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Abstract

To fulfill the needs of exponentially growing automobiles’ users and to pro-

vide services with efficient paths among different bands on demand for these

proliferated users, an integrated approach for software-defined vehicular net-

work (SDVN) is proposed in this thesis. Due to this huge increase, DSRC

has already been considered insufficient to fulfill the modern needs. Hence,

to enhance the network performance and to fulfill the growing needs of users

in SDVN environment, we implement cognitive technology by integrating

DSRC, sub-6GHZ, and THz bands to find stable paths among different nodes.

SDN controller is considered as the main controller (MC) for keeping the

global state of all the nodes in the network. Channel sensing is done individu-

ally for each technology, and these sensing results representing the number of

available bands for secondary communications is updated periodically to the

MC. Consequently, the MC is managing these bands by switching between

DSRC, sub-6GHz, and THz, and providing stable paths between source and

destination. The switching decision is taken by considering the distance and

availability of channels among these three technologies. This cognitive in-

tegration of bands in SDVN improves the network performance in terms of

packet delivery ratio, network delay, and overhead ratio.

xi



Chapter 1

Introduction

This chapter gives a general review of the wireless technologies, software-

defined networking (SDN), cognitive technology, and vehicular ad hoc net-

works (VANETs) that are used in this thesis. The problem statement and

project objectives are also covered at the chapter’s conclusion.

1.1 VANETs

Vehicular ad-hoc network (VANET) is a significant component of intelli-

gent transportation system (ITS), which was purposely developed to control

and monitor transportation issues, provide safety to users, reduce traffic acci-

dents, enhance network stability, and many more. Recently, smart cities have

been introduced under the umbrella of ITS, where different applications are

provided to different users by considering vehicle-to-vehicle (V2V), vehicle-

to-infrastructure (V2I), vehicle-to-pedestrian (V2P), vehicle-to-drone (V2D),

vehicle-to-ship (V2S), and vehicle-to-everything (V2X) communications [1].
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1.2. COGNITIVE RADIO NETWORKS

To enhance the performance of these smart cities, various technologies like

software-defined networking (SDN), artificial intelligence (AI), and network

function virtualization (NFV) have been integrated with vehicular networks

to gather, handle, and analyse a large set of data for network management.

But, considering the increasing amount of this vehicular data, the dedicated

band for automobile communications assigned by FCC in 1997, was found

to be insufficient to fulfil the demands of increasing number of users in a

smart city [2]. Among these seven channels of 75MHz band, the one was

solely dedicated for the exchange of control messages, while the remaining

six channels, each with a bandwidth of 10MHz, were exclusively used for the

exchange of data messages. Various cognitive radio (CR) schemes for vehicu-

lar environment have been proposed in literature to overcome this spectrum

scarcity issues [3] [4] [5]. But, to deal with an upsurge in number along with

their services and to maintain network stability along with bands availability,

a new integrated approach is required.

1.2 Cognitive Radio networks

Spectrum sensing is used to find nearby available bands based on the distance

from the road-side unit (RSU) for establishing a stable link between different

users. To find the optimal band among different available bands and to switch

frequently between different frequencies, various detection schemes are used

in literature [6]. Since spectrum is one of the most expensive and scarce

resources, researchers are attempting to utilise it effectively and efficiently

to fulfill the increasing demands of all users around the world. [7]. Both
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1.3. THZ BAND FOR VEHICULAR COMMUNICATION IN 6G
WIRELESS TECHNOLOGY

vehicles and RSUs sense the spectrum and exchange the sensing results to

update each other about the availability of free bands at the specific locations.

Hence, cooperation among nodes is required to keep updated with the current

state. SDN controller is considered as the best entity to manage the locally

updated data by keeping the global state of the whole network. The controller

is also responsible for taking switching decisions between different wireless

technologies.

1.3 THz band for vehicular communication

in 6G Wireless Technology

Moving towards 6th generation, the services offered by modern vehicles re-

quire ample amount of bandwidth with high data rates and less delay in near

future [8]. The THz band, above the frequency range of 90 GHz, operates in

the range of 0.1THz - 10THz, has a maximum data rate of 1T bit/sec with

extremely low latency of about 0.1 m/s, which is more than ten times less

in latency over 5G networks. Therefore, we consider THz band as one of the

three technologies to meet the current needs of vehicular data. This latest re-

quirement involves high data rates and throughput to process the videos and

vehicular data properly among vehicular users [9]. Moreover, integration of

vehicular networks in health-related and other intensive applications also re-

quire exceedingly low latency to operate correctly [10]. Similarly, to expedite

communications among nano-empowered vehicular networks, this band play

a vital role in providing stable connections [11]. Consequently, THz band is

3



1.4. PROBLEM STATEMENT

the best candidate which has provision to fulfill the highly demanding traffic

needs.

1.4 Problem Statement

Vehicles in the upcoming 6G wireless technology will be equipped with many

smart and advance devices which will require alot of bandwidth and data

rates for efficient communication between them. In terms of data speeds

and bandwidth, 5th generation wireless technology performed very well with

mm-Waves, but in near future around 2030 the this mm-wave band will

also get short in terms of bandwidth. A novel infrastructure for vehicular

communication is required for 6G wireless technology to make the efficient

use of spectrum s it is considered as one of the important and costly resource

round the globe.

1.5 Thesis Contribution

In terms of data speeds and bandwidth, 5th generation wireless technology

also performed well with mm-Waves, but it requires directional antennas and

a direct line of sight (LOS) between the transmitter and the receiver in order

to achieve maximum performance. While sub-6GHz, also known as Fre-

quency Range 1 (FR1) in 5th generation wireless technology, has an excellent

coverage that also ensures best network performance. However, mm-Wave

communications also require an additional beam forming as well as direc-

tional antennas to expand the coverage of any communication network [12].

4



1.5. THESIS CONTRIBUTION

Therefore, considering the special requirements of using mm-Wave band in

vehicular networks and to get benefit from the wide communication range

of sub-6GHz band, we prefer sub-6GHz over mm-Wave band in this pro-

posed scheme. Accordingly, in addition to THz and sub-6GHz bands, we

also consider DSRC band which is the dedicated spectrum for automobile

communications. Hence, in this proposed scheme a vehicular node can only

establish a connection with any of its current neighbor if it finds a free channel

among any of these three technologies.

1.5.1 Key Contributions

The following are the key contributions of the thesis:

(i) A novel scheme for 6G cognitive radio software-defined vehicular net-

works (CR-SDVN) is proposed for a city scenario in this thesis to find

a stable path between source and destination. The communication be-

tween two nodes is dependant on the number of available free channels

that are provided to each link forming a stable path. These free chan-

nels are sensed by the energy detector scheme which is implemented

solely for each wireless technology. Three different technologies, DSRC,

sub-6GHz, and THz are used to meet the needs of growing number of

vehicular users. The SDN controller is responsible for keeping the up-

dated data and for switching among these three technologies.

(ii) After finding the available channels, the two communicating nodes are

allowed to transfer the data among each other. Hence, considering the

free channels and the link status, the final step is to find an optimal

5



1.5. THESIS CONTRIBUTION

path among different available paths between source and destination.

This path is a combination of different wireless technologies; thereby

providing a heterogeneous stable path for modern vehicles in a city

environment.

The rest of this thesis is organized as follows. Section 2 provides a quick

summary and explanation of the related work in the literature. Our proposed

model and methodology is presented in Section 3 while Section 4 presents

the simulation results. Finally, the last Section 5 concludes the thesis.
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Chapter 2

Background and Literature

Review

Several cognitive schemes in integration with vehicular networks have been

proposed in literature to overcome the problems of spectrum scarcity. Due

to an unexpected surge in the number of mobile users, the ample amount

of bandwidth with high data rates is an urge for these networks to fulfil the

growing demands of users. To serve these growing users, another important

factor is the provision of a stable path between two communicating source

and destination nodes in such a highly dynamic environment like VANETs.

Several solutions to overcome this scarcity problem by considering the stabil-

ity of the network and providing the optimal paths between different sources

and destinations have been contemplated for a decade [13]. Recently, various

emerging technologies like sub-6GHz, mmWave, and THz have been intro-

duced to VANETs to overcome the issues of spectrum scarcity and to support

the demands of emerging services in VANETs [14] [15] [16]. We will discuss

7



in this section the contribution of each technology generally to 6th generation

and specifically to VANETs.

The concept of integrating these emerging technologies was considered for

V2X communications in [17]. The authors considered a linear vehicular net-

work in a small lane where clusters are formed to ensure mmWave communi-

cations within a cluster and sub-6G is used for inter-cluster communications.

A new MAC protocol is proposed to consider the V2X communications which

achieves high throughput and low latency in such an integrated environment.

Yi et al. [15] considered both urban and highway scenarios for THz V2I chan-

nel to explore various parameters under different weather conditions. This

channel characterization can be used to enable THz-based communications

in 6G vehicular networks. Likewise, a multi-band network scheme for ve-

hicular communications was proposed in [14] to ensure LOS transmission in

mmWave communicating links. This is a scheduling-based link prediction

scheme which considered multi-bands i.e., DSRC, mmWave, and sub-6GHz

for communications. A hierarchy is first maintained depending on the dis-

tance among vehicles and then relevant bands of frequency are assigned to

the network to achieve the higher performance under various conditions.

Another scheme for multicast mmWave vehicular communications was

proposed in [18] to achieve high throughput by coordinating through con-

trol messages on sub-6GHz band between relays. The highway scenario is

considered to measure the positions of vehicles by using beamwidth-aware

scheduling. Their results showed that a single transmission can cover up

to four receivers. A low THz band which operates in the spectrum of very

high frequencies, i.e., between 300 GHz and 1 THz, for vehicular environ-

8



ment in single-lane and multi-lanes was proposed in [19] to ensure that the

communication for this band is dependent on distance between transmit-

ter and receiver. Their results indicate that the THz wave’s trajectory has

a significant impact on both the penetration and propagation losses. The

authors also compared some metrics with mmWave vehicular solutions and

made the conclusion that THz band outperforms the mmWave. A recent

study in [20] considered the use of 6th generation technology to fulfill the

demands of next-generation V2X communications. The authors reveals the

use of machine learning (ML)-based technologies and algorithms specifically

for efficient vehicular communications. They also discussed the challenges

faced by vehicular networks for integrating into next-generation vehicular

communications.

The protocols discussed above only consider multi band vehicular commu-

nications for different conditions. None of these protocols have been imple-

mented the spectrum-aware vehicular communications by using these differ-

ent wireless bands. In [21], authors investigated the use of the THz spectrum

for automotive communication. With the increase in the world’s population,

the number of automobiles is also growing every day, which raises the need

for faster data rates and huge bandwidth. The authors also discussed the

difficulties with THz vehicular communications along with potential solu-

tions. To overcome the issues of bandwidth utilization for vehicular com-

munications, a novel skip network coding (SNC) multipath algorithm was

proposed in [22] to reduce the number of packet re-transmissions after going

through the limitations of traditional multipath techniques. Their simulation

results shows a significant improvement in terms of packet loss, reliability,

9



and bandwidth utilization. Another energy and spectrum-aware MAC pro-

tocol was proposed to access channel in nanosensor devices [23]. A distance-

based decision is taken for THz bandwidth. To maintain the infinite lifetime,

the authors assign optimal sleeping and transmission times among these de-

vices. Another novel THz spectrum-aware scheme named compression and

reconstruction network (CRNet) for vehicular communications was proposed

in [24] to improve accuracy of channel sensing by reducing the spectrum

complexity. Blind spectrum reconstruction was used in this scheme without

considering the location of vehicles and other channel characteristics. The

algorithm showed better results.

Considering cognitive technology for integration of different wireless bands

as mentioned above have increased the overall delay, since finding an opti-

mal channel to make a stable connection between each pair of communicat-

ing nodes is a time consuming procedure. Therefore, a central controller is

needed to handle the spectrum availability among different wireless technolo-

gies and to enable switching between these wireless bands. Hu et al. [12]

were the first to consider the integration of sub-6Ghz, DSRC, and mmWave

bands with mobile edge computing (MEC) in vehicular environment. To

distribute larger files among vehicles, MEC and fog computing are used to

handle this integration among different bands. The sub-6GHz band is used

for making connections between gateway nodes, mmWave is used for gateway

to vehicular communications, and DSRC is used for V2V communications.

The simulated results showed better performance in comparison to previ-

ous scheme for different network conditions. Likewise, the first work that

simultaneously considered spectrum sensing and routing for CR-SDVN was

10



2.1. RESEARCH GAP AND PROPOSED SCHEME

proposed in [25] to provide stable paths between source and destination.

A dynamic switching between mmWave and THz bands for SDVN to ac-

cess a small cell tower was taken into consideration in [26]. The controller

is responsible for taking the switching decision between two aforementioned

bands based on distance, channel characteristics, and contact times. An

actual end-to-end connection between two towers of the Boston city was

considered to show the benefits of proposed scheme. Another CR-SDVN

routing scheme was proposed in [27] to enable switching between mmWave

and THz bands. Clusters are used to divide the whole network into sub-

networks where THZ band is dedicated for communication between vehicle

and the roadside unit. However, for vehicle to vehicle communication, mm-

wave is used. A fuzzy inference-based system was used to find the optimal

path between source and destination in mmWave communication, whereas,

in THz communication, the improved fruit fly (IFF) method based on ge-

netic algorithm (GA) was considered for path selection. Their results showed

better performance in comparison to typical routing for vehicular networks

in terms of delivery ratio, delay, and overhead.

2.1 Research Gap and Proposed Scheme

None of the protocols discussed above consider simultaneously the spectrum

sensing and routing in CR-SDVN to find the number of idle bands available

among different wireless technologies. To enhance vehicular communications

in the forthcoming 6th generation, we propose a novel scheme to first find the

optimal band that are under-utilization among different technologies and

11



2.1. RESEARCH GAP AND PROPOSED SCHEME

then find the optimal path. The sub-6GHz band is a well-known band with

far better coverage than mm-wave. Also, it performs well in terms of band-

width, data, and coverage for vehicular environment. Moreover, it does not

require the use of directional antennas, which lowers the network cost and

complexity. Similarly, for intelligent transportation system, the THz band

alone is sufficient to fulfil the needs of these growing users by providing high

capacity, less delay, safety, and stability. But, it is important to sense those

under utilized bands to make them available for vehicular communications.

Furthermore, THz band outperforms the mmWave band since it offers large

bandwidth and high data rates among all the available telecommunication

bands discovered up until now. Keeping in view the pros of these wireless

technologies, we integrate THz band with the sub-6GHz band in city scenario

along with the DSRC. Consequently, this is the first work integrating DSRC,

sub-6GHz, and THZ in CR-SDVN that simultaneously considers spectrum

sensing and routing for both V2V and V2I communication in a city scenario.

12



Chapter 3

Spectrum Sensing: An

integrated approach in 6G

VANETs

We propose a novel cognitive routing protocol that integrates DSRC, sub-

6GHz, and THz bands in 6G SDVN. Our goal is to consider spectrum sensing,

among these three bands; and routing; simultaneously to find an optimal path

between source and destination in a city scenario. The over-utilization of the

former and under-utilization of the latter two bands make it compulsive for

each vehicle to sense the spectrum in order to find number of free available

channels for communication. The energy detector scheme is used individually

for each wireless technology to sense the spectrum and then based on the

distance of the communicating nodes from the controller, an optimal path is

selected. The MC is responsible for keeping the global record of all the idle

bands shared by each vehicle as a sensing result periodically. The MC is also

13



3.1. ASSUMPTIONS

responsible for switching among these bands and providing optimal paths to

any querying node.

3.1 Assumptions

We consider an integration of DSRC, sub-6GHZ, and THZ bands in 6G

cognitive radio software-defined vehicular network with V vehicles, r RSUs,

and an MC as shown in Fig. 3.1. The MC communicates directly with the

RSUs making it simple for the vehicles to ensure stability. All vehicles and

RSUs have three interfaces, each for one wireless technology. Depending

on the coverage range of each wireless technology, a vehicle can only form

a link with the next relay vehicle moving towards the destination,if both

have common free channels within that coverage area. This means that the

number of channels are assumed to be same for a specific distance which in

our scheme is the coverage range of each technology. That is, for a specific

coverage range, the channel state which is presence and absence of primary

user (PU) remains same; thereby ensuring stability.

A vehicle moving in a city scenario when looking for a path to the desti-

nation, it sends a request message to: i) MC, if it is within the coverage range

of the vehicle, ii) any RSU, within the coverage range of a vehicle which then

forwards that request directly to MC, iii) any neighboring vehicle, which re-

lays the request until it reaches any fixed node. For above three possibilities,

two nodes can only communicate if they both have common free channel.

To find these free channels, vehicles need to sense spectrum and update the

sensing results with each other and with the MC periodically while moving.

14



3.2. SPECTRUM SENSING FOR DSRC, SUB-6GHZ, AND THZ BANDS

This sensing is done individually for each band using energy detector. In

the subsection below, we will explain the spectrum sensing for three different

bands in 6G CR-SDVN.

Figure 3.1: CR-SDVN for DSRC, sub-6GHz, and THz communications in a
city scenario

3.2 Spectrum Sensing for DSRC, Sub-6GHz,

and THz bands

We consider cognitive technology for different bands to allow exchange of

data among various nodes in vehicular environment with high data rates,

low latency, and less overhead. To fulfil these requirements, we consider

a MC in our scheme that is responsible for ensuring stability by providing

the optimal bands along with optimal path to any querying node. Each

15



3.2. SPECTRUM SENSING FOR DSRC, SUB-6GHZ, AND THZ BANDS

vehicle shares the sensing results (SRvj) with its neighboring nodes up to

the coverage range, Ci of each band; where i represents DSRC, sub-6GHz,

or THZ and vj represents vehicle j = {1, 2, ..., V }. The range of these bands

is shown in Fig. 3.2. These coverage ranges are used to take decision for

switching between different technologies. This SRvj is updated periodically

by each vehicle and the list of free channels obtained by each vehicle, LFCvj

is maintained at the global level by the MC as shown in Table 3.1.

Table 3.1: MC Information Table

Vehicle
ID

Vehicle
Position

Vehicle
Speed
(m/s)

LFCvj

V1 (x1, y1) 25
Ch1,DSRC

Ch3,DSRC

Ch5,DSRC

Ch6,Sub−6GHz

Ch9,Sub−6GHz

Ch3,THz

Ch2,THz

V2 (x2, y2) 20 Ch5,DSRC Ch8,sub−6GHz Ch1,THz

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

VV (xV , yV ) 30 Ch1,DSRC

Ch6,Sub−6GHz

Ch9,Sub−6GHz

Ch8,Sub−6GHz

Ch3,THz

Ch1,THz

Ch5,THz

Thus, each vehicle updates its neighbors with the following entries to find

LFCvj :

SRvj =< Ci, fi, ECi,fi , ηCi,fi > (3.1)

where fi represents one of the Mi channels (Mi is the total number of

channels in each wireless technology, i), ECi,fi represents the energy of the

16



3.2. SPECTRUM SENSING FOR DSRC, SUB-6GHZ, AND THZ BANDS

signal at channel fi in coverage range Ci, and ηCi,fi is the number of samples

accordingly.

To explain how vehicles exchange the sensing results with each other, let

us consider an example scenario in Fig. 3.2. As can be seen from the figure,

the V1 in DSRC range wants to communicate with V2 in THz range. The

former senses the spectrum by using energy detector equation as:

Hz(Ci, fi)Vj
=


0, if E

Vj

Ci,fi
≤ ρ

1, if E
Vj

Ci,fi
>ρ

(3.2)

E
Vj

Ci,fi
= (1− α)E

Vj

Ci,fi
+ αE

Vj+1

Ci,fi
(3.3)

α =
η
Vj+1

Ci,fi

η
Vj

Ci,fi
+ η

Vj+1

Ci,fi

(3.4)

All the available channels for V1 is shown as:

LFCV1 = H0(Ci, fi)

Likewise, all the available channels for V2 is listed as: LFCV2 =H0(CTHz, fTHz).

The common channels between both V1 and V2 must be in the THz band, so

these vehicles exchange data using one of the common MTHz channels. Keep-

ing the global record for the coverage range helps other vehicles to find the

available channels for the specific location. When the V9 reaches the current

position of the V1, it can request the list of free channels from the MC at that

position if it is within the range of the MC. Consequently, the coordination of

sensing results among vehicles and the management of global updated state

by the MC, increases the path stability in such a dynamic environment which
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will be discussed in the next subsection.

Figure 3.2: Coverage ranges of DSRC, sub-6GHz, and THz bands.

3.3 Path selection between source and desti-

nation using DSRC, sub-6GHz and THz

bands

This section illustrates how a data packet is transferred from any source

node to the destination node in a city scenario using LFCvj for three differ-

ent bands. From our previous discussion, it is clear that coverage range is

the basic parameter to reach a final decision about the available spectrum.

Vehicles exchange control messages using the control channel to exchange

information with each other or with the MC. As a result of this information

exchange, each vehicle has the following entries in its flow table:

< Vj, Vx,y, Vspeed, LFCVj
> (3.5)

These entries are used among neighbors to form a stable link between two
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moving vehicles. When a source node j wants to send data to any destination

node k that is not in its communication range, it sends the request (packet−

in) message to the MC. For any source node, there are two possibilities; i)

the MC is within source coverage range ii) the MC is not in range. If it is

the former case, the MC replies the source node with a route to destination

in the same manner as presented in [25].

routevjk = max(PDp) (3.6)

where PDp is the path duration for all the available paths between source

and destination.

PDp = min(LD1,p, LD2,p, ..., LDl,p) (3.7)

p = {1, 2, ..., P} is the total number of available paths between source and

destination, l is the total number of links for each path between source and

destination, and LD is the link duration which is calculated as:

LDjk =
Ri ± djk + CCjk√

(sj cos θj − sk cos θk)
2 + (sj sin θj − sk sin θk)

2
(3.8)

Ri represents the coverage range of each band, s is the speed, θ is the angle,

CCjk = {LFCvj ∩ LFCvk}, and djk =
√

(xj − xk)
2 + (yj − yk)

2.

For the latter case, the source finds the relay node by using (8) to reach the

MC. This relay node could be any other vehicle within the source coverage or

the RSU. If it is the RSU, the delay from RSU to MC is considered negligible
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since both are directly connected in our proposed scheme.

Now the question is how these vehicles decide on which band they are

going to communicate to ensure stability. The three wireless technologies

we use in this proposed scheme have different frequency ranges, bandwidth,

data rates, coverage areas, and under-utilized spectrum. In this thesis, we

consider the coverage range of DSRC band as 500m, for sub-6GHz 100m,

and 10m for THz band as can be seen in Fig. 3.2. These values are taken

into consideration by undergoing some literature review about parameter

modelling and link budget analysis of different bands [28] [29]. These ranges

can vary from environment to environment. In order to explain the decision of

communication band including common free channels, the switching between

these bands, and the provision of stable path by the MC, we consider five

different cases in the city model with the help of an example scenario.

3.3.1 Case i (when source vehicle is in DSRC range)

After exchanging the sensing results with the neighboring vehicles and with

the MC, all nodes that act as relay nodes for the source, store that infor-

mation in their flow tables and updated it periodically. Hence, whenever a

source node sends the request message to the MC, the MC calculates its dis-

tance with its neighboring nodes based on the current position of the vehicle.

If the distance is less than 500m and both nodes have common free channels

in the DSRC band, the MC repeats this process for the second relay, and

does so until it reaches the destination. For each link, based on the cur-

rent position of the two communicating nodes and the range in which these
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nodes lie, these nodes only make stable link for that specific band. In this

way, a path between source and destination can be the combination of three

different wireless technologies.

3.3.2 Case ii (when source vehicle is in DSRC range

but no free common channels are available)

If in the previous case, there is no common channel available in the DSRC

band, which has the high possibility to be happened in any vehicular environ-

ment; the vehicle checks for other bands. As we have mentioned above, the

channel state remains same for a specific coverage range. Since 500m covers

both sub-6GHz and THZ ranges, so there is a possibility that the querying

vehicle has common free channels in the other bands. In order to forward

the packet without causing irrelevant delay, if the source and relay node are

100m or 10m away from each other, and both have same free channels for

either case, they form a link. If a source node finds common channels for

both sub-6 and THz, then it selects the one randomly for communication.

3.3.3 Case iii (when source vehicle is in sub-6GHz range

)

For this case, we consider that all relay nodes are within sub-6GHz range

only. After calculating the LD which includes the free channels in the sub-

6GHz range, the MC repeats the process until it reaches the destination,

and finally sends the heterogeneous stable path to the source vehicle. The

sub-6GHz band, also known as FR1 band, operates between 2400 MHz to
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7125 MHz [30]. We consider a chunk of this band known as N78, since it

has already been commonly deployed and tested for 5th generation vehicular

networks. Furthermore, as discussed in Section 1, it is anticipated that this

band will offer relatively high bandwidth and good coverage range than mm-

wave [31], if operates at these frequencies. Table 3.2 shows the characteristics

of n78 band which can support carriers of multiple bandwidths. We assume

one carrier of 30 MHz for our scheme and calculate the total number of

channels for sub-6GHz using (3.9).

Table 3.2: Characteristics of n78 band

Name Ranges

Bandwidth 500 MHz
Channels 620000 to 653333

Duplex Mode TDD
Frequency 3300 MHz - 3800 MHz

Supported Channel BW 10 15 20 30 40 50 60 70 80 90 100 MHz
No of Vehicles 25, 50, 75, 100

Channels =
channelmax − channelmin

BWpercarrier

Channels =
653333− 620000

30

Channels = 1111

(3.9)

Among these 1100 channels, we consider a chunk of 110 channels to test the

performance of our scheme when there is limited band available for limited

coverage ranges of three different wireless technologies.
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3.3.4 Case iv (when source vehicle is in sub-6GHz range

but no common channel is available)

If in the sub-6GHz range, there is no common channel available for source

and relay node, the source vehicle then checks for THz band. Since 100m

covers the THZ range, so there is a possibility that the querying vehicle has

common free channels in this band. To ensure delivery, if the source and

relay node are 10m away from each other, and both have same free channels

in the THz band, they will form a link. The THz band performs well in

the range from 5m to 30m [32] [33]. Therefore, in this thesis, we consider

its range as 10m. This band is discovered as the largest band up till now

in the telecommunication domain. Hence, the researchers consider it as the

upcoming 6th generation wireless technology [34]. This band operates be-

tween the frequency range of 300 GHz to 3 THz and can provide a maximum

bandwidth of 500 GHz per carrier, which is significantly higher value than

5th generation.

3.3.5 Case v (when source vehicle is in THz range)

In this case, there are two possibilities: i) when the relay node is only 10

m away from the source vehicle, and similarly all neighboring vehicles are

within this range, it means the vehicle must be at the intersection. Thus,

at the intersection, source must be within the range of any RSU. In this

case, the querying vehicle repeats the previous four cases (to find CCjk) for

making a stable connection between itself and the RSU. ii) when a source

node does not have any node in 500 m range except the one which is just 10
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m away from the source. And this relay might have another node which is

510 m away from the source. In all cases, if source vehicle fails to find any

common free channel or any relay node, the vehicle then holds the packet

until it finds any free channel or any relay by using store-carry-and forward

scheme. A delay might occur using this approach, but this delay is acceptable

than dropping the packet. The flow chart summarizing the whole algorithm

is shown in Fig. 3.3.

Figure 3.3: A flowchart representing five cases of 6G CR-SDVN.
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Chapter 4

Results and Discussions

The section presents the evaluation of proposed scheme in terms of different

quality of service (QoS)parameters.

4.1 Simulation environment

The simulation model for the proposed scheme was created by integrating

two different simulation environments. An open-source simulation platform,

the NS-2, was used to model and analyse the proposed topology. Since the

topology only considers the city scenario, the SUMO traffic simulator was

used to model the mobility of vehicles in city scenario. SUMO is also an

open-source traffic simulation tool which is used to create vast networks for

both highway and city scenarios. We consider city scenario in this thesis

to test the proposed idea for low speed vehicles. As there are intersections

present in the city scenario, therefore in comparison to the speed of vehicles

in highway scenario, it is quite simple to handle stability in such a dynamic
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environment. Moreover, the coverage range of THz band also ensure the

stability for the case when there is no other relay node except the one in THz

range. We will consider the highway model in the near future. The route

file created from SUMO can be reused with NS-2 and many other simulation

tools. The versions of software we used include NS-2.35 and SUMO-1.14.1.

Figure 4.1: Simulation Environment.

The mobility model of vehicles can be seen in Fig. 4.1. We considered

the total area of 1500 m x 3000 m. The number of RSUs was r = 3, number

of channels, Mi for DSRC, sub-6GHz, and THz was 5, 110, and 27; with

coverage ranges, Ri = 500 m, 100 m, and 10 m, respectively. Simulations

were performed for 25, 50, 75, and 100 vehicles each with average speed 20

m/s, that varies between 10 m/s and 25 m/s for different simulation times

(100 s and 150 s). Table 4.1 shows some important simulations parameters

in tabular form.

Since this is the first work considering spectrum sensing and routing si-

multaneously for three different wireless technologies. Therefore, as men-
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Table 4.1: Simulation Parameters

Parameters Values

Area 1500 m x 3000 m
Velocity 10 m/s - 25 m/s

Packet size 64 bytes
Number of RSUs 3
Simulation time 100 s and 150 s

Number of vehicles 25, 50, 75, 100
Coverage area for DSRC 500 m

Coverage area for sub-6GHz 100 m
Coverage area for THz 10 m

tioned in Section I and II, no similar protocol is publicly available for com-

parison. Hence, we considered three different reference schemes that were im-

plemented individually for each technology to compare our proposed scheme

and name them as reference scheme with DSRC [25], reference scheme with

sub-6GHz [14], and reference scheme with THz [27]. To make a fair compar-

ison, we implemented the idea of [14] with an integration of SDN and CR

technology and consider a cluster as the coverage range of sub-6GHz only for

this reference scheme. Also, for reference scheme with THz, we only simu-

lated the THz band by considering the idea of the authors [27]. The same

simulation environment and parameters were considered to simulate these

reference schemes. Simulations were done to evaluate the performance of our

proposed scheme by using the following three metrics.

(i) Packet delivery ratio (PDR): This is the ratio of successfully delivered

packets at the destination to the total number of data packets sent

from the source. If sentn is the number of sent packets and rcvdn
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represents number of successfully received packets at the destination

then PDR is calculated as:

PDR =
m∑

n=1

(
rcvdn
sentn

) ∗ 100 (4.1)

(ii) End-to-end delay: It is the total time required by a packet to travel from

a source to the destination. This value is calculated as:

Delay = Packet arrival time− packet departure time (4.2)

(iii) Routing overhead ratio (ROR): It is the ratio of number of control

packets to the number of total packets in the network. If cntrln is the

number of control packets sent in the network and totaln represents the

total number of packets, the overhead is then calculated as:

ROR =
m∑

n=1

cntrln
totaln

(4.3)

4.2 Result Analysis

The summary of our results based on the comparison of three individual

wireless technologies for three parameters are presented in Table 4.2. In this

section, we will discuss the results for each parameter in detail.
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Table 4.2: Individual comparison of various bands with regard to PDR, end-
to-end delay, and ROR

Spectrum band Drawbacks

DSRC PDR value is low with high
end-to-end delay and over-
head ratio. This shows the
scarcity of dedicated spec-
trum for vehicular commu-
nications.

Sub-6GHz All three parameters show
quite good performance in
comparison to both DSRC
and THz bands. This is due
to a good number of unused
bands and a good coverage
area.

THz All parameters show poor
results because of low cov-
erage range.
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4.3 Packet delivery ratio

Figure 4.2: Performance comparison of 6G-CR-SDVN in terms of PDR at
100 s and 150 s.

30



4.3. PACKET DELIVERY RATIO

Fig. 4.2 shows the comparison of PDR for our proposed scheme and three

different reference schemes for each wireless technology (DSRC, sub-6GHZ,

and THz) individually, in city scenario for two different simulation times.

The PDR increased with an increase in the number of nodes in the network

as well as with an increase in the simulation time. This has proved our

objective of maintaining stability in the network for such a highly dynamic

and heterogeneous network. By increasing the number of nodes and the

simulation time, increases the connectivity in the network as if free bands

are available, vehicles can form stable link for long duration. It can be

observed from Fig. 4.2 that the proposed scheme achieved high PDR than

the other three reference schemes. The reason is simple, by considering the

three different technologies in the vehicular network, the proposed scheme

increases the number of common free bands. Based on the coverage distance

between nodes, if a spectrum is not found in that specific band, there is a

high chance that vehicles can still establish a stable link by using any of

other available bands within that coverage range. As vehicles periodically

sense the spectrum and update the MC with their current state, therefore,

MC keeps the global state of the network which is also helpful for any vehicle

that joins the network at some later time to keep stable connection with its

destination node, as we discussed in the previous section. Thus, both figures

show that by calculating the shortest stable path with consideration of both

the link duration and the number of common free channels, for three different

wireless technologies simultaneously, our scheme outperforms the other three

schemes.

The reference scheme with THz shows poor delivery ratio in compari-
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son to reference scheme with sub-6GHz and DSRC. This is due to the less

coverage area of THz band. Ideally, this PDR should be high than other

bands as spectrum has large amount of unused bands but, the small cover-

age range of approximately 10 m degrades the overall performance of this

band in vehicular networks. For moving vehicles, it is unusual to maintain a

stable connection just for 10 m distance, thereby degrading the performance

of this band. It is only possible for this band to maintain stability at inter-

sections, whose benefit is achieved in our proposed scheme as can be seen

in all simulation results. For other two schemes, the DSRC band has large

coverage range but the spectrum becomes small to fulfil all the demands of

vehicular users individually. This limited spectrum of about 75 MHZ makes

the performance poor by dropping the packets due to not finding any free

common channel, but if bands are available the scheme can outperform the

other two reference schemes as it has large coverage range. Likewise, refer-

ence scheme with sub-6GHz shows better performance than both DSRC and

THz schemes. Because the coverage range is 10 times better than THz band,

but it is less than DSRC band, therefore, for vehicular networks, maintaining

a stable connection for only 100 m range is difficult but as the spectrum has

large number of free bands in comparison to DSRC, it outperforms the both

reference schemes. Our proposed scheme achieved a maximum delivery of

94%.
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4.4 Delay

Figure 4.3: Performance comparison of 6G CR-SDVN in terms of end-to-end
delay at 100 s and 150 s.
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Fig. 4.3 shows the comparison of end-to-end delay for our proposed scheme

and three different reference schemes for each wireless technology (DSRC,

sub-6GHZ, and THz) individually, in city scenario for two different simula-

tion times. From the figure, it can be seen that increasing the time window

increases the network performance because vehicles have more time to estab-

lish the stable connections. The overall delay for all the schemes show the

same pattern i.e., with increasing the number of vehicles the delay decreases.

This is because for less number of vehicles, it is difficult for the vehicles to

maintain stability by finding both the relay and the common free channel si-

multaneously. For each individual scheme, there is a possibility that if a relay

is found to make a stable connection the common free channel is not avail-

able for that specific scheme, so no connection is established and the network

incurs delay in transmitting the packet successfully. However, in our case, if

that possibility occurs, we have three different bands available, among those

three bands there is a high chance that a common free channel is available

for that specific coverage range, thereby increasing the network performance.

As MC is responsible for maintaining the global state, therefore in such a

scenario, MC provides the stable heterogeneous path that switches between

different bands. A vehicle when tries to make connection through DSRC can

switch to sub-6GHz and THz band respectively, if DSRC is not available at

that time. Moreover, if in sparse network, such a condition occurs that a

vehicle does not find a relay and a channel in our scheme, it keeps the packet

and forward it as soon as it reaches a node in any coverage range. Consider-

ing three different technologies increase the chance for a vehicle to reach the

coverage range of a RSU or a relay soon as we have 10 m, 100 m, and 500
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m ranges available in our proposed scheme, thereby showing improvement as

compared to individual schemes.

However, for each reference scheme, when a vehicle does not find any

relay node or a common free channel or both, it will drop the packet which

degrades the network performance. As the coverage range of THz band is less,

the reference scheme with THz shows high end-to-end delay in comparison to

DSRC and sub-6GHz schemes. The reason is same as mentioned above while

discussing the PDR i.e., due to less coverage range, it is difficult for vehicles

to maintain a connection, thus the packet dropping rate is high in this band

even though the number of free channels is large. It takes long for a vehicle to

reach destination if 10 m coverage range is used to maintain the connections

which is unusual and not possible in case of vehicular networks. Likewise, the

reference scheme for DSRC has high coverage range but the number of free

bands are congested. We get benefit from this coverage range in our proposed

scheme by using any free available bands from either sub-6GHz or THz since

both coverage ranges lie within the 500 m, thereby maintaining the stability.

Because the sub-6GHz act as the medium band based on the coverage range

between DSRC and THz, and it has large number of unused bands, therefore,

it shows better performance in comparison to reference scheme with DSRC

and THz. We achieved a minimum of 43.8 ms and the maximum of 50.3

ms end-to-end delay for our proposed scheme. For reference schemes, the

minimum values are 48 ms, 57.2 ms, 126 ms and maximum of 52 ms, 62 ms,

150 ms were achieved for sub-6GHz, DSRC, and THz, respectively.
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4.5 Overhead

Fig. 4.4 shows the comparison of ROR for our proposed scheme and three

different reference schemes for each wireless technology (DSRC, sub-6GHz,

and THz) individually, in city scenario for two different simulation times.

From the figure, it can be observed that ROR increases with an increase in

the network density and with the time window as well. To establish a link in

any type of communication network, a node needs to exchange control packets

to share the local state with its neighboring nodes. In our scheme, a vehicle

needs to update the MC as well as its neighboring vehicles about the channel

sensing results and other parameters required for routing periodically. This

is done by exchanging the control packets among different nodes. The reason

that the proposed scheme outperforms the three reference schemes is that it

updates the MC periodically about its local state. The global state kept by

MC helps any querying vehicle in finding a stable path with less number of

exchanging querying messages (that are control messages in any conventional

routing scheme), thereby reducing the overall number of control packets in

the network. Another reason is that as the proposed scheme is an integration

of three different technologies, therefore, the network has less chance to fail

in finding any relay node along with common free channel since switching

is provided by the MC. Due to this low possibility, the number of control

messages exchange is low thus reduces the network burden.
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Figure 4.4: Performance comparison of 6G CR-SDVN in terms of ROR at
100 s and 150 s.

As discussed above, the reference scheme with THz shows large over-

head in comparison to DSRC and sub-6GHz schemes. The reason is a large
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number of exchange messages are required when the links among vehicles

break frequently due to less coverage area. Therefore, vehicles made sev-

eral attempts to send control packets periodically in order to connect to the

network and build pathways, which causes the overhead ratio to rise. The ref-

erence scheme with DSRC shows improvement in comparison to THZ scheme

but it has large overhead when compare with sub-6GHz scheme. Because for

DSRC, when the free channel is not available, the links are break frequently

in the same way as it occurs for THz scheme but the large coverage range of

DSRC outperforms the THz scheme. The second best performance in terms

of overhead ratio among all the reference schemes was of sub-6GHz band.

A good coverage area with sufficient number of channels exchange the less

number of control packets when compare with DSRC and THz schemes. For

all the schemes we considered in this thesis, there is a tendency that the over-

head ratio increases as the number of vehicles increases. But, we can achieve

an optimal value by considering the controller as shown in the Fig. 4.4 for

the proposed scheme. Consequently, our simulation results demonstrate that

our proposed scheme performs better than three reference schemes. Also,

these results demonstrate that by integrating different technologies and con-

sidering spectrum sensing and routing simultaneously can increase network

performance even for such a highly dynamic network.
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Chapter 5

Conclusion & Future Works

5.1 Concluding Remarks

In this thesis, we introduced a novel 6G cognitive radio software-defined ve-

hicular network. The idea is to integrate different wireless technologies by

combining spectrum sensing, switching, and routing to provide a stable path

between source and destination vehicles. The common free channels among

DSRC, sub-6GHz, and THz bands, sensed by each moving vehicle using an

energy detector method, are considered between communicating vehicles to

establish a stable link. A main controller is responsible for keeping the global

sate of the network and provides the stable heterogeneous paths on demand

to any querying nodes. This routing path is selected by considering common

channels, speed, distance, and coverage range of each wireless technology.

The controller is also responsible for managing the switching between these

bands. By considering the coverage range and the availability of common

free channels at a specific location, The switching decision is taken. There-
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fore, based on the availability of channels, a path between any source and

destination is the combination of different wireless bands. Our simulation

results show better performance in terms of packet delivery ratio, end-to-end

delay, and overhead ratio.

5.2 Future Work

• We assumed the ideal conditions in our proposed work and ignored

path losses and the parameter modeling of wireless bands, which can

be computed in a forthcoming edition of this study.

• This work can be extended by adding UAV’s as dynamic RSU in ve-

hicular ad-hoc networks to enhance the performance of vehicular com-

munication.

• It is possible to suggest beam formation and various antenna designs

to expand the THz communication coverage area, which will improve

vehicle communication even more.

• To further increase the effectiveness of the proposed effort, we can

incorporate other wireless bands, such as TVWs and WiFi, into our

proposed strategy.
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