed by the trigonometric
relationship of the right-angled triangle as:


dtotal
(5)
φ = arccos
d

2 , h and d
where d = h2 + dtotal
total denote the opposite
and adjacent and legs to the angle, respectively. See Fig. 2.
Moreover, to get the order of Lambertian emission, the
following equation is used [28, 30]:
m=

− ln(2)


ln cos 1/2

(6)
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where 1/2 denotes the transmitter semi-angle at half
power.
Finally, the g(ψ) can be computed by [28]:

n2
,
0 ≤ ψ ≤ ψc
(7)
g(ψ) = sin2 (ψc )
0,
ψ > ψc
where n denotes the air refractive index. On the other
hand, ψc denotes the receiver field of view (FOV).
3.1.3 Quality of the system (SNR computation)

Despite the factors discussed above significantly affect the
design of the system, SNR plays a key role in measuring the wireless communications quality at the receiver. It
defines the ratio of signal power to the background noise
at a specific transmission point. Meaning that, the greater
the signal strength, the larger the received data in the noise
presence [31, 32]. The SNR equation is expressed as:
SNR =

(R.Pr )2
2
σtotal

(8)

2
refers to the total noise that consists of both
where σtotal
shot noise and thermal noise, which are modelled as
2
is given by [28]:
AWGNs [29]. Thus, σtotal
2
2
2
σtotal
= σshot
+ σthermal

(9)

2
2
and σthermal
denote the shot noise variance
where σshot
and the thermal noise variance, respectively. To get the
shot noise, the following equation is used [28]:
2
= 2qB (RPr + IB I2 )
σshot

(10)

where q refers to the electronic charge, B refers to the
photodetector bandwidth, IB refers to the background
current, and finally, I2 refers to the noise bandwidth factor.
On the other hand, the thermal noise can be expressed
as the combination of two parts, namely, the feedback
resistor noise and the FET channel noise, respectively [33].
2
equation is given by [28]:
The σthermal
2
σthermal
=

8πKTk ηAI2 B2 16π 2 KTk η2 A2 I3 B3
(11)
+
G
gm

where K refers to Boltzmann’s constant, Tk denotes the
absolute temperature, η means the photodetector fixed
capacitance per unit area, B is the photodetector bandwidth, G denotes the voltage gain of open-loop,  refers to
FET channel noise factor, I3 is the noise bandwidth factor,
and finally, gm means the FET transconductance.
3.1.4 Bit error rate (BER)

The BER is the ratio between bit errors and the total number of bits transferred during a specific time period. It is
commonly expressed in percentages without a particular
measurement unit [32].
In this section, the BER performance for the On-Off
Keying (OOK) modulation scheme is presented, as it is
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Fig. 2 Geometric model of propagation

the simplest modulation technique for IM/DD in Optical
Wireless Communications (OWC) [34]. In OOK, 1 and
0 bits are encoded into pulses that arise through turning
the LED on and off, respectively. Thus, a rectangular pulse
with the intensity of 2P (peak power) and a time period
of T = 1/Rb is emitted by the transmitter to indicate 1
bit, where Rb refers to the bit rate. On the other hand, no
pulse indicates a 0 bit [28, 35]. Considering the AWGN,
SNR can be formulated directly to BER by [31]:
√
BEROOK = Q SNR

(12)

where Q(x) = 12 erfc √x , for which erfc denotes the
2
complementary error function.
3.2 Problem formulation

The roundabout traffic scenario will be discussed in this
section. Furthermore, this section will define some key
notations, which will be utilized in the following algorithm
design.
As shown in Fig. 3, a typical multi-lane roundabout with
four legs (north, west, south, and east), is considered. In
each leg, there are two lanes with eight prospective paths
leading to the intersection lines. For more simplicity, the
paths are numbered from 1 to 8 and denoted by P1 to
P8, respectively. These paths determine the vehicles passing on it, accordingly. Based on the ordinary roundabout
traffic scenarios, to avoid potential collisions that arise
due to bad driving behaviors (as mentioned early in this
paper), the entering paths have to be locked while vehicles on the inner paths pass successfully. However, in this

regard, some concurrent paths will be locked, simultaneously, affecting vehicles passing on these different paths,
for which vehicles with non-conflicting paths should have
the right to pass simultaneously.
As a result, an approach for traffic control of
autonomous vehicles at multi-lane roundabouts, based
on VLC centralized coordination is presented. In the
approach proposed, vehicles’ movements are tracked in
real time to ensure more efficiency and safety of the vehicles being controlled by formulating the problem into
a synchronization approach, where each vehicle moving
towards the roundabout is considered as a process, which
is being executed in the critical section. So how to control
the traffic, efficiently, if there are many vehicles that aim
to execute, at the same time, in the common resource, is
the main concern of system proposed.
3.2.1 Synchronization and potential conflicts

The relationship between the eight paths can be obviously
represented using the conflict graph as shown in Fig. 4.
The vertices refer to the roundabout paths, and vehicles
associated with them, while edges refer to the conflicts
existed between paths. Hence, vehicles with edges connected are more likely to collide. As a consequence, the
paths of conflicting vehicles conflict with each other as
well. Contradictory, vehicles with indirect edges can pass
the roundabout, simultaneously, where they are concurrent with each other. For instance, if a vehicle is passing
through P4, all conflicting paths have to be locked. Thus,
approaching vehicles from P5 and P6 will be paused, consequently, and other vehicles on P1, P2, P3, P7, and P8 will
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Fig. 3 Roundabout and lane conflicts

be able to pass, concurrently, because there will be no conflict between them and P4. Table 1 explains the concurrent
and conflicting relationships among paths.

space beyond these stop lines is denoted as the broadcast area dbr . This area allows the vehicles approaching the
roundabout to decelerate properly within it.

3.2.2 Communication network

3.3 VLC-based collision avoidance algorithm

As Fig. 5 shows, the proposed system utilizes VLC technology as a communication medium between RSUs, circulating vehicles, and the entering vehicles. Assuming
a multi-lane roundabout, two stopped lines are identified at dtotal meters of distance from N RSUs installed at
legs of the roundabout. Accordingly, the horizontal distance surrounded by the two stop lines and the peer RSU
is identified as workspace area. On the other hand, the

The details and the analysis of the collision avoidance
algorithm will be presented in this section. The communication interaction between the vehicle and RSU is
illustrated in Fig. 6. In this regard, the vehicle that arrives
at the roundabout broadcast area firstly (Vi ) sends a passing request to the system, containing the vehicle’s traffic
information (vehicle ID, arriving time, path number, and
the direction) [36]. The Vehicle Identification Number
(VIN), which serves as a unique identifier for each vehicle,
is used to identify the vehicle ID. On the other hand, the
Global Positioning System (GPS), which is the most used
tool for determining positions in driving assisting systems, especially for autonomous vehicles [37], is used to
determine the vehicle’s location. Algorithm 1 summarizes
clearly the procedure described above.

Table 1 Roundabout paths and locks correlated with them

Fig. 4 Lane conflict graph

Path of vehicle

Paths to be locked

1

5,6,7,8

2

3,5,6,7,8

3

2,5,6,7

4

5,6

5

1,2,3,4

6

1,2,3,4,7

7

1,2,3,6

8

1,2
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Fig. 5 Communication network and broadcast area

Fig. 6 Interaction between the vehicle and infrastructure
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Based on the information received from the vehicle that
arrived, the system will release an acknowledgment message, in the form of a warning signal and broadcast it
within the broadcast area until Vi arrives at the intersection point, successfully, and releases a confirmation
message to the system, as explained in Algorithm 2.
To this end, if another vehicle (Vj ) reaches the broadcast area and sends a passing request, containing its traffic
information, the system will check the conflict table to
determine whether there is a potential conflict or not. If
both paths are concurrent, (Vj ) will be granted passing
permission. Otherwise, the system has to decide, based
on the roundabout traffic flow, whether (Vj ) must pause,
decelerate, or just keep progressing, as will be elaborated
later in this paper. Finally, if both the circulating and entering vehicle reaches the broadcast area, at the same time,
which might cause a deadlock, the circulating vehicle will
be given the passing priority, according to the priorityto-circle rule. Figure 7 clarifies the whole processes of
Algorithm 1 and Algorithm 2.
In our approach, the waiting time does not increase too
much, in case of traffic density, as the vehicles are being
served in a FIFO manner. Accordingly, vehicles are passing the roundabout as soon as they arrive based on the
roundabout traffic situation.
Assuming that the first vehicle Vi arrives at the roundabout stop line, the time ti demanded by Vi to arrive at
the intersection line is referred to by ti = dtotalu−dx , where
dx denotes the area between the intersection line and
VLC infrastructure and u denotes the roundabout minimum circulating velocity, for both Vi and Vj . This velocity
is, practically, less than the ideal entering velocity (40–
50 km/h), by 19 km/h, approximately [38]. Nevertheless,
this method is appropriate for time calculation of straight
routes only [6]. In this study, curved lanes are considered
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Fig. 7 Processes of the algorithms proposed

in computing the time elapsed, as shown in Fig. 8. Thus,
time is expressed as:
ti =

ri ×

θi
180

×

(13)
u
where ri denotes the turning radius of Vi and Vj , and
θi = 2 arcsin( 2rc i ), for which c refers to the line segment connecting both vehicles with the intersection line
correlated.
On the other hand, if Vj is not concurrent with Vi , then
it has to pause while Vi traverses the roundabout successfully. Hence, the pausing time of Vj is expressed as:
tj = ti − tvlc − t̄j

(14)

where tvlc denotes the delay of the VLC infrastructure and
t̄j denotes the time period Vi takes to reach the intersection line to the time Vj takes to reach the broadcast area.
Consequently, t̄j = 0 when Vj already arrives at the stop
line whereas Vi is heading to the intersection line. Considering the ordinary roundabout traffic, one of the following
scenarios is likely to occur when a vehicle reaches the
roundabout broadcast area:
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Fig. 8 Actual distances based on carved lanes

Case 1: The approaching vehicle reaches the roundabout firstly, meaning that no other vehicle is circulating
at the roundabout, simultaneously.
Case 2: Vehicles are leaving the roundabout from the
opposite path of the same leg.
Case 3: Another vehicle Vj is circulating at the roundabout, simultaneously, in a path Pj that is concurrent with
the path Pi of the approaching vehicle.
In the previous cases, the system will permit the
approaching vehicle to move forward towards its destination, as the collision is unlikely to happen.
Case 4: Another vehicle Vj is circulating at the roundabout, simultaneously, in a path Pj that is asynchronous
with the path Pi of the approaching vehicle. Hence, Vj is
directed to decelerate, instantly, if the following state is
true:
dj − dbr
2dbr
< tj
+
vj
vj + u

vj − aj tj <= u

(17)

where aj denotes Vj deceleration value being sent by the
RSU within the acknowledgment message, as elaborated
earlier in Algorithm 2
Considering the conditions mentioned above, Vj deceleration distance must not transcend the stopping line
presumed. The equation below expresses deceleration distance as:
1
(18)
vj tj − aj tj2 <= dj
2

4 Results and discussion
4.1 Simulation parameters

(15)

Since collision might occur, at the intersection line, among
the two vehicles passing the asynchronous paths, by decelerating instantly, the collision is more likely to be waived.
In the latter equation, dj denotes the area between Vj and
the correlated stop line and vj denotes the velocity of Vj .
On the other hand, Vj is not obliged to slow down when:
dj − dbr
2dbr
>= tj
+
vj
vj + u

To secure the safety, Vj has to handle its driving velocity
according to the ideal circulating speed u at the end, by
following the equation:

(16)

where Vi is more likely to pass the intersection line,
smoothly, without colliding with the other vehicle.

This section elaborates the results of the simulation
performed to evaluate the performance of the system
proposed. The simulation is performed via MATLAB
depending on the theoretical analysis presented in the
previous section. Hence, some parameters are considered
for the sake of numerical calculation, as illustrated in
Table 2.
During the simulation, the watt unit is converted to
decibels (dB) so that the analyses become more convenient. Moreover, the mobility of vehicles is considered when calculating the distance, where vehicles move
towards the VLC emitter passing through the intersection
point. Thus, the horizontal distance decreases from 71 m
(the maximum value) to 30 m, i.e., the intersection point
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Table 2 Simulation parameters of the warning system
Symbol

Description

Symbol

Description

dtotal

60 m

dbr

10 m

r

35 m

N

4

h

5.5 m

φ, ψ

4.5°

Ts

1

R

0.4 A/W

IB

5×10−3 A

K

1.38065×10−23 J/K

Tk

298 K (24.85 ◦ C)

η

112×10−8 F/m2

I2

0.562

I3

0.0868

B

100 MHz

G

10



1.5

gm

0.03 S

tvlc

0.5 s

n

1.46

q

1.60218 × 10−19 C

A

1×10−4 m2

m meter, A ampere, W watt, J joule, K kelvin, F farad, MHz megahertz, S Siemens, C
coulomb

location, by 1 m. Considering the vehicle’s hood, which is
about 1 m in length, practically, the total workspace considered, i.e., less than 100 m in length, fits properly within
the communication distance of the VLC technology [34].
4.2 Simulation experiments

To increase the efficiency and feasibility of the system proposed, the BER is plotted for different distances against
various heights (h) of the transmitter from the ground
and various irradiance/incidence angles. Then, the best
values are determined for the two parameters investigated as illustrated in Fig. 9. The simulation results in
Fig. 9a exhibits that better BER value can be achieved
by decreasing the height of the transmitter, considering
the influence on the irradiation/incidence angle in each
value. On the other hand, Fig. 9b exhibits that by choosing
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smaller irradiation/incidence angle, i.e., 4.5°, better BER
can be achieved considering the optimal height at 5.5 m.
Hence, the relationship between the distance variations
and system’s performance can be further studied considering the optimal values of the two parameters above mentioned, as shown in Fig. 10. First comes the relationship
between distance and the received power. When considering the consistency of other parameters, the received
power increases as the distance between the sender and
receiver gets closer, due to the great light intensity at the
receiver photodiode.
Second, the relationship between distance variations
against SNR variations indicates that the minimum SNR
value, which is 13.2986 dB, is obtained at 71 m, while
the maximum SNR value (28.0204 dB) is obtained at
30 m. This emphasizes that the quality of signal improves
while the distance decreases toward the minimum value
assumed. Finally, the figure presents the distance relationship over BER. It can be observed clearly that the BER
value is directly proportional to the distance. Thus, the
BER percentage approaches 0 at a minimum distance of
30 m. On the other hand, it is the highest, i.e., 1.3280 ×
10− 4 at a distance of 71 m.
Figure 11 shows the relationship between SNR and BER,
which is inversely proportional, through exhibiting the
SNR values along with its corresponding BER percentages, obtained from Eq. 12. For instance, when SNR =
13.2986 dB, the corresponding BER = 1.3280 × 10− 4,
which emphasizes that, at the same tested distance, the
high SNR value results in a low BER percentage. According to our analytical results, establishing a LOS communication up to 71 m, using the VLC technique, is feasible and
it is adequate for a reliable communication link between
the infrastructure and vehicles.

Fig. 9 BER performance analysis of VLC system based for two effective parameters
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Fig. 10 BER, SNR, and received power at various distances using optimal parameter values

Fig. 11 Performance of the transmission as a function of BER and SNR
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Fig. 12 Vj patterns studied

To evaluate the system proposed efficiently, three driving velocities are assumed for vehicle Vj (i.e., 40 km/h,
45 km/h, and 50 km/h), respectively. These velocities fall
within the maximum entry velocities of multi-lane roundabouts. On the other hand, Vi arrives at the stop line,
firstly, after decreasing its driving speed to the ideal circulating speed (30 km/h). Furthermore, two sets of patterns
are identified, considering whether vehicle Vj is located in
or outside the roundabout broadcast area.
In the first pattern, the warning signal is being broadcasted by the RSU when vehicle Vj is within the broadcast
area, for which its present location is recorded. Consequently, three locations are assumed within the broadcast
area (3 m, 6 m, and 9 m, consecutively).
Figure 12a confirmed that Vj has to decelerate, instantly,
in all positions tested within the broadcast area. Due to
the fact that its practical time to arrive at the stop line
is shorter than the time assumed since its position is
close to the stop line. Accordingly, the information sent
by the system is vital, as it includes the recommended
minimum deceleration of Vj to stop, precisely, at the stop
line. Figure 12b shows that the deceleration rate is directly
proportional to vj and inversely proportional to dj as
the deceleration value decreases with the decrease of the
approaching velocity besides the increase of the stopping
distance.
On the other hand, as assumed in the second pattern,
the system sends the warning signal to Vj when it is
out of the broadcast area. In this paper, three positions
are assumed out of the stopping line (15 m, 20 m, and
25 m, consecutively) and t̄j is being recorded, accordingly.
Figure 12c exhibits that Vj is strongly recommended to
decelerate in 22% of the total cases only compared with
the results in the first pattern, where Vj real time is less
than the time assumed, in most situations. For instance, Vj
is forced to decelerate if it is 5 m away from the broadcast
area while driving at a velocity of 45 km/h.

Based on our results, potential collision within the
roundabouts can be waived by using the proposed warning system since utilizing the VLC technique affects the
system, positively, due to its high data rate and wide bandwidth. Furthermore, the VLC is less subject to wave interference, especially in high traffic scenarios, compared with
conventional systems that utilize RF waves. Finally, no
additional components are required, as these components
are automatically supplied in today’s vehicles.

5 Conclusion
VLC is an emerging technology used in outdoor environments related to ITS and road safety applications.
This paper proposes a dynamic collision warning system
that uses the VLC technique among autonomous vehicles as well as four RSUs deployed among the roundabout
entrance legs. By this way, the system can control the
traffic and grant pass permissions upon request to all vehicles approaching the roundabout, utilizing the principle of
synchronization and priority according to the arrival time
of vehicles. The experimentations demonstrate that the
system proposed can wave potential collisions, efficiently.
As future work, the explicit priority of other particular
vehicles will be considered (e.g., large trucks, emergency
vehicles, and transit vehicles), in addition to applying our
system on other types of intersections.
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