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Abstract: Intelligent Transport Systems (ITS) are anticipated to be one of the key technologies for
the next decade and their deployment can benefit from the recent developments in the domain of
Visible Light Communication (VLC). Light Emitting Diode (LED)-based low-cost VLC is considered
in this work to provide a practical approach towards the implementation of an ITS by addressing
the major issues of channel noise, free-space optical multipath reflections and interference from
light sources. An analytical model is presented for the proposed Multiple-Input–Single-Output
(MISO)-based VLC, and simulations are performed to analyze the performance of the system for
various transmission distances. Results show that the proposed optimal receiver for 4 × 1 MISO
can provide considerable improvement in the bit error rate for the forward error correction (FEC)
threshold of 3.8 × 10−3 in the presence of optical interference, and is suitable to support an ITS with
an inter-vehicle transmission approach. The comparison of achieved performance with existing
solutions for VLC-based ITS depicts that the proposed framework provides much higher data rates,
three times longer transmission distance and improved receiver sensitivity.

Keywords: intelligent transport systems (ITS); visible light communication (VLC); light emitting
diode (LED); bit error rate (BER)

1. Introduction

The research interest in Visible Light Communication (VLC) has been boosted since its acceptance
by the IEEE 802.15.7 standard to utilize VLC for the Physical (PHY) and Medium Access Control
(MAC) layers [1] of the free-space optics systems. The increasing amount of unmanned vehicles
is reshaping the major fields of life including business, rescue operations and everyday commutes.
The significant development of smart societies has created new opportunities in the ever changing world
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of communication systems. The humanitarian sector is still in search of a feasible framework for smart
transportation to provide logistical and health care services [2], on an everywhere-and-anywhere basis.
The need to provide a high level of service, while considering smart transportation’s environmental
impact and government policy measures [3], has led to the use of innovative solutions of devices and
optimization algorithms [4] in the past decade. VLC systems based on the Light Emitting Diode (LED)
provide a suitable projection towards the realization of such systems on a large-scale, as they can
make use of the existing lightening frameworks to offer considerably high data rate communication.
The associated advantages include low cost, immunity from Electro-Magnetic (EM) interference,
unlicensed band operation and several special applications where EM waves can not be used (such as
underwater communications) [5]. VLC-based Light-Fidelity (LiFi) systems [6] are another example
where the existing facilities of visible light can be utilized to provide broadband services at bus stops,
train stations, waiting areas at hospitals, etc. For instance, LED operated billboards on a high street can
provide network access without the need for a separate Wireless-Fidelity (wifi) network. Due to its
ease of implementation, VLC is equally useful for inter and intra vehicle communication, as many
safety features such as cruise control can be activated in a rear vehicle by transmitting the information
from a front one [7]. The importance of research on VLC-based systems has upsurged in the past
decade due to the saturation of the radio frequency (RF) spectrum, drastic demand in the number of
connected devices, increasing interference levels and environmental constraints of wireless power
levels. However, the industrial development of VLC-based systems has not been impressive so far
due to the insufficient work on system modeling and analysis, while considering the practical impacts
and factors affecting the system performance. Most of the study on VLC so far has been performed
for indoor environments [8–10] and the real challenge for such systems is the change in intensity of
light in the case of outdoor transmission deteriorating the system’s performance to a large extent [11].
State-of-the-art technologies such as intelligent transportation systems (ITS) require both indoor and
outdoor communication access [12], and the issues related to the development of such systems on
the required scale needs to be addressed. LEDs are commonly found in the form of arrays due to
their low cost, high energy efficiency and long lifetime. Although LED supports bandwidths of up
to a few Megahertz (MHz), their existence in the form of vehicular lights, lamp posts, traffic lights
and billboards makes them a potential candidate to be used for ITS [13], as compared to other optical
sources. The current road situation, possible queues, and information about the pedestrians or cyclists
moving towards the road from a street, can be transmitted to the vehicles using existing infrastructure,
supported by the conventional optical networks for mobile networks [14]. As the Line-of-Sight (LoS)
and visible nature of LED-based communication are considered as distinguished advantages of this
technology over RF counterparts [15–17], the provision of reliable transmission even for small data rates
is still in question. ITS based on vehicle-to-vehicle (V2V) communication is subjected to several types
of disruption such as interference from the side-roadway [18], vehicle-to-infrastructure communication
systems such as LiFi transmission from a lamp post along the road [19], and natural light sources,
which limit the accuracy of the channel estimation [20].

Multiple-Input–Single-Output (MISO) has been used in several IEEE RF standards to increase the
reliability and data rates in a multipath-affected environment [21–23]. The use of several transmitting
units makes it possible to make use of the spatial diversity and to receive multiple copies of the
same signal at the receiver, each experiencing a distinct and de-correlated channel response [24].
The major difference between a Single-Input–Single-Output (SISO)-based transmission and MISO is
the number of transmitting units. Using approximation theory, a MISO system can be divided in to
several SISO linear systems [25]. Studies have shown that despite the difference in multiple numbers
of transmitting LEDs in MISO as compared to SISO [23], the complexity of MISO transmission can be
significantly reduced by using maximum ratio combiner receiver [26,27]. The use of MISO in VLC can
address the challenges associated with the ITS such as different weather conditions (fog, rain, smoke,
etc.), light intensity variations due to the moving objects and imperfect alignment of the transceivers.
The need is the systematic characterization of the MISO in VLC for different parameters, based on the
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commercially available vehicle LEDs. This paper presents a VLC-based MISO transmission model for
ITS applications, which will provide significant guidelines for the practical implementation of such
systems regarding future technologies. By using the head and back lights of the vehicles, as well as
street lights and traffic signals as an interferer signal, the potential of MISO in VLC is demonstrated
by using an array of four LED units to improve the reliability and performance. The main research
question is to find a solution to the performance degradation of a VLC-based ITS due to the reflections
and strong interference signal. Such performance-limiting factors have shown previously to limit
the data rate, transmission distance and receiver sensitivity. This work focuses on the proposal of a
solution based on analytical modeling and simulation analysis using real-time parametric values.

2. Related Works and Contribution

Recent field trials on VLC-based ITS have demonstrated a lot of advantages of using illumination
purposed LEDs for road safety and traffic control [28–30]. Aside from the proven advantages (such
as high levels of integration with existing infrastructure, transmission up to 50 m distance, etc.) in
real-world environments, several connected challenges are experienced. These include saturation of
the receiver due to strong sunlight, diffusion of traffic lights in bad weather conditions and degradation
in performance due to the multiple reflections from the road surface. The use of MISO for performance
improvement based on VLC has been presented previously using Vertical-Cavity Surface-Emitting
Laser (VCSEL) [31] and LED [32] as the source. As a low-cost solution for the practical implementation
of VLC on a large scale, LED is a more preferable choice as presented in [33], but the propagation
channel has only been considered for indoor transmission and for very low data rates (in KBps).
The multiple LED units-based transmission in [34,35] provides a comprehensive study for such
systems but does not include the effect of interference from neighboring optical sources. This work
presents the characterization of VLC due to the outdoor environment such as sunlight interference
and background/artificial light as noise effects. For the first time, a complete model with link budget
analysis is presented for VLC-based ITS. The main contributions of this work are as follows:

• A 4 × 1 MISO-based VLC system for ITS is considered in this work, to enhance the reliability of
the LED-based transmission system.

• The effect of link range and interference signal is analyzed in terms of bit error rate (BER) to
quantify the performance improvement due to the proposed optimal receiver.

• Another variant of MISO is used with encoding performed at the transmitter side to compare
the performance of the system in the presence of channel effects (multipath reflection and optical
interference signal) using practical set of parameters for the VLC.

• An optimal design of the MISO receiver is proposed for the VLC transmission and analyzed for
different transmission distances and received optical powers for practical channel conditions.
The results shows the superiority of the proposed approach over conventional MISO.

The rest of the paper is organized as follows: Section 2 presents the analytical model for the
VLC-based MIMO processing and the use of spatial diversity to enhance the reliability of the system.
The simulation model based on the mathematical analysis is presented in Section 3 and results are
discussed in the following Section 4. The work is concluded in Section 5.

3. Analytical Model

The considered VLC system in this work is based on commercially available LEDs which can be
used in the vehicles as head lights. The typical bandwidth of 20 MHz from an LED is continuously
improving with the development of new techniques in LED manufacturing and advancements in
fabrication processes. Figure 1 shows a typical application of VLC in an ITS where the head light of a
rear vehicle is used to transmit information towards the tail light of a vehicle in front. Such a scenario
is considered here to make a realistic model for the ITS because the concept of vehicle lights-based
VLC for road safety is already in place for commercial implementation. The associated benefits include
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prevention of backside accidents and detection of the road surface by receiving data from the vehicles
ahead. An LED unit can be composed of a single high-power LED or a group of multiple small
LED units in a matrix from which all are operated using the same information signal. Transmission
from a single LED unit in the form of SISO is accomplished by modulating the data signal x and
transporting it through the channel with h time response. The received signal y at the photodetector
can be composed of noise-affected transmitted signal, a reflected version and an interference signal
from another light source. For improved channel estimation, multiple LED units can be considered,
as shown in Figure 1, to transmit different versions of the same signal with different encoding. For a
case of four LED units transmitting to a single receiver, MISO transmission can be performed to obtain
a set of four different channel response elements. The MISO transmission can either be realized with
transmission of same signal from multiple LED units, or by encoding each signal to de-correlate
each transmitting unit from the other. In the former case, array gain is achieved at the transmitter,
which compensates the propagation loss and misalignment of the VLC modules. Such arrangement is
equally useful to implement selection diversity and the receiver can select the best available signal
from the multiple transmitters. Encoding each signal increases the complexity of the system on both
the transmitter and receiver end, but is really useful in the mitigation of interference signal and noise.
For SISO transmission, where only one LED unit transmits, the received signal contains only one
trace of information signal and retrieves channel state information from it. However, in the case of
MISO where the four transmitted copies of the same signal experience different channel conditions,
the estimation is much improved and results in optimized channel equalization.
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For m number of LED units at the transmitter end, where each transmitted signal Xi experiences
a distinct frequency channel response Hi, the received signal Y at the Photodetector (PD) (having a
responsivity of R) can be given as

Y =
m∑

i=1

√
P
m

RXiHi + Aint (1)
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where P represents the total power drawn from the vehicle for the transmitter, Aint represents the
interference signal and N denotes background noise. For a separation of D between the transmitter
and receiver, the channel response (H) for the ith LED will have a strong LoS component given by

Hi = cosuθcos ϕ
u + 1
2πD2 (2)

where θ represents the angle for irradiance which depends on the orientation of the LED and ϕ denotes
the angle of incident between the axes of transmitter and receiver. The value of ϕ remains between 0
and the receiver’s semi-angle. The index u, in terms of ϕ can be elaborated as

u = −ln(2)/ln(cos(ϕ)) (3)

Even for signal with no interference, the effect of atmospheric attenuation coefficient (α) and field
of view (FOV) θFOV on the received power (Pr) has to be considered. The general equation for the
Pr becomes

Pr =
e−αDP

(DθFOV/2π)2 (4)

where several factors still need to be considered for VLC transmission. The accuracy in the estimation
of received power can be increased by a detailed model [36] for the LOS signal, given by

Pr, e f f = Pr
G(ϕ)

(
Ae f f cosϕ

)
D22π

∫ π
0 G(ϕ)sinϕdϕ

(5)

In Equation (5), G(ϕ) denotes beam pattern for transmitter and Aeff is the effective area of the
photodetector. The Pr,eff is the improved version of the estimated power and will be used in the
simulation analysis. The signal-to-noise ratio (SNR) for the SISO transmission, for a noise spectral
density of σ2

N, can be estimated as

SNR =
P
m R2

∣∣∣∑m
i=1 Hi

∣∣∣
σ2

N

2

(6)

Given the condition in Equation (6), the data rate (Υ) is directly related to the bandwidth of the
transmitter (B) for the case of on-off-keying (OOK). To increase the data rate by using an advanced
modulation scheme such as Pulse Amplitude Modulation (PAM), in which the intensity of the carrier
pulses can be changed with high speed, the tradeoff exists between the PAM level (L) and the power
penalty caused due to the increase in intensity-modulated levels. For using L-PAM, which encodes
bsym number of bits to a symbol, the penalty in terms of power (Pp) can be given as

Pp =
L− 1√

bsym
(7)

This shows that increasing the spectral efficiency by a factor of two, by using a higher level PAM
scheme, will require approximately 6.5 dB more power. This does not include the power penalty
caused by the non-linearities due to the higher order PAM. Due to this reason, only OOK has been
used in this work to present a low-complex and highly linear system for ITS. To consider a reflected
version of the signal which exists due to the reflection from the road surface, street pole or a sign-board,
a diffused signal with a modified road surface reflection profile [37] can be used to model the reflected
(non-LOS) signal as

Xre f = Xcos(Φ)
µ

π
(8)

In Equation (8), Φ denotes the angle of diffused reflection and µ denotes the amount of reflectivity.
The H represents a 4 × 4 channel matrix which is evaluated using a training sequence (TS) before the
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actual transmission. The received signal Y and the pre-known TS can be used at the receiver end to
estimate the channel using a simple zero-forcing equalizer performing the Yi/TS operation (where
i represents the number of transmitting units). The inverse of the estimated channel matrix can be
therefore used to recover the data from the channel effects. The channel matrix is estimated using a
training sequence before the actual transmission. To achieve 4 × 1 MISO, the diversity is implemented
on the transmitter side by coding the information signal into four different versions. Each version
is transmitted through an individual LED unit. Even if the complexity of the system is reduced by
transmitting same signal through each LED unit, array gain [38] can be achieved using the channel
time response h(t) (which can be estimated from Equation (2) for individual units) for all m units as

Gain =
1√

m
∑m

i=1

∣∣∣∣∣∣hi(t)
∣∣∣∣∣∣2 (9)

With MISO processing, the Equation (6) can be modified as

SNR = max


E
∣∣∣∣hT wt
|wt |

X
∣∣∣∣

E[n2]

2 =
m∑

i=1

|hi|
2 PT

σ2 (10)

where W represents the coding matrix which is applied to the information signal at the transmitter side.
Equation (10) represents the estimated SNR after MISO transmission, which takes into account the
channel response of multiple transmitted signals and, hence, enhancement in the overall performance.
Then finally the capacity (SNR dependent) of the MISO system can be given as

CMIMO = log2

1 +
m∑

i=1

|hi|
2 PT

σ2

 (11)

Finally, in the presence of interference signal, the optimum receiver configuration can be obtained
by first estimating the decision static (x*) of the information signal using the waveform-spreading
correlator. Here, the cost function (Γ) represents the quality measurements of the system as a sum of
the Mean Square Error (MSE) of all MISO channels that are required to be determined for the encoded
sequence (c) used for the transmitting signal, given by

Y = x∗
m∑

i=1

ci

∫ T

0
r(t + Ti)Γ

∗(t)dt (12)

where r represents the cross-correlation function and T is the time delay with respect to the direct path
signal. Thus, by using the correlation function (K) of the composite signal consisting of the information
signal, noise and interference signal, the SNR for the optimized receiver becomes

SNR =
(E0/Enoise)

∑m
i=1

∣∣∣∣∫ T
0 ((xi(t) × hi(t))Γ∗(t)dt

∣∣∣∣2∫ T
0

∫ T
0 K(t0, τ)Γ∗(t0)Γ∗(τ)dt0dτ

(13)

Considering the vertical and horizontal movements of the vehicles due to road surface and traffic
conditions [39], a set of four LEDs is arranged in a square shape to ensure the availability of adequate
amounts of illumination in different conditions. A lower number of units will cause an insufficient
level of received power [40]. On the other hand, increasing the number of LED units will result in
high cost and complexity. The next section will present the simulations performed on the basis of the
proposed system and an optimized receiver for MISO transmission.
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4. Simulation Model

The system model shown in Figure 2 represents the details of the transmitter, receiver and
propagation channel (only for a single LED unit in detail for simplicity). The analysis is performed
by both SISO and MISO configurations. For the simulation work, the system modeling is performed
in MATLAB, based on the analytical model presented in the previous section. MATLAB provides a
comprehensive set of tools for signal processing and is considered to perform numerical computations
in the most efficient way. Apart from the ease of RF domain component modeling using its available
library of toolboxes, MATLAB’s inbuilt set of commands allows the implementation of large and
complex equations of optical components. Firstly, the stream of bits is generated using a Pseudo
Random Binary Sequence (PRBS) generator. The bit series is passed through an OOK modulator and
pulse shaping is performed to band limit the information signal. A bias control is required to ensure
linear operation of the LED unit and it also provides the required amplification to the signal before
optical modulation. The data-modulated signal is transmitted using an LED unit into the free space,
where different channel effects are considered to model a practical VLC system for an ITS. A reflector
is used to simulate a diffused form of the LOS signal, with reduced strength and a delay which is
higher than the coherent wavelength of the LED. In addition to that, an interference is introduced by a
different source which imparts its visible light intensity on to the photo-receiver. In a real-world ITS,
the unwanted signal can originate from a number of possible sources, such as a traffic light, billboard or
a near-by vehicle. The simulations are performed using MATLAB, which provides a high performance
and integrated environment for modeling and analysis of engineering problems. It provides a large set
of tools and a library for signal processing and data visualization, which are required for the presented
VLC model.
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Figure 2. System model consisting of the transmitter, channel and receiver modules to realize the SISO
or MISO transmission.

The receiver consists of an optical filter which aligns the incident light for the photodetector.
The composite received signal, consisting of a LOS path signal, an interferer and a non-LOS reflected
form of the transmitted signal, is converted to electrical form by a bandwidth-limited photodetector.
The field of view (FOV) and responsivity (R) of the photodiode are the major parameters affecting the
performance of the photodetector, which have been improving with the advancements in this area.
After opto-electric conversion, the RF signal is filtered through an RF bandpass filter to exclude any
out-of-band noise from the photodetector. The recovered signal is amplified and demodulated using
an envelope detector for BER analysis. A simple Zero Forcing (ZF) equalizer is used to decode the
received signal for the case of MISO transmission. The performance of the received signal is further
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improved using a blind-adaptive time domain equalizer, as presented in [41]. The set of parameters
used for the simulation work is shown briefly in Table 1. For a realistic approach, the experimental set
of values for the optical components [12,28] and 4 × 1 MISO channel [41] are used. A training sequence
of 10 k length is used to optimize the equalizer weights at the start of the transmission. Afterwards,
the channel state information from the MISO processing is used to change the equalizer weights.
For practical V2V communication where channel conditions are constantly changing, the frequent
transmission of the training sequence will considerably reduce the effective data rate. Therefore, the use
of MISO processing at the receiver becomes more useful in such scenarios.

Table 1. Set of parameters used for the analytical model and their values for the simulation analysis.

Module Parameter Symbol Value

Transmitter

Semi-angle of LED ψ 50◦

Number of LED units for MISO m 4
Angle of irradiance θ 35◦

Angle of incidence ϕ 25◦

LED Bandwidth B 20 MHz
Noise bandwidth factor I 0.5

Channel

Diffused reflectivity µ 0.4
Angle of diffused reflection Φ 70◦

Distance between transmitter
and receiver D 0–15 m

Receiver

Responsivity R 0.6 A/W
FOV of the PD ∆ 20◦

PD aperture diameter A 10 cm
RF Bessel filter order n 4

5. Results and Discussion

This section presents the simulation results considering the system model presented in the
Section 4. Figure 3 shows the 3D representation of the received power from a group of four LED units
at the transmitter end. As it can be seen, the transmitted energy from each LED is directed towards the
central axis of the LED. The respective SNR is shown in Figure 4 where the area between the LED units
experiences low SNR, as detected by the photo-receiver.

The channel response in the time domain is shown in Figure 5 for the LOS and a strong non-LOS
signal that degrades the performance of the actual transmission. Receiver diversity or the use of an
appropriate MISO algorithm at the receiver can benefit from the multipath reflected signal at the cost of
some complexity. The BER results are shown in Figure 6 for three cases using SISO transmission from
single LED unit. The results are shown for (i) a LOS signal which is only affected by the atmospheric
attenuation, (ii) a LOS signal with a reflected version from a shiny surface (like a junction safety
convex mirror along the road) with strong impact, and (iii) when the LOS signal and reflected signal
are received along with an interference signal from a neighboring optical source (such as a traffic
light). The results for SISO shows that the threshold of 3.8 × 10−3 has only been achieved for the
ideal case, when no interference signal is present. The transmission is limited to approximately 7 m
for such case and the system is unable to provide an appropriate performance with the reflections or
interference signal.
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Figure 7 shows the improvement in SNR due to the array gain at the receiver. Comparing the
results with those previously shown Figure 4, the SNR is evenly distributed here after MISO processing,
hence increasing the reliability of the transmission. Figure 8 shows the comparison by using 4 × 1 MISO
configuration and it can be seen that a significant amount of improvement is obtained for all three cases.
Even in the presence of strong reflection and interference signal, the BER is under the limit of 3.8 × 10−3

using the proposed approach. However, the transmission distance of only up to 1 m has been achieved
in the presence of a strong interference signal. To resolve this issue, the proposed receiver presented in
Section 2 is used and the results for the optimized operation are shown in Figure 9. The transmission
distance has been increased up to 5 m for the case where both reflections and interference signal
are present. Thus it can be concluded that the proposed optimum MISO technique can provide
transmission over suitable ITS distances in the presence of real-world interference and noise. Finally,
the results for receiver sensitivity are shown in Figure 10 where BER performance of SISO and the
two approaches for MIMO are shown against the received optical power without considering any



Energies 2020, 13, 5064 11 of 15

reflection or interference signal for simplicity. The transmission distance is fixed to 6 m, and the effects
of atmospheric attenuation and FOV are included to compare the performance of each case in terms of
received power. The proposed MISO processing results in improved receiver sensitivity due to the
enhancement in SNR and thus improves the power efficiency of the overall system as the photodetector
requires a reduced amount of power to provide the same BER performance, as in the case of MISO with
a conventional receiver. Even in the presence of strong interference signal, the proposed framework
shows successful transmission of much higher data rates as compared to [27], and three times longer
transmission distance as compared to the previously reported MIMO-based VLC transmission [30].
This shows the superiority of the proposed MISO receiver in the VLC-based ITS, which is evident from
the provision of higher data rates, longer transmission distances and improved receiver sensitivity
than recently proposed solutions [31].
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6. Conclusions

This paper presents an LED-based VLC system for ITS applications where the head and tail lights
of vehicles are used as transmitter and receiver, respectively. The proposed VLC system is presented
using analytical modeling and analysis is performed using simulations for SISO and MISO-based
transmission. Different cases are considered to explore the system model in the presence of strong
reflections and interference signal for transmission distances of up to 15 m. It is concluded that
multipath reflections have negligible effect due to their small amplitude and comparatively large area
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of the photodetector, but strong sunlight or interference from a neighboring vehicle severely affects the
performance. Simulation results show that forward error correction (FEC) threshold of BER 3.8 × 10−3

can be achieved using the proposed MISO receiver model at much longer distances, as compared to
conventional SISO and MISO operation. The optimized receiver design also shows improvements in
the sensitivity of the receiver, and hence can be used as a promising solution for future VLC-based
ITS applications.

Future work includes additional signal processing to discriminate between a vehicle in close
proximity or strong sunlight, in case of a sudden increase in illumination. The formation of a VLC-based
vehicular network can also be considered for improved coordination and road safety.

7. Research Limitations and Implications

VLC-based ITS is an emerging concept which will have its associated challenges and socio-economic
effects. The integration of the VLC components with existing transportation networks, and compatibility
with the legacy communication networks, is a rising challenge for the standardization bodies.
Apart from V2V communication, the telematics of transport [42] can play an important role in
the development of smart-societies and lead to an increase in socio-economic benefits [43] through
traffic management, upgrading of emergency services, administration of traffic enforcement and
support to the logistics industry. Future work on the VLC-based ITS may include the environmental
impact assessment and cost–benefit analysis to attract the automotive industry in the development
and use of VLC components in the head and tail lights, as presented in the proposed framework.

The research limitations related to VLC-based ITS include limited bandwidth of the LED devices,
maintaining LOS connectivity on a bumpy road and flickering of LEDs due to continuous streams
of ones and zeros. The implications of such a system can be anticipated, such as the provision of RF
spectrum for other applications, provision of dual technology in parallel to existing RF communication
systems, more efficient usage of the existing lighting infrastructure, and automobile lights and new
opportunities in the area of photonics and transportation.
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39. Eroğlu, Y.S.; Güvenç, I.; Şahin, A.; Yapıcı, Y.; Pala, N.; Yüksel, M. Multi-element VLC networks: LED
assignment, power control, and optimum combining. IEEE J. Sel. Areas Commun. 2017, 36, 121–135.
[CrossRef]

40. Vegni, A.M.; Biagi, M. Optimal LED placement in indoor VLC networks. Opt. Express 2019, 27, 8504–8519.
[CrossRef]

41. Muhammad, F.; Ali, F.; Habib, U.; Usman, M.; Khan, I.; Kim, S. Time Domain Equalization and Digital
Back-Propagation Method-Based Receiver for Fiber Optic Communication Systems. Int. J. Opt. 2020,
2020, 3146374. [CrossRef]

42. Stawiarska, E.; Sobczak, P. The Impact of Intelligent Transportation System Implementations on the
Sustainable Growth of Passenger Transport in EU Regions. Sustainability 2018, 10, 1318. [CrossRef]

43. Juan, Z.; Wu, J.; McDonald, M. Socio-economic impact assessment of intelligent transport systems.
Tsinghua Sci. Technol. 2006, 11, 339–350. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TWC.2012.051512.110507
http://dx.doi.org/10.3390/jsan9030032
http://dx.doi.org/10.3390/s20030909
http://dx.doi.org/10.1038/s41598-017-15856-x
http://www.ncbi.nlm.nih.gov/pubmed/29158561
http://dx.doi.org/10.1109/JPHOT.2015.2446203
http://dx.doi.org/10.12815/kits.2016.15.3.146
http://dx.doi.org/10.12693/APhysPolA.130.41
http://dx.doi.org/10.1109/JSAC.2017.2774378
http://dx.doi.org/10.1364/OE.27.008504
http://dx.doi.org/10.1155/2020/3146374
http://dx.doi.org/10.3390/su10051318
http://dx.doi.org/10.1016/S1007-0214(06)70198-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Works and Contribution 
	Analytical Model 
	Simulation Model 
	Results and Discussion 
	Conclusions 
	Research Limitations and Implications 
	References

