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ABSTRACT This paper combines the advantages of both cognitive radio (CR) and visible light communica-
tion (VLC) for car-to-car applications to achieve a high data rate with minimum (delay, outage probability,
bit error rate (BER), and cost). CR technology hops among the existing radio frequency (RF) available
channels to increase the RF spectrum usage efficiency and dodge the scarcity limitation. Moreover, using
CR as alicense-free application will reduce car-to-car communication running costs. However, CRs require a
common control channel (CCC) to communicate the spectrum availability map within the CR network and to
inform the receiver end about the change in the transmitter-end channel. Therefore, the CCC is the bottleneck
in the car-to-car CR network. Then, we explore the types of CCCs and discuss using each of them to solve
this bottleneck issue. In the proposed scheme, we adopt using VLC as CCC. A MATLAB simulation for a
car-to-car framework is built to demonstrate the capabilities of VLC through the chosen metrics (i.e., data
rate, delay, outage probability, cost, and bit error rate). Our results show that VLC achieves up to 90% of the
licensed data rate with a small outage probability of 21.2% and moderate BER and delay. In addition, VLC
presents the minimum cost, placing second after the licensed type with a score of 84.2% in the combined
metric. In conclusion, with the VLC’s bright future of expansion and growth in the car-to-car application,

we have proven that VLC is worthy of implementation practically in modern cars.

INDEX TERMS Car to car, CCC, CR, fog effect, rain effect, VLC.

I. INTRODUCTION

Due to the increased usage of social media platforms, people
nowadays get distracted more often even while driving. More-
over, the excessive dopamine dose received while watching
social media platforms makes people quickly feel bored while
driving. Consequently, car accidents have increased dramat-
ically in the last decade [1]. Therefore, many researchers
proposed adding the car-to-car communication function to all
newly manufactured cars to increase road safety [2], [3]. That
communication means providing vital data about the road,
ahead cars, and the following cars. The car-to-car commu-
nication transfers data between cars to give each one a global
view of the road. It aims to achieve accident-free traffic and
smooth road flow with a small congestion probability.
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A. BACKGROUND
There are many communication methods to transmit data
between cars. One of the V2V communication system meth-
ods is radio frequency (RF) communication [4]. However, due
to the popularity of RF, the RF channels are mostly booked
and crowded. Using the standard channel assigning technique
to cars is not the best solution for transmitting data between
vehicles as there is no available backup spectrum for all
cars on the road. Some researchers propose using the current
infrastructure of wireless telecommunication networks [5].
At the same time, the others propose the establishment of a
stand-alone network that is designed spatially for car-to-car
communication [6]. These two assumptions are too costly to
be implemented in real situations. Moreover, the RF spectrum
is too crowded to accept the new car-to-car communication
bandwidth either within the mobile communication network
or using the establishment of a stand-alone network [7].

To avoid this overcrowded RF problem, Academia has
recently introduced the idea of communication systems in
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the millimeter-wave (mmWave) bands to overcome the prob-
lem of over-occupied low-frequency bands (i.e., systems that
operate in the RF band from 3 kHz to 300 GHz) [8]. In the
meantime, mmWave communication systems provide higher
data rates. In contrast, the challenges of using the mmWave
band in radio frequency (RF) systems are not limited to the
maximum produced transmission power from the electronic
devices in that band and the complexity of channel modeling
due to the rain attenuation and atmospheric varieties. More-
over, the mmWave communication band faces practical issues
such as antenna alignments and beamforming because of its
challenging multiple propagation characteristics [9]. On the
other hand, communication systems in mmWave bands are
predicted to be the strongest candidate for 6G and beyond
and these systems might introduce some new IEEE standards
(e.g., at the 60 GHz band, the IEEE standard 802.11ad is
introduced) [10].

In contrast, many researchers proposed using cognitive
radio (CR) technology to hop among the existing RF avail-
able channels [11]. This assumption will increase the RF
spectrum usage efficiency and will dodge the aforementioned
limitation. Moreover, using cognitive radio is a license-free
application that reduces the car-to-car communication cost
compared to the other RF-licensed techniques. In addition,
using cognitive radio improves the quality of service (QoS)
by sensing environmental and inadvertent man-made radio
interference [12]. Therefore, cognitive radios can select fre-
quency channels with higher signal-to-noise ratios (SNR) to
improve the utilization efficiency of the radio wave spectrum
and postpone the spectrum scarcity problem [13]. In CR,
the primary users (PUs) are the ones who have the license
to use that frequency band, meanwhile, the secondary users
(SUs) are the ones who do not have the license to use that
frequency band [14]. However, SUs are allowed access to
the PUs licensed spectrum bands opportunistically on the
condition of not causing interference to PUs [15]. To min-
imize the interference, the network of cognitive radio SUs
access the spectrum through overlay, underlay, or interweave
based on the sensed PUs network information and the type of
regulatory available constraints [16].

The main two factors that decide good CR design are the
probability of miss-detection (PMD) for the primary user sig-
nal and the probability of false alarm (PFA) for free channels.
The effect of PMD is more severe as it harms PUs and the
system might not be approved to work if this factor is above
a certain threshold. The PFA affects degradation in the CR
system’s overall throughput and delay. These two factors are
heavily affected by the fading effect [17].

In fading the signals from multipath aggregate to form
constructive or distractive interferences. The distractive inter-
ference causes degradation in the PUs signal which increases
the PMD. While the constructive interference amplifies the
background noise sparks which increases the PFA [18]. The
academia proposed using cooperation between nodes to over-
come these fading effects by taking advantage of the fading
uniqueness effect at each node [19]. Therefore, if 10% of
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nodes are in destructive interference, the remaining nodes
correct their decision through cooperation. Such cooperation
requires a separate communication channel between SUs to
transmit control messages other than the data channels.
Consequently, cognitive radios require a common control
channel to communicate the spectrum availability map within
the network and to tell the receiver end about the change in
the transmitting channel. Hence, the common control chan-
nel is the bottleneck for this method [17]. There are many
types of common control channels and each of them tries
to solve this bottleneck issue from a philosophical point of
view. Generally, the common control channel types fall into
two categories (i.e., in-band and out-of-band) [18], [19]. The
in-band common control channel is either an underlay chan-
nel using an ultra-wideband spread spectrum (e.g., CDMA)
or uses one of the channels with the least existence of pri-
mary users (PUs) [20]. The underlay approach suffers from a
complex transmitter and receiver design and a very small data
rate while using one of the CR channels does not guarantee
the channel availability for important applications such as
car-to-car communications. On the other hand, the out-of-
band category contains 1) buying a license for the common
control channel from mobile network service providers,
2) using the industrial, scientific, and medical (ISM) radio
bands such as the free 2.4 GHz band which coexists with
wi-fi and other interferences, and 3) using a non-RF approach
such as wired communication or visible light communication
(VLC) [21]. In contrast, buying a license for a common
control channel adds a subscription cost for each car, which
increases the overall system cost. Meanwhile, the ISM band
is overcrowded and suffers from a very high noise level [22].

B. RESEARCH GAP, MOTIVATION, AND PROBLEM
STATEMENT

Therefore, aiming to achieve more spectral efficiency, opti-
cal wireless networks can be used in incorporation with
CR [23]. Consequently, the network throughput of the hybrid
cooperative CR RF/VLC is way more enhanced. To fur-
ther increase the throughput, the hybrid system may adopt
using the multiple-input multiple-output (MIMO) in the net-
work [24]. Wireless communication in the band of visible
light (400 THz to 800 THz) has been proposed to compensate
for the spectrum scarcity problem in RF band communication
systems that operate at (3 kHz to 300 GHz) [25]. In 1880,
Bell and Tainter proposed the photo phone (i.e., the idea of
transmitting a signal using light) [26]. However, the proposed
photo phone idea used a fluorescent lamp as a light source
in the system implementation to transmit data [27]. After
that, the fluorescent lamp was replaced by light-emitting
diodes (LEDs) for fast switching and to produce a higher
data rate [28]. Keio University’s researchers were able to use
the same LEDs for both communication and illumination.
However, this experiment was in an indoor visible light com-
munication (VLC) environment using multiple light sources
and detectors to form small-cell access points (APs) within
the wireless network. VLC is easier to prove operable in an
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indoor environment as there are fewer interference sources
(e.g., sun, moon, traffic lights, etc.) and fewer weather condi-
tions (e.g., rain, fog, etc.) [29].

Furthermore, the 2011 IEEE 802.15 working group for
Wireless Personal Area Networks published the first IEEE
standard about VLC (802.15.7-2011). That IEEE standard
discussed the framework of VLC communication regarding
the dimming mechanisms, modulation schemes, and data
rates [30]. After that, the IEEE 802.15 working group pro-
posed STD 802.15.7-2018 to broaden the previous STD
802.15.7-2011. The 2018 version includes categorizing the
PHY layers into six categories to enable many more tech-
nologies in Optical wireless communications (OWC) [31].
Moreover, the 2018 version describes Optical Camera Com-
munication (OCC) as the IEEE’s first standard to use OWC
in personal area networks (PANs) as the suffix well-known
as (OWPANs) [32]. Additionally, IoT applications tend to
take advantage of OCC technology benefits based on the
VLC approach beyond 5 G key technologies [33]. It also
takes advantage of the available infrastructures (i.e., LED
lights in traffic lights, car headlights and taillights, parking
cameras, and road surveillance cameras) which are consid-
ered the best compatible with several applications /scenarios.
Consequently, safety-related traffic information (e.g., direc-
tion and speed-related information, accident notifications,
and braking performance) can be exchanged using vehicle
communication through VLC [34]. The camera detector used
in OCC has a low frame rate that needs special modulation
schemes to avoid flickering illumination [35]. OCC technol-
ogy is described within the IEEE 2018 standard of 802.15.7
[36]. The IEEE 2018 standard of 802.15.7 physical layer
(PHY) for OCC contains three categories within it such as:

o Category 4: For applications in outdoor areas and
support high mobility. Consequently, car-to-car and
car-to-infrastructure communication applications can be
used under this category.

o Category 5: Unlike Category 4, this category is used
for indoor applications with small distances. Commer-
cial rolling shutter cameras used in smartphones might
use this category for Li-Fi and similar communication
applications.

o Category 6: This category concerns communication
through screens. It can be applied to smartphones,
tablets, and TV screens.

Smart devices especially mobile phones have dramatically
increased the usage of advanced cameras. OCC is one system
that uses smart device cameras rather than photodetectors to
receive data [37]. The usage of OCC is open to making sev-
eral challenges in different applications (e.g., digital signage,
mobile robot (MR) communications, vehicle-to-everything
(V2X), smartphone positioning, augmented reality (AR), and
localized advertising). The OCC has a limited data rate
because the available commercial cameras have a low sam-
pling rate. Particularly, using cameras of 30 frames per second
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(FPS) achieves data rate in the range from several bits per
second (bps) to several kilobits per second (kbps) [38]. This
problem might be overcome by using high-speed sampling
rate cameras of more than 1000 FPS [32], [39]. On the
other hand, OCC has more advantages such as high SNR,
low interference, high stability, and high security concerning
non-fixed communication link distances, these characteristics
make it one of the popular solutions for long-distance LOS
communication links.

Our previous research used the VLC as the main car-to-
car communication technique either, in urban areas using
mobile networks (e.g., 4G or 5G) as a backup communication
method or on highway roads using low earth orbit satellite
constellations (e.g., Starlink, or OneWeb) as a backup while
there is no mobile coverage [26], [40]. In both scenarios, VLC
communications have great theoretical results which promise
a great future for VLC communications.

However, we have conducted a practical experiment to
implement these laboratory simulations. By comparing the
results from both the lab experiment and implementation
using practical car parts (i.e. camera and LED), our practical
experiment shows a huge gap between what we expect to have
and what we have achieved [40]. The maximum achievable
data rate in the practical experiment was 200 kbit/s. While in
the lab the data rate could reach 355 Mbit/s in the pure VLC
channel communication which is about three times the pure
RF channel communication (i.e., 108 Mbit/s). The difference
is that the lab uses some state-of-the-art cameras and LED
sources. Consequently, we propose a plan for the VLC devel-
opment map that starts with the practical setup at hand. Then
after a decade of research and development, the car manu-
facturer shall be convinced to implement these lab-advanced
parts in new cars for high-speed VLC communication.

Therefore, this paper proposes using the VLC as a common
control channel for the cognitive radio network in car-to-car
applications, because choosing the common control channel
in the RF makes the problem worse. Although VLC has
great potential to be the main method for transmitting data
between vehicles with huge bandwidth and higher data rates,
the development of VLC as a means of transferring data
between cars is still in the early stages. The VLC communi-
cation transmission data rate depends on the properties of the
installed transmitting LED and the receiving camera. With the
currently installed equipment, cameras and LED lights could
reach up to approximately 200 Kbit/sec. On the other hand,
road safety cannot wait until the VLC technology reaches its
full capability.

Consequently, motivated to achieve the highest data trans-
fer rate between cars, we will use an RF cognitive radio
with a backup common control channel using VLC. Our
metrics include data rate, delay, outage probability, cost,
scalability, adaptability, and bit error rate. The comparison
analyses shall compare VLC versus the other common control
channel types. We focus on comparing practical systems, not
theoretical or laboratory-achievable systems.
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C. KEY CONTRIBUTIONS

« We propose building a car-to-car communication system
that utilizes CR transmission with VLC as the CR’s com-
mon control channel. In this proposal, we take advantage
of their license-free nature to reduce the car-to-car com-
munication system running cost.

o We target using the current car LED lights and sen-
sor’s camera as the VLC communication hardware to
reduce the communication system cost. However, as our
previous practical experiment mentioned, the practically
achievable data rate is below expectations and still needs
improvement to reach the theoretical levels. Mainly, due
to a lack of hardware specs. Therefore, we aim to use the
car-to-car VLC communication technology to encour-
age the industry to invest in upgrading VLC hardware
components.

o Choosing the VLC communication as the CR’s common
control channel solves the CR bottleneck dilemma of
choosing a licensed CCC or unreliable CCC for cogni-
tive radio common control channel communications.

o We proposed dividing each of the car LED lights into
segments. Each segment transmits its data using OOK
modulation separately and independently to form multi-
inputs. On the other hand, camera pixels form multi
photodetector (i.e., multi-outputs). Therefore, the pro-
posed system forms a MIMO to increase the data rate,
improve the bit error rate, and decrease the outage
probability.

« To validate the proposed car-to-car communication sys-
tem’s robustness, we present the study of the proposed
system under different weather conditions. The sim-
ulation checks the resultant bit error rate and outage
probability under each weather condition. The detailed
results are in the results section.

D. KEY LIMITATIONS

« Concerning cost, the system might face increased costs
if implemented with high lab specs. Such as the cost of
the complex pieces of equipment to be added to vehicles
for example high FPS cameras and MIMO LED lamps.

« Concerning communication distance, VLC has a limited
distance (point-to-point communication) of approxi-
mately 100m which makes it limited in most applica-
tions. However, the distance can be improved through
multiple hops relaying. In contrast, by increasing the
number of hops, the noise accumulation might lead to
data loss.

o Concerning delay, increasing the communication dis-
tance through multiple hops leads to a total huge delay
due to the needed processing time by each repeater in the
chain. Therefore, the number of hops must be limited
to decrease delay and prevent loss of data.to minimize
the processing time in each node, we proposed using an
amplifier forward to decrease the delay in a tradeoff with
the received accumulated noise.
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Il. RELATED WORK

Many surveys and published studies discussed the VLC sys-
tems’ limitations, advantages, and applications. The authors
of [41] have introduced VLC as a 5G candidate commu-
nication system and demonstrated the VLC advantages and
limitations. The main advantage they found is the VLC can
achieve a high data rate and avoid the spectrum sacristy
problem of RF bands. However, the main limitations are
the needed complex pieces of equipment to be added to
mobile phones and vehicles such as high frame per second
cameras and MIMO LED lamps or screens. The authors
of [42] have been introduced using the automotive industry
LED headlamps in VLC and the effect of that on the VLC
data rate achieved in V2V applications and the utilization
limitations. They found that the possible ways to increase the
data rate using the automotive industry LED headlamps fall
into two categories 1) increasing the number of independent
ON/OFF LEDs in each headlamp and 2) changing the illu-
mination level of each independent LED to form ASK levels.
Therefore, if 2 headlamps where each headlamp containing
16 independent ON/OFF LEDs with 8 illumination levels,
then each frame can receive 96 bits. For 100 FPS cameras,
they prove that the system can communicate at the data rate
of 9600 bit/s.

In [2], the authors present a comprehensive survey of
hybrid RF/VLC communication systems. The author pro-
posed a comparison between RF and VLC health safety,
spectrum availability, energy consumption, coverage and
mobility, and interference. They find that Visible light offers
higher health safety than RF. Moreover, the spectrum avail-
ability of visible light is wider than RF. In addition, from
a security point of view, visible light has more immunity
to interception and jamming compared to RF. Additionally,
the energy consumption of RF is much greater than visible
light. While RF has higher EMI interference than visible
light. On the other hand, the main advantage of RF is that
RF has more coverage and offers greater mobility than visible
light.

In [4], the authors propose using a CR-based ad-hoc
vehicle network (VANET) or CR-VANET. The CR-VANET
is a highly technologically sophisticated network that aims
to compensate for the deficiency in VANET spectra.
CR-VANET has some problems in sensing relative to other
CR-based networks, including the effects of high-speed
mobility and vehicle routes, the heterogeneous quality of
service (QoS) specifications, security issues, shadowing, and
multi-path fading problems. The authors proposed using
machine learning, CSS, new PU activity modeling, the con-
struction of faster convergent algorithms, and beamforming
antennas as solutions to these problems. However, there is
still a great deal of potential for research and study into spec-
trum sensing challenges in CR-VANET. In [11], the authors
introduced simultaneous light wave information and power
transfer (SLIPT). The authors proposed using both the VLC
and the CR simultaneously to mitigate the outage probability
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TABLE 1. MATLAB model simulation parameters.

Road Distance 10 km RF freq. band 70 ~90 GHz
Simulation Lanes 8 lanes RF bandwidth 2 GHz

Number of cars 60 cars Max. Distance of VLC ~100 m

Car Speed 40 ~ 80 km/h MIMO 9 LED / Headlight
Length of Data 64 kbit Camera FPS 30 ~ 2000

Mount Carlo 100 simulations LED Tx Power 10,000 Im

Max. Distance of RF ~200 m VLC multi-hop 5 hop

in both systems. Therefore, if the VLC channel is blocked
due to weather conditions or non-line-of-sight scenario con-
straints then the CR channel prevents the outage. On the other
hand, if all RF channels are occupied with PUs, then the
VLC channel prevents the outage. Moreover, a power transfer
is proposed through the VLC channel. Then, whenever the
device passes through a VLC access point such as street
lights or commercials, it charges its battery and receives data
simultaneously. However, the paper only assumes communi-
cation to stationary devices with no mobility probability is
added. Therefore, their assumptions are not valid for car-to-
car communication applications.

The authors of [43] have introduced a survey on systems
that use wireless optical communication, their applications,
and network architectures. Wireless optical communication is
either used in an outdoor environment or an indoor environ-
ment. The indoor applications are much easier to implement
and operate and have a simpler network architecture. For the
downlink, the lighting system of an indoor home or mall is
used to transmit the needed data while the selfie cameras
of the mobile phones receive and decode the transmitted
messages. The uplink uses LED illuminance levels of mobile
phone screens to transmit the needed data to the surveil-
lance cameras which decode the reply messages. On the
other hand, outdoor applications use commercial screens
and traffic lights for the downlink which are received by
vehicles parking cameras and mobile phone selfie cameras.
The uplink uses LED illuminance levels of mobile phone
screens or the vehicle’s headlamps and taillamps to trans-
mit the needed data to the road surveillance cameras which
decode the reply messages. The authors of [44] have intro-
duced the communication system details based on VLC.
They propose using LED lamps or LASER sources as VLC
communication transmitters and photodetectors or cameras
as VLC communication receivers. Moreover, they introduced
possible applications such as indoor localization, vehicle-to-
vehicle (V2V) communication, and VLC sensing. In each
application, they provide the advantages, possible challenges,
future research trends, and optimization techniques used to
maximize the data rate. They concluded that most of the
current research concerns the theoretical approach for VLC
and that the practical experiment results are still in the
early stages of achieving the required data rate and outage
probability.
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Ill. SYSTEM MODEL

We propose a framework of a two-way road with 60 cars
within six lanes (i.e., three lanes in each direction) As shown
in Figure 1. A blue arrow represents a single-hop or multi-hop
VLC, while purple lightning represents overlay, green arrows
represent underlay, and yellow arrows represent licensed RF
that communicates with the NSP access point mounted on
traffic lights. When the VLC distance is greater than 100m
the communication is considered blocked as shown with a
red cross in Figure 1. Meanwhile, if there is a car in between
it communicates through multi-hop VLC with the middle car
considered as a repeater as shown with the two consecutive
blue arrows. In addition, overlay cognitive radio mostly hap-
pened away from the access point as shown with the purple
lighting. The green arrow that represents the underlay is not
restricted to certain conditions. A MATLAB simulation of the
car-to-car communication system under this framework will
be used and modeled according to the following parameters.
The road simulated distance is chosen as 10 km. Variations
in the speed of each car are assumed to be from 40 to 80 km.
Mount Carlo simulations are used to minimize the random-
ness in the results and to increase the result’s robustness.
Each car is assumed to transmit a data set of 64 kbit to
its surrounding cars through the proposed communication
system to measure the algorithm’s metrics. Our MATLAB
simulation parameters are summarized in Table 1.

In our simulation, the road has access points along its
way either mounted on lights, road signs, or commercial
boards. The access points communicate with the on-road cars
to deliver vital road instructions (e.g., speed limits, closed
lanes ahead, congestion, etc.). However, these instructions
only reach a portion of cars that are nearest to the access
point with minimum transmitted power to be able to reuse
the frequency spectrum and save energy. All other cars (i.e.,
out of the limited coverage range of the access points) on
the road depend on hopping this information among them
through the car-to-car communication means. In addition,
each car transmits additional information to the following
cars regarding its intentions and directions on the road to
avoid crashes.

As aforementioned, we assume the main car-to-car com-
munication uses RF cognitive radio communications. The RF
frequency band of 70 GHz to 90 GHz is proposed because
of its currently limited applications and huge bandwidth.
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FIGURE 1. The proposed framework of 60 cars communicates through VLC/RF within 6 lanes road (3 lanes in each direction).

However, this frequency band suffers from high attenua-
tion that limits its communication distance to a few tens of
meters. This is not a problem in car-to-car communication
because the required communication distance between cars
is within that range. While the CR common control channel
is compared between the VLC, overlay-paid, overlay-ISM,
and underlay. The traffic types on the common control chan-
nel contain the following instructions 1) spectrum sensing
results, 2) cooperation packets among secondary users (i.e.,
cars), 3) request to transfer from the sender to the destination,
4) broadcast to allow the pool of secondary users to know that
this channel is reserved, 5) the acknowledgment packet from
the destination to the sender, and 6) create and update the rout-
ing map among the secondary users. These traffic types can
be summarized into broadcast and unicast (i.e., point-to-point
full duplex). For comparison purposes, we assume alterna-
tive common control channels such as 1) licensed overlay,
2) unlicensed overlay in the ISM band, 3) underlay, and
4) using VLC. In what follows, we will discuss each CCC
alternative for exploring their advantages and drawbacks
theoretically.

A. USING LICENSED OVERLAY AS CCC OF CR CAR-TO-CAR
COMMUNICATION

In RF communication in the licensed bands, each car buys
a license to use that band in car-to-car communication. That
license might be a subscription (i.e., the amount paid every
period even if not used by that band) or data-centric (i.e.,
the amount paid per packet sent through that band). In this
paper and for comparison purposes, we adopt the data-centric
license approach from the service providers. Therefore, the
overall system cost is the initial telecommunication sys-
tem cost and the data transmission cost compared to other
approaches with no running costs at all. On the other hand,
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the use of licensed bands guarantees a better performance
in terms of outage probability, SNR, and BER as the ser-
vice provider’s role is to ensure these performance metrics.
However, the licensed bands cannot be used by all cars
due to the spectrum scarcity problem and a portion of cars
must use other communication techniques. That portion is
going to increase as more and more cars adopt car-to-car
communication.

B. USING UNLICENSED OVERLAY AS CCC OF CR
CAR-TO-CAR COMMUNICATION

In RF communication in the ISM band, an omnidirectional
antenna is used to transmit an electromagnetic wave in
the frequency band from 70 to 90 GHz with a bandwidth
of 2 GHz. Consequently, that huge bandwidth might have suf-
ficient channels for car-to-car communication in the near and
medium future. However, this band has higher attenuation
compared to other bands because the attenuation in free space
is proportional to the carrier frequency and that frequency
is more likely to suffer from gas attenuation peaks such as
oxygen O, and water vapor H,O. This high level of attenua-
tion in such a band decreases the communication distance and
limits the number of applications (car-to-car communication
is one of them). The channel in RF communication is less
affected by the air’s attenuation due to weather conditions
in comparison to the VLC channel. In contrast, attenua-
tion in the RF channel is affected by concretes or metals.
On the other hand, The RF omnidirectional antenna receives
electromagnetic communication waves in both non-line-of-
sight and line-of-sight. This paper proposes a modulation
of 1024 QAM because if the modulation increases beyond
that limit the SNR will decrease dramatically which leads to
decreased communication distance. The proposed transmis-
sion range of RF is less than 200 m to avoid high attenuation
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levels because transmission through RF from all cars with the
chosen communication distance is considered interference
concerning other cars. That’s why we need to minimize the
number of cars using RF communication within a given area
and make them more dependent on other communication
techniques.

C. USING UNDERLAY AS CCC OF CR CAR-TO-CAR
COMMUNICATION

In RF communication in the underlay, the CR SUs spread
the transmitted data using the spread spectrum (SS) key
techniques. In such techniques, the transmitted data occu-
pies more bandwidth but with low power (i.e., lower than
noise level) to not cause any harm to PUs. The SU receiver
reconstructs that data message perfectly from the surrounding
noise by knowing the transmitted SS key and multiplying
the received message with that key. However, there is a
finite number of SS keys that can be used orthogonally
without interfering with each other. Beyond that limit more
and more interference levels are present and all communi-
cations might be dropped. Therefore, CR using underlay in
CCC communications limits the maximum number of CR
networks operating in the same area. However, underlay in
CCC ensures no damage to PUs and its outage probability
is not an opportunistic manner but rather is a function of the
number of current cars using the CR network.

D. GENERAL BER EQUATION IN OVERLAY AND
UNDERLAY COGNITIVE RADIO

The bit error rate general equation for both overlay and
underlay cognitive radio systems is discussed in this section
This equation calculates the effective SNR that is affected by
both noise and interference. Combining the effective SNR
with the modulation-specific BER, we get the general BER
for a cognitive radio system with M-QAM, for instance, is:

BERcz ~2(1- )0 SNReyr 1
cr M M—1
and:
SNR - 2)
VLAl = NoB +1
SNR = Ps A3)
VLl = NoB 1 +1p
where:
SNRovi et is the overlay signal to noise ratio.
SNRyj eff  is the underlay signal to noise ratio.
B is the bandwidth.
Py is the transmission power of the secondary
user.
No is the noise power spectral density.
I is the interference power from primary users.
1 is the interference from other secondary users.
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1) INTERFERENCE AND POWER CONSTRAINTS IN OVERLAY
AND UNDERLAY COGNITIVE RADIO

In underlay cognitive radio, the secondary users must operate
under strict power constraints to avoid causing interference
to primary users. This can affect the transmission rate R and
thus the transmission delay Tians. The effective transmission
rate Reg considering the power constraint can be expressed

as.
P
i ) “)

R =Blogo (14+ ——
of ogz( T NoB+1,

where

B is the bandwidth.

P s the transmission power of the secondary user.
No s the noise power spectral density.

I,  is the interference power from primary users.

E. GENERAL DELAY EQUATION IN OVERLAY AND
UNDERLAY COGNITIVE RADIO

The delay general equation for both overlay and underlay
cognitive radio systems is discussed in this section several
parameters affect the delay influenced on secondary users.
These parameters include the dynamic nature of spectrum
availability, transmission power constraints, and interference
from primary users. Therefore, we calculate the following
parameters.

1) TRANSMISSION DELAY

The time needed to send a packet from the transmitter to the
receiver is called the transmission delay. It can be expressed
as:

L
Ttrans = E (5)

where:

L  is the packet length in bits.
R s the transmission rate in bits per second (bps).

2) QUEUEING DELAY

The time a packet spends waiting in the queue before it is
transmitted is called Queueing delay. It is affected by the
service rate and the traffic loads of the system. For a Poisson
arrival process system with service times exponentially dis-
tributed (M/M/1 queue), the average queueing delay Tqueue 1S
calculated by:

o
T = — (6)
queue
L@ —p)
where:
p is the traffic intensity, defined as p = %
A is the average packet arrival rate.
u s the service rate, which is the reciprocal of the
average service time.
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3) PROPAGATION DELAY
The time it takes for a signal to propagate from the transmitter
to the receiver is called Propagation delay and It is calculated
by:
d
T prop — ; (7)
where:

d  1is the distance between the transmitter and receiver.
v is the propagation speed of the signal (approximately
the speed of light for wireless communication).

4) PROCESSING DELAY

The time it takes for a node to make routing decisions and
process a packet header is called Processing delay. It is usu-
ally constant as T proc.

5) TOTAL DELAY

The total delay Tiota) Occurred by a secondary user in an over-
lay and underlay cognitive radio network can be calculated
by summing all the individual delay components:

Titat = Torans + T queue + Tpmp + Tprac (8)

Substituting T s4ns With the effective transmission rate:
L L

Reff Blog2 (1 + NQ+S+II,)

Tirans = )
Thus, the total delay equation becomes:
L
Blogy (1+PgNoB +1,,)
P
nl1—p)

Tiotal =
d
+ ; + Tproc (10)

F. GENERAL THROUGHPUT EQUATION IN OVERLAY AND
UNDERLAY COGNITIVE RADIO
The throughput is essentially the rate at which data is success-
fully transmitted from the sender to the receiver. It depends
on some factors as power constraints, the available spectrum,
and interference from primary users.

The general equation for throughput in an overlay and
underlay cognitive radio network is calculated as follows.

1) EFFECTIVE TRANSMISSION RATE (CAPACITY)

The effective transmission rate for a secondary user in the
existence of interference from primary users can be calculated
using the Shannon-Hartley theorem:

Py
) (1D

R.r = Blogo (14—
of = Blogx(1+5 5 ¥,

B is the bandwidth available for the secondary user.
P s the transmission power of the secondary user.
No is the noise power spectral density.

I, is the interference power from the primary users.

2) THROUGHPUT CALCULATION

As the data is successfully transmitted and received it is called
Throughput 7. It can be expressed as the product of the
effective transmission rate and the packet success probability:

T = Reﬂ X Pguccess (12)

Substituting the effective transmission rate and packet suc-
cess probability:

Py L
—————) x (1—BER) (13)
NoB +1,

T = Blog,(1 +
3) GENERAL THROUGHPUT EQUATION
The general throughput equation for an overlay and underlay
cognitive radio network can be written by multiplying the
above two components

L
Py Py
T=Blog,(1+———)x[1-0( [2- —*—
og2( +NOB+II,)X( Q( NOB+1,,))
(14)

IV. USING VLC AS CCC OF CR CAR-TO-CAR
COMMUNICATION

In VLC communication applications such as car-to-car,
we use existing equipment to minimize the needed cost.
Therefore, this paper proposes taking advantage of modern
cars’ built-in LED lights as VLC transmitters and the parking
sensor cameras as the receiver. In VLC communication, the
transmission is carried by laser or LED (i.e., visible light
photon source). In each car, the headlight LEDs are divided
into a grid of independent transmitters in a 3 by 3 with a total
number of 9 LEDs. Each independent LED sends its data
separately from the others’ transmission. The propagation
channel carrying the information data is the air either indoors
or outdoors. The weather conditions (e.g., fog, sunlight, night
stars, sandstorms, or rain) affect only outdoor communication
such as in this car-to-car application. On the other hand, the
reception is carried by a camera or generally a photodetec-
tor (i.e., visible light photon absorber). The receiver camera
captures all of the LEDs’ illumination in each frame at once
and then processes the received data. The LED ON/OFF
sampling time must be equal to the camera FPS and syn-
chronous with it. Commercial cameras capture from 30 FPS
up to 2000 FPS. Therefore, VLC is optimum compared to all
other aforementioned RF approaches to cost, effect on PUs,
outage probability, and BER. However, the VLC CCC must
include all VLC car-to-car links in the routing map generation
that require alteration periodically due to the nature of the car-
to-car application.

A. LED APPLICATIONS AND CHARACTERISTICS

Two-lead semiconductors of a special type of PN junction
diode are used to form the light source which is commonly
named the light-emitting diode (LED) within an area of less
than 1 mm2. Choosing the doping materials in the semicon-
ductors in both regions the P-type and the N-type changes
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the characteristics of the LED’s illuminations as shown in
Table 2.

On the other hand, white light is generated by merging
LEDs of red, green, and blue in a small area while main-
taining the same intensity. However, to produce different
sensations of color, intensity quantities of the red, green,
and blue LEDs are changed. Each LED produces luminous
flux [Im] for a measured electrical power [W], and then The
LEDs’ luminous efficacy [lm/W] is the ratio between both of
them. The efficacy of the blue color is the lowest at 75 Im/W
while the efficacy of the red color is the highest at 155 Im/W.

The LED’s main advantages are listed as the following:
1) The LEDs have low cost and small area, and 2) the LED
intensity is controlled by microcontrollers and the electric-
ity level. Moreover, LEDs are 3) Energy efficient, 4) Long
Lifetimes, 5) Rugged, and 6) do not require a period to
warm up. While the LED’s main disadvantages are listed as
1) Temperature dependence and sensitivity, and 2) Electrical
polarity and Light quality. In addition, 3) Efficiency drops
over time, and 4) Voltage sensitivity. Then the LED main
applications are listed as the following: 1) in smartphones,
2) using LED bulbs in industries and at homes, 3) as signals
for the traffic light, and 4) in motorcycles and cars’ headlights
and taillights.

B. SPECIFICATION OF THE LED IN CARS’ HEADLIGHTS
The VLC system LED source in the car-to-car is a white light
with the following specifications. The bandwidth emission of
the visible light is from 400 to 700 THz then the white LED
covers all that band. The headlight of each car is composed of
independent LEDs in a grid of 3 by 3 with a total of 9 lights
to form multiple transmission sources each of them indepen-
dently uses ON OFF key (OOK) modulation to transmit its
share of data.

On the other hand, each shot of the receiver camera records
the reading of all LED illumination levels from the transmit-
ted car headlight. Cameras’ shooting speed varies from as
high as 2000 FPS for advanced cameras to as low as 30 FPS
for commercial ones. Consequently, we increase the data rate
by choosing a camera with a higher FPS but suffers from
higher system costs. In addition, each captured frame detects
the illumination of the 9 LEDs at once. To distinguish zeros
from ones the received frame is compared to an illumination
threshold.

C. VLC CHANNEL CHARACTERISTICS
VLC’s noise in the communication channel is usually mod-
eled as additive white Gaussian (AWGN) with a certain
attenuation coefficient that depends on the distance between
the transmitter and the receiver. The attenuation coefficient
varies by different channel weather situations such as rain,
sand storms, or fog. Moreover, VLC communication is
affected by interferences from sunlight, commercial boards,
and street lights.

To determine the channel coefficient in foggy weather, this
paper uses Beer’s law [12]. Beer’s law describes the light
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TABLE 2. LED operation band versus the used doping material.

LED operation band Doping in P- & N- types
infra-red Gallium Arsenide (GaAs)
infra-red, red, and Gallium Arsenide Phosphide
orange (GaAsP)

yellow, orange, orange-  Aluminum Gallium Arsenide
red, and high-brightness  Phosphide (AlGaAsP)

red

scattering and absorption in the channel medium (i.e., air) at
various levels of visibility H_FOG. Since this paper focuses
on vehicle-to-vehicle communication in short-range, when
the fog visibility (V) is less than 0.5 km, Beer’s law can be as
simple as

3.91

Hipg = o () (15)

where V in kilometers is the visibility meteorologically.
In addition, the coefficient of the free space channel Hpg
at line-of-sight communication follows the general formula
of loss in free space:

A cos (0) cos (¢)
2w D?

where A in illuminance is the amplitude of light, ¢ and 0 are
the receiver and transmitter angles from the centerline of the
line-of-sight communication, and D is the receiver towards
the transmitter distance.

On the other hand, this paper adopts the Palmer and
Marshal channel coefficient for rain attenuation Hggj,. Rain
attenuation depends on rain size, transmission frequency, and
temperature [5]. In the formula of Palmer and Marshal, the
rain rates (RR) cause the attenuation in wireless optical com-
munication. Where rain rate is measured by meter/hour and y
in dB/km while the power-law parameters are B = 0.63 and
A = 0.365.

Hpos = (16)

y =A x RRP (17)
4n L
HRain = 7 = 10710 (18)

where the wavelength is A, the constant of Planck is 4, and
the speed of light is ¢ in free space. Note that we assume
a spherical shape raindrop to make the Marshal and Palmer
assumption independent of polarization.

YRy = HrosHRainHFogX1x + Nawn (19)

The camera captures the received light signal after passing
by all the channel coefficients aforementioned (i.e., multiply
the transmitted modulated light by them) and then adding the
additive white Gaussian noise to the OOK signal as shown in
FIGURE 2, then:

D. SCALABILITY AND ADAPTABILITY

Cars communicate with infrastructures such as road signs and
commercials as data sources. Then, distribute the received
information through car-to-car communications through the
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Beam == Detector
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FIGURE 2. The Characteristics of the VLC Channel under various
conditions of weather such as fog, direct sunlight, rain, or snow.

road for cars non-neighboring to infrastructures. Higher scal-
ability for car-to-car communication leads to the need for
less infrastructure on the road which reduces the overall
system cost. Therefore, this paper adopts high scalability by
prolonging the VLC communication distance through multi-
hop. The ability of the VLC system to withstand noise and
delay threshold is the main limit to prolong the multi-hop
communication. Consequently, this paper proposal aims to
provide higher hop counts within the same noise and delay
level to increase our system scalability.

The proposed system aims to adapt to the currently man-
ufactured car parts such as parking cameras and headlight
LEDs. Therefore, no need to install expensive parts to use the
car-to-car communication feature. Adding higher complex
parts is backward compatible with the current parts. However,
these complex parts achieve higher data rates when commu-
nicating with each other.

V. RESULTS AND DISCUSSION

A. THE CCC DATA RATE VERSUS THE NUMBER OF CARS
As shown in FIGURE 3,, the common control channel aver-
age data rate versus the number of nodes (cars) within the road
is discussed. For the VLC CCC, the line-of-sight communica-
tion coverage on the road is dependent on the availability of
cars to hop among them from the source to the destination.
Therefore, having a small number of nodes does not give
the best data rate results (i.e., 1.2 kbps). This is because the
average VLC communication distance is around 70 m at a low
number of nodes. However, the VLC system operates with
a high data rate (i.e., 1.8 kbps) and no visible problem at a
higher number of nodes. This is because the average VLC
communication distance is around 40 m at a high number
of nodes. In contrast, the RF CCC is affected by the noise
created by the adjacent nodes. Then, the data rate of the RF
at a lower number of nodes is higher (i.e., 2.5 kbps) than the
data rate as the node number increases (i.e., 1.5 kbps). This
is because, at a low number of nodes, the average overlay RF
communication noise level is around —110 dB, and at a high
number of nodes, the average overlay RF communication
noise level is around —70 dB due to the high ISI level.
Moreover, the overlay RF shows a higher data rate compared
to the underlay data rate by 25%. The licensed type is not
included in the figure as their data rate is controlled by the
service provider to be constant at a high level.

B. THE CCC OUTAGE PROBABILITY VERSUS THE NUMBER
OF CARS

As shown in FIGURE 4, the common control channel average
outage probability versus the number of nodes (cars) within
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FIGURE 3. The CCC data rate versus the number of cars in the CR network
for VLC, overlay, and underlay.

the road is discussed. For the VLC CCC, the line-of-sight
communication coverage on the road is dependent on the
availability of cars to hop among them from the source to
the destination. Therefore, having a small number of nodes
gives higher outage probability results (i.e., near 1 for less
than 10 cars). However, the VLC system operates with a
small outage probability (i.e., 0.1) and no visible problem
at a higher number of nodes. In contrast, the RF CCC is
affected by the noise created by the adjacent nodes. Then, the
outage probability of the RF at a lower number of nodes (i.e.,
0.1 for less than 5 cars) is lower than the outage probability
as the node number increases (i.e., 0.9 for more than 40 cars).
Moreover, the overlay RF shows a higher outage probabil-
ity than the underlay outage probability as the competition
for the availability of secondary users’ slots increases with
no available slots (e.g., 4 slots available for 15 cars). The
licensed type is not included in the figure as their outage
probability is controlled by the service provider to be constant
at a low level.

C. THE CCC BER VERSUS FADING EFFECT

As the fading effect increases the destructive interference
leads to increased attenuation in dBs in the received signals.
This paper monitors the fading effect in the received signals.
In FIGURE 5, the common control channel average BER
versus fading effect is discussed. For the VLC CCC, the BER
shows no visible effect as the fading effect increases because
there is little to no multipath in VLC. Therefore, VLC shows a
near-constant value as the fading increase (i.e., in the order of
107%). In contrast, the RF CCCs are affected by fading effect.
As the fading increases, the BER increases for the overlay and
the underlay channels (i.e., from 5* 107% to 107%).

D. THE CCC DATA RATE VERSUS FADING EFFECT

As aforementioned in the previous result, the BER increases
with the fading effect increases. Therefore, the received data
suffers from data loss due to the dropping of the faulty packets
which decreases the effective data rate received. For the
VLC CCC, the data rate is not affected by the fading effect,
therefore, it seems approximately constant (i.e., 2 kbps) as
shown in Figure 6. Because there is little to no multipath in
VLC. In contrast, the RF CCCs are affected by fading effect.

VOLUME 12, 2024



N. M. Okasha, F. A. Newagy: Car-to-Car Communication Using RF Cognitive Radio With VLC CCC

IEEE Access

0.8 B
=
= —\/L.C
<Q ==RF Overlay | |
g 06 = RF Underlay
Q
a
S04 1
<
S
o
0.2 1
0 I I | I I |
0 5 10 15 20 25 30 35 40

Number of Nodes

FIGURE 4. The CCC outage probability versus the number of cars in the CR
network for VLC, overlay, and underlay.
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FIGURE 5. The CCC BER versus fading effect in the CR network for VLC,
overlay, and underlay.

As the fading increases, the data rate decreases for the overlay
and the underlay channels (i.e., it decays from 2.5 kbps for
overlay and from 1.5 kbps for underlay CR).

E. THE VLC CCC ADAPTABILITY

The relation between data rate and the number of LEDs for
VLC adaptability is discussed in Figure 7. For low resolution,
the data rate is small and seems constant with an increasing
number of LEDs. This is because the low-resolution camera
can see a limited number of LEDs and any additional LED
will not contribute to the VLC communication. In medium-
resolution cameras, as the number of LEDs increases the data
rate has increased to 2 kbps then seems to be constant with
an increasing number of LEDs beyond the camera resolution
limits. While for high resolution, the data rate continues to
increase with increasing number of LEDs.

F. THE AVERAGE BER VERSUS THE COMMUNICATION
DISTANCE

As shown in FIGURE 8, the average BER versus the com-
munication distance between cars is discussed. The BER
increases as the distance increases in all cases except for
the licensed CCC type as it doesn’t depend on the distance
between cars and is controlled by the service provider. For the
VLC CCC, as the distance increases between the transmitter
car’s LED light source and the receiver car’s camera, the
received illumination decreases in both the power and the
number of covered pixels. Therefore, any interference source
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FIGURE 7. VLC CCC adaptability (Data rate versus number of LEDs for
different camera resolutions.

and the background noise greatly affect the recorded illumi-
nation in each pixel. Consequently, BER ranges from 6x 10~°
at a distance of 10 m and increases by 50% to 9x107% at
a distance of 70 m. For CR underlying CCC as the distance
increases multiple cars transmitting at the same underlay code
interfere with each other. such interference leads to increasing
BER from 3x107° to 5x 107 for the same distance range.
In contrast, the overlay CCC has BER 9x 107° at a distance
of 10 m and 12x 107 at a distance of 70 m.

G. THE AVERAGE BER AT DIFFERENT WEATHER
CONDITIONS

As shown in FIGURE 9, the average BER versus the CCC
of different types over different weather conditions are dis-
cussed. For clear weather, no environmental harsh conditions
exist therefore, the minimum that can be achieved at clear
weather. consequently, BER is 4x 107 for both underlying
CCC and licensed one while it reaches 7x 10~ and 10x 10~
for VLC and overlay CR respectively. In the case of heavy
fog, the humidity in the air leads to degradation in the
received signal level for all RF communication techniques.
While the VLC suffers the most because the fog affects the
light coming from the LED. Therefore, the BER is 4x10~°
for licensed CCC and 5x107° for underlying one while it
reaches 8.5x107® and 12.5x 1076 for VLC and overlay CR
respectively. For heavy rain, all CCCs are affected by rain,
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FIGURE 8. The average BER versus the communication distance between
cars.
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FIGURE 9. The average BER at different weather conditions for CCC types.

while the overlay and VLC suffer the highest effect when
they reach 7.5x107° and 10.5x107° respectively. BER is
6 x 107 for licensed CCC and 4.5 x 1079 for underlying.

H. THE AVERAGE DELAY FOR DIFFERENT CCC TYPES

As shown in FIGURE 10, the average packet delay versus the
CCC of different types is discussed. The overlay CCC has
the highest delay of 10x10™* sec compared to other types
because in overlay CR sensing cycle (i.e. sensing cooperation
decision adapt) requires a delay time before communication.
While VLC CCC has a delay of 7x 10~* sec, as it’s the aver-
age delay between single-hop and multi-hop VLC. In each
VLC repeater, the processing delay of receiving and then
retransmitting data packets is added for each repeater in the
multi-hop chain. While the underlay and license have a delay
of 4x10™* and 5x 10~* respectively. Because they require no
sensing phase and do not suffer from retransmission delay.

I. COST AND OVERALL RATING

FIGURE 11 shows the cost of different CCC types including
both the initial installation cost (i.e., fixed cost) and the
average subscription fees (i.e., variable cost). The VLC cost
includes the software only as the LEDs and cameras are
considered included in cars. In both the overlay and underlay
CRs, the cost includes the purchase of telecom nodes and
attaching them to the cars. While in the licensed CCC, the cost
includes all the software, hardware, and subscription fees.
Therefore, VLC is considered the cheapest approach.
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TABLE 3. Rating the different types of CCC in comparison with each other.

Licensed VLC Overlay  Underlay
Data 50 00%  90.0%  75.0% 60.0%
Rate
Outage 41800 212%  100.0%  94.1%
Prob.
BER 55.0%  65.0%  100.0%  45.0%
Delay  51.1%  70.7%  100.0%  44.6%
Cost 100.0%  27.3%  54.5% 54.5%
Overall o000 842%  453% 64.1%
Rating

In Table 3, we present the highest average value for each
metric (best or worst) as 100%. Then, we show the relativity
of other CCC types with a comparison to it. For example,
the licensed CCC type has the highest average data rate while
the VLC CCC average data rate is 90% of the licensed CCC.
Therefore, the licensed CCC has the highest data rate and
cost while the overlay CR has the highest outage probability,
BER, and delay. The overall rating shows that the licensed
CCC is the best choice followed by the VLC CCC while the
underlay is third place and the overlay is not suitable for this
application. However, given the future potential of the VLC,
the 4% gap is expected to shrink over time.

VI. CONCLUSION
We have demonstrated in this paper that the CCC is the
bottleneck in the car-to-car CR network. Then, we explored
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the different types of CCCs used to solve this bottleneck issue
such as licensed overlay, overlay CR, underlay CR, and VLC.
A MATLAB simulation for a car-to-car framework has been
built to demonstrate and compare these types of CCC through
the chosen metrics. Our metrics included data rate, delay,
outage probability, cost, and bit error rate. The comparison
analyses included comparing VLC versus the other CCC
types. Our results show that VLC can achieve up to 90% of
the licensed data rate with a small outage probability of 21.2%
while maintaining moderate BER and delay. In addition, VLC
presents the minimum cost, and as the introduced combined
metric it placed second after the licensed type with a score
of 84.2%. With the VLC’s bright future of expansion and
growing car-to-car application, the 4% gap is expected to
shrink over time. Therefore, we have proven that VLC is
worthy of implementation practically in modern cars.
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