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Abstract
Vehicular communication plays a crucial role in improving road safety and
maintaining traffic efficiency through the exchange of safety messages. Besides
road safety, it can also be used to support other nonsafety features such as info-
tainment services, traffic management, parking assistance, and so on. In this
article, we explore a hybrid long term evolution vehicle-to-everything architec-
ture where we use both vehicle-to-infrastructure (V2I) and vehicle-to-vehicle
(V2V) communication to simultaneously provide high throughput for infotain-
ment services and maintain high reliability and low transmission delay for
the safety messages. To this end, we propose V2I and V2V resource allocation
algorithms which support a strict allocation priority for the safety messages
over the nonsafety messages. We evaluate the performance of the proposed
algorithms by extensive simulations using OMNeT++, INET, and SimuLTE soft-
wares and analyze the simulation data using MATLAB software. The simulation
results indicate that, as compared with using only V2I communication, the
proposed algorithms decrease the end-to-end delay (∼23%, on average) of the
safety messages with little degradation (< 10%, on average) in throughput of the
background traffic. We compare our proposed algorithms with the existing algo-
rithms and find that the proposed algorithms show a performance gain of 36.5%
and 45% in terms of end-to-end latency and packet reception ratio, respectively.

1 INTRODUCTION

In recent years, the road transportation systems have been suffering from a steep increase in traffic congestion as well as
number of road accidents.1 Consequently, the research community and the automotive industry have shifted their focus
towards the development of safer roads by incorporating wireless communication technology in intelligent transporta-
tion systems. These systems envision to allow communication between the vehicles and the wireless networks to support
various applications for improving road safety and traffic efficiency.2 Over the last few years, the concept of connected
cars has enabled the vehicles to connect wirelessly to other vehicles, road-side units (RSUs), pedestrians, and so on within
their proximity. Thus, they can exchange information regarding the occurrence of important events in their immediate
environment. This information can be in the form of safety-related messages or nonsafety-related messages.3 The safety
messages are of two types: cooperative awareness messages, transmitted periodically, and decentralized environmental
notification messages, generated on the occurrence of an emergency event. Naturally, the safety messages have a higher
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priority with stringent delay and reliability requirements over the nonsafety messages. Vehicular communication is also a
key enabler of autonomous driving, intelligent transportation, in-vehicle infotainment services, and so on.4 These days, it
is common to use in-vehicle entertainment, such as watching videos on-line, while driving on long routes, including high-
ways. Along with entertainment, video service can also be utilized to provide driving assistance and deliver emergency
information.5

Currently, there are two major technologies for vehicular communication: IEEE 802.11p—based dedicated
short-range communication (DSRC) and third generation partnership project (3GPP)—based cellular long term evolution
vehicle-to-everything (LTE-V2X).6,7 Although DSRC has been widely explored over the recent years, yet it faces several
challenges in delivering stringent quality of service (QoS) requirements of highly mobile and dense vehicular commu-
nication. As an alternative, LTE-V2X was introduced, comprising of vehicle-to-infrastructure (V2I), vehicle-to-vehicle
(V2V), vehicle to network, and vehicle-to-pedestrian connections,8,9 as shown in Figure 1. LTE-V2X is a promising tech-
nology because of its several advantages, including high data rate, ubiquitous coverage, support of high-speed users, and
support of QoS requirements.3 3GPP-Rel 15 is also working towards the development of NR-V2X to support the enhanced
V2X applications.10 The primary design objective of NR-V2X is to supplement existing LTE-V2X, and not to replace it, in
supporting advanced V2X applications.10 The coexistence of LTE-V2X and NR-V2X is possible by dual radio, that is, one
radio for LTE-V2X and another for NR-V2X. In addition, the IEEE 802.11 study group, Next Generation V2X, has formed
IEEE 802.11bd, an evolution of IEEE 802.11p. This technology is expected to have a reasonable performance in terms of
reliability, latency, throughput, and transmission range. IEEE 802.11bd is backward compatible and interoperable with
IEEE 802.11p. It can also coexist with 802.11p with sufficient fairness in terms of getting the channel access opportuni-
ties. IEEE 802.11bd and NR V2X are the technologies that are currently under development.11 In this article, we leverage
LTE-V2X technology as LTE is already widely deployed while the deployment of NR is still on-going.

The concept of LTE-V2X was introduced by 3GPP Rel-14, leveraging the existing LTE network. As shown in
Figure 1 LTE supports both with-infrastructure (LTE-Uu) and without-infrastructure (PC5, also known as sidelink)
modes of V2X communications. LTE-Uu interface supports data transmission through the cellular network infrastructure
whereas sidelink interface facilitates direct communication between vehicles. Sidelink leverages a small portion of
uplink resources in which direct communication takes place. Two functioning modes for sidelink communication,
Mode 3 and Mode 4, are defined.12 In Mode 3, the vehicles communicate with each other directly but the allocation of
resources is handled by the network whereas in Mode 4, the vehicles autonomously allocate the resources in a distributed
manner. Therefore, Mode 4 is more suitable for the vehicles located outside network coverage.12 Specific resource
management algorithms are defined for Mode 4 in 3GPP Rel-14 while the network operator is free to decide the algorithms
to be used for Mode 3. These algorithms particularly fall under two categories: (i) sensing-based semipersistent schedul-
ing and (ii) dynamic scheduling.13,14 Mode 3 can improve the QoS performance since the cellular network has complete
knowledge of the network status and the demand for the resource from the different vehicles.15 However, 3GPP has not
defined any resource allocation and scheduling algorithms for Mode 3. Currently, there are only a limited number of
proposals for LTE-V2X Mode 3 scheduling algorithms. So, in this article, we concentrate on network-controlled Mode 3
for resource allocation. There are two types of schemes for spectrum-sharing between the V2V and the cellular networks:
overlay and underlay. In the underlay scheme, the V2V and the cellular networks share the frequency resources. Herein,
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we concentrate on the overlay scheme, where the frequency resources allocated for the V2V network are orthogonal to
those allocated for the cellular network.

The traditional methods of radio resource allocation for D2D communication are not applicable to vehicular com-
munication due to its high mobility and lack of instantaneous channel state information. It is difficult to simultaneously
deal with a vast range of data services such as delivery of safety message and in-vehicle entertainment, which require
different QoS in terms of latency, reliability, and data rate. The coexistence of safety and infotainment services tends to
impose substantial challenges in the radio resource management. In addition, there should not be any conflict between
the resources used by the cellular users and the vehicular users. This motivates us to propose a novel dynamic scheduling
and resource allocation algorithm for vehicular communication.

Precisely, our major contributions are enumerated as follows:

1. We propose the use of X2 interface to share the safety messages with the neighboring eNBs, thus facilitating fast
dissemination of the information about emergency events in the network.

2. We propose a V2I resource allocation algorithm to transmit the safety messages (using round-robin scheduling) with
a strictly higher priority over the background traffic (using proportional fair (PF) scheduling). We also propose a V2V
resource allocation algorithm for safety message dissemination over the V2V link.

3. In the V2I resource allocation algorithm, we model the safety message transmission as a G/G/1 queue and analyze
the average delay of transmitting the safety messages. We also analyze the computational complexity of V2I and V2V
resource allocation algorithms with respect to number of vehicles.

4. We perform extensive simulations to evaluate the performance of our proposed algorithms. For safety message trans-
mission, we analyze the performance in two scenarios: (a) using both V2I and V2V communication and (b) using only
V2I communication. For background traffic delivery, we compare the average throughput with and without safety
message transmission.

5. We evaluate the system performance in terms of end-to-end delay, throughput, and packet reception ratio (PRR). We
compare the performance of the proposed algorithms with the already-existing schemes.16,17 The results shows that
our proposed algorithms out-perform the already-existing scheme in the same settings.

Organization: The rest of the article is organized as follows: Section 2 explains the related work and distinguishes
our work from the existing literature. Section 3 describes the system model, the vehicle traffic model, and the data traffic
model. Section 5 presents the proposed safety message dissemination scheme and the V2I and V2V resource allocation
algorithms. The simulation results are presented in Section 5. Finally, Section 6 concludes the article.

2 RELATED WORK

In this section, we provide a detailed discussion of the existing research related to the work in this article. First, we explain
the advantages of LTE-V2X over DSRC. Then, we focus on the work dealing with the safety message dissemination due
to the occurrence of an emergency event and finally, we briefly review in-vehicle entertainment and resource allocation
in LTE-V2X communications.

Easy deployment and mature technology has enabled widespread adoption of DSRC. However, there are certain limi-
tations associated with it, such as a high level of error under a heavy traffic scenario. It adopts carrier sense multiple access
mechanism which induces frequent collisions in a congested network, thus degrading the performance of the network.
Moreover, due to the limited radio range and no pervasive communication infrastructure, it can only offer short-lived
V2I connectivity.3 To improve the V2I connectivity, it needs to deploy new RSU devices along the road, which is cost
ineffective.18 Moreover, fast-moving vehicles and their uneven distribution continuously change the network topology.
So, it becomes difficult to support vehicular communication using V2V link alone because certain requirements, such as
simultaneously high reliability and high data rate, cannot be satisfied by V2V communication only.19 In LTE-V2X, the V2I
link provides a high throughput while the V2V link focuses on reducing the delay and increasing the reliability. In addi-
tion, if the overlay scheme for spectrum allocation is used, it further increases both the reliability and the capacity.20 A
comparative study for the dissemination of cooperative message using DSRC and LTE-V2V is presented in Reference 18.

The authors claim that the performance of LTE-V2V is superior to DSRC for long distances with moderate traffic
conditions.18 Authors in Reference 21 have discussed that the use of LTE Uu and PC5 interfaces enhances the reliability
and reduces the delay in LTE-V2X communication. Leveraging LTE-V2V communication, Mei et al.22 have proposed a
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T A B L E 1 LTE-V2X vs DSRC

KPIs DSRC LTE-V2X

Delay High packet error rate in dense traffic, leading to more
retransmissions resulting in increased delay23

Sidelink can reduce the problem of high delay21

Capacity High vehicular traffic will lead to high channel congestion
resulting in higher packet error rate18

LTE unicast, multicast, and sidelink can together solve the
issue of limited capacity24

Coverage LOS communication and short communication range
results in limited coverage3

LTE unicast, multicast, and sidelink can together improve
the communication coverage

Security Vulnerable to attacks23 Provides better security than DSRC23

Privacy Risk of eavesdropping and data interception poses risk to
driver safety23,25

Subscriber ID used in cellular communication can improve
user privacy23

Cost Deployment cost of DRSC-based RSU units26 Cellular infrastructure, like eNBs, already exists

Abbreviations: DSRC, dedicated short-range communication; LTE-V2X, long term evolution vehicle-to-everything.

radio resource management scheme which can reduce the interference from V2V communication to cellular users while
ensuring the delay and the reliability requirements of V2V communication. The comparison between LTE-V2X and DSRC
is summarized in Table 1.

In vehicular networks, the safety messages are time-critical and should be forwarded within their delay and reliability
constraints. This facilitates in sufficiently reducing the risk of traffic accidents and congestion. To leverage the cellular net-
work for vehicular communication, there is a need of efficient resource allocation techniques and procedures. LTE-V2X,
based on D2D communication, can either use overlay or underlay modes. In the overlay mode, a small portion of cellu-
lar spectrum is dedicated to vehicular UEs, thus eliminating the interference between the cellular UEs and the vehicular
UEs. On the other hand, in underlay mode, the spectrum is shared between the cellular UEs and the vehicular UEs, and
the eNB has to manage the interference. An effective distribution of the cellular resources is essential for the overall per-
formance gain. A comprehensive study on the resource allocation for V2X communication can be found in Reference 27.
A number of work concerning the uplink resource allocation algorithms for the coexistence of cellular UEs and vehicular
UEs have been published.28-30

Resource allocation schemes for V2X communication have been explored using the underlay approach. Liang et al.28

propose a joint spectrum and power allocation scenario where the uplink resources are shared between the vehicle UEs
and cellular UEs considering heterogeneous QoS requirements for both the V2I and the V2V links. Similarly, in Refer-
ence 29, authors proposed an uplink resource allocation algorithm to meet the QoS requirements of high-capacity V2I
links and ultra-reliable V2V links in the vehicular network. However, authors in References 28,29 consider an uplink
scenario, where resource of one cellular user can be shared by only one vehicular user leading to poor spectrum uti-
lization. In Reference 30, authors proposed a resource allocation scheme for underlay LTE-V2X. Here, the eNB jointly
allocates the resources to both cellular and vehicular UEs based on their QoS requirements. A radio resource allocation
and sharing scheme based on swarm intelligence algorithm is proposed,31 where the proposed algorithm aims to meet the
QoS requirements of the users to enhance the system performance. However, the proposed scheme is leads to poor spec-
trum utilization. Resources can also be allocated by sharing the resource blocks (RBs) based on user clustering.32,33 Wei
et al.32 propose zone-based resource allocation with the objective of maximizing the sum-rate of the transmitting UE while
considering the reliability of the receiver UE. But the study is limited to the resource allocation of in only cellular-V2V
scenario. Authors in Reference 33 investigate the uplink resource allocation where the V2I users share the spectrum with
multiple V2V users with diverse QoS requirements. The work does not discuss about the resource allocation in downlink
direction.

Different from the underlay resource allocation algorithms, there is limited research dealing with the overlay resource
allocation in V2X. Abbas et al.16 propose a cellular resource allocation scheme with the aim to improve the latency and
the throughput of packet delivery. The authors consider overlay scheme where a small portion of the cellular spectrum
is allocated to cellular-based V2V communication, thus removing the concern of interference. Authors in Reference 34
proposed hybrid cellular-based D2D communication scheme to improve the network latency and the packet delivery ratio.

The different approaches adopted for emergency data dissemination include clustering,35,36 priority messaging,37

and intelligent traffic lights.38 The techniques of safety message dissemination in vehicular networks for both highway
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and urban scenario have been extensively studied in literature.38 The primary objective of these studies is to reduce the
communication delay and improve the packet delivery ratio. Pan et al.39 develop a mathematical model of a highway
scenario to analyze the delivery delay of safety messages in vehicular network with interconnected RSUs. The safety
message is transmitted using forwarded mechanism to minimize the delivery delay. Similarly, authors in Reference 35
propose a clustering-based probabilistic data dissemination scheme which considers the mobility of the vehicles and the
channel quality. In addition, the authors also present a comprehensive survey on data dissemination scheme for improv-
ing road safety and traffic efficiency. Luoto et al.36 propose a cluster-based mechanism to offload with low SINR to be
served by other vehicles. A cluster-based data dissemination is vehicular network is also presented in Reference 40. The
performance of the proposed scheme is evaluated in terms of resource utilization and successful delivery ratio.

Unlike homes and offices, fast-moving vehicles experience interruptions in video streaming and thus, disappoint the
vehicular users. An extensive survey on vehicular infotainment service is given in Reference 41. Sun et al.42 have pro-
posed a cooperative downloading mechanism in a vehicular network consisting of vehicular users and cellular users
in which the cellular network aims to provide full coverage and stable connections for the vehicles. He et al.43 pro-
pose a semi-Markov model-based heterogeneous architecture and explore resource allocation for video-streaming in a
cognition-based vehicular network for multiple users. The proposed scheme improves video streaming quality and spec-
trum utilization for the whole network. Authors in Reference 5 propose an auction-based channel allocation and video
streaming algorithm in a vehicular network with highly dynamic radio resources.

While the previous works focus either only on resource allocation for nonsafety background traffic or only on safety
message dissemination, we explore a scenario where the vehicles on a highway are consuming a considerable amount of
nonsafety background traffic, such as video streaming, infotainment services, and so on, and simultaneously, encounter
several emergency events. The safety messages generated due to the events have a higher priority than the background
traffic. As opposed to previous works which focus mainly on the uplink, we propose a joint resource allocation algorithm
for the safety messages and the background traffic in the downlink. We study safety message dissemination with an objec-
tive of minimizing the end-to-end (E2E) delay and maximizing the reliability of message delivery while simultaneously
minimizing the QoS degradation of background traffic. We (a) present the system model and propose safety message dis-
semination scheme, (b) introduce V2I and V2V resource allocation algorithms with strict priority of emergency message,
and (c) analyze the performance by varying the number of users and their speed.

3 SYSTEM MODEL

In this section, we present the system model including the channel model and the vehicle and data traffic model.

3.1 Scenario

We consider a bidirectional multilane highway with M eNBs and K vehicles, as shown in Figure 2. The eNBs are deployed
uniformly along the road and provide full coverage to the vehicles. The eNBs are connected to each other through wired
X2 links39 and we assume that the X2 delay is negligibly small.

1. Vehicle traffic model: The vehicles are dropped on the highway according to a spatial Poisson process.5,37 For simplicity,
we assume that the vehicles are moving at a velocity V , do not change lanes, and do not exit the highway.44 The
vehicles, equipped with dual radio interface, are simultaneously capable of V2I communication with the eNB and
V2V communication with each other.16 V2V communication adopts sidelink based on PC5 interface. The average
intervehicular distance is set as 2.5 × vehicle speed.9 Vehicles are capable of periodically reporting their position to the
eNB due to a GPS device mounted on the vehicles. For V2V communication, the vehicles are organized into clusters
comprising of a CH and several CMs. Cluster formation is explained in detail in Section 4.1.

2. Data traffic model: To simulate high-throughput background traffic, we consider that one video file of size F is being
downloaded by each vehicle in the network, where the download starts at a random time for each vehicle. The vehi-
cles detect that an emergency event (e.g., accident, traffic condition warning, abnormal vehicle warning, road-work
warning, and so on) has occurred on the highway and generate safety messages in response to the event. The events
which trigger safety messages follow a Poisson arrival of rate 𝜆 per second and each event, after arrival, generates six
messages, spaced by 100 ms.9
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3.2 Channel model

The time domain is divided into slots indexed by t ∈ 0, 1, 2, … with a slot duration of LTE’s transmission time interval
(TTI), that is, 1 ms. For each TTI, the downlink and uplink bandwidths are divided into an equal number of RBs indexed
by n= 1, 2, … , N. To support V2V communication, the UL bandwidth is divided into two parts: one part, with NV2V RBs,
is used for V2V communication while the other part, with N −NV2V RBs, is used for V2I UL communication. For both
V2I and V2V channels, we use the channel models recommended in Reference 9. For V2I channel, the pathloss is given
by Reference 9

PLV2I = 128.1 + 37.6log10(dm,k), (1)

where dm, k is the distance between the eNB m and the vehicle k. The shadowing is modeled as a log-normal random
variable with a mean of 0 dB and a fixed standard deviation. The initial log-normal shadowing for the vehicle k is generated
as V2I,k(0) = k(0) where  is an M ×M matrix given by Reference 9

 =

⎡⎢⎢⎢⎢⎢⎣

1 0.5 .... 0.5
0.5 1 .... ∶
∶ ∶ ∶ 0.5

0.5 ... 0.5 1

⎤⎥⎥⎥⎥⎥⎦

1∕2

(2)

and V2I,k(0) is an M × 1 log-normal random vector generated for the vehicle k. The shadowing is updated periodically
every 100 ms and the updated shadowing, V2I,k(w),w = 1, 2, ..., is given by Reference 9

V2I,k(w) = e(−k∕dcorr)V2I,k(w − 1) +
√

(M − e(−2k∕dcorr))V2I,k(w), (3)

where k is the updated distance matrix for the vehicle k such that k(m,m) is the change in the dis-
tance of the vehicle from the eNB m from the time 100(𝜔− 1) ms to the time 100𝜔 ms and k(m,m′) =
0 ∀ m ≠ m′, dcorr is the decorrelation distance, M is the identity matrix of rank M, and V2I,k(w) is an M × 1
log-normal random vector generated for the vehicle k. The fast fading is simulated as described in table A.1.4-2 of
Reference 9.

We denote the channel coefficient from the eNB m to the vehicle k on the RB n at the time-slot t by hn
m,k(t) such that

hn
m,k(t) = antenna gain - PLV2I - shadowing - fading. Then, the SINR of the vehicle k at the time-slot t is given by
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𝛾V2I
m,k(t) =

∑N
n=1 𝛼

n
m,k(t)Penb|hn

m,k(t)|2∑M
m′=1,m′≠m

∑N
n=1 𝛼

n
m′,k(t)Penb|hn

m′,k(t)|2 + NΛ0
, (4)

where 𝛼n
m,k(t) = 1 if the RB n is assigned to the vehicle k by the eNB m at the time-slot t and 𝛼n

m,k(t) = 0; otherwise, Penb is
the transmit power of each eNB and Λ0 is the additive white Gaussian noise power over one RB. The vehicles k receives
the signal successfully only if 𝛾V2I

m,k (t) > 𝛾TH, where 𝛾TH is the SINR threshold.
For the purpose of channel quality indicator (CQI) reporting, the vehicle k calculates 𝛾V2I

m,k(t) over the entire bandwidth
(ie, 𝛼n

m,k(t) = 1 ∀n). Then, it converts 𝛾V2I
m,k(t) to a CQI using block error rate (BLER) vs SINR curves and a target BLER value.

For each CQI c∈ 0, 1, … 15, BLER vs SINR curves are obtained using link-level simulations.45 It periodically reports the
optimal CQI (copt) to the eNB m where the optimal CQI is calculated as Reference 46

copt = argminc{|BLER(c, 𝛾m,k(t)) − target BLER|}, (5)

where BLER(c, 𝛾m,k(t)) denotes the BLER for SINR 𝛾m,k(t) and CQI c. In case |BLER(c, 𝛾m,k(t)) − target BLER| is minimized
for more than one values of CQI, the vehicle k reports the highest value as the CQI. The eNB m converts the reported
CQI into a modulation and coding scheme (MCS) value based on code-rate thresholds.46 Then, it uses the MCS values for
scheduling the vehicles, which is explained in detail in Section 4.3.

Similarly, next, we explain the SINR calculation procedure for the V2V channel. In this case, the pathloss is given by
Reference 9

PLV2V = 40.0log10(di,j) + 9.45 − 17.3(log10(hi) + log10(hj)) + 2.7log10(fc∕5.0), (6)

where di, j is the distance between the vehicles i and j, hi and hj are the antenna heights of the two vehicles, and f c is
the carrier frequency. It is the same as the LOS pathloss model used in WINNER+ B1.9 The shadowing is modeled as
a log-normal random variable with a mean of 0 dB and a fixed standard deviation. The initial log-normal shadowing,
V2V(0), is generated as a K ×K symmetric random matrix. The shadowing is updated periodically every 100 ms and the
updated shadowing, V2V(w),w = 1, 2, ..., is given by Reference 9

V2V(w) = e(−∕dcorr)V2V(w − 1) +
√(

K − e(−2∕dcorr)
)
V2V(w), (7)

where  is the updated distance matrix such that (i, j) is the change in the distance of the link i to j from the time
100(𝜔− 1) ms to the time 100𝜔 ms, dcorr is the decorrelation distance, K is K ×K a matrix of all-ones, and V2V(w) is a
K ×K symmetric random matrix. The fast fading is simulated as described in table A.1.4-1 of Reference 9.

We denote the channel coefficient from the CH q to the CM k on the RB n at the time-slot t by gn
q,k(t) such that

gn
q,k(t) = antenna gain - PLV2V - shadowing - fading. Then, the SINR of the vehicle k at the time-slot t is given by

𝛾V2V
q,k (t) =

∑NV2V
n=1 𝛽n

q,k(t)Pveh|gn
q,k(t)|2∑Q

q′=1,q′≠q
∑NV2V

n=1 𝛽n
q′,k(t)Pveh|gn

q′,k(t)|2 + NV2VΛ0
, (8)

where Pveh is the transmit power of each CH and 𝛽n
q,k(t) = 1 if the RB n is used by the CH q in the time-slot t and 𝛽n

q,k(t) = 0,
otherwise. Similar to the V2I channel, the vehicles k receives the signal successfully only if 𝛾V2V

q,k (t) > 𝛾TH.

4 JOINT RESOURCE ALLOCATION

In this section, we present our novel safety message dissemination scheme based on clustering, followed by V2I and V2V
resource allocation algorithms with strict priority of the safety messages over the nonsafety messages.

4.1 Cluster formation

The vehicles moving in the same direction are grouped into clusters to allow V2V communication. The vehicles within the
communication range of their neighboring vehicles are organized into Q clusters, denoted by Ωq, where q∈ {1, 2, … , Q}.
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We consider cluster formation by estimating the Euclidean distance between a vehicle i and its neighboring vehicle j.47

The clusters formed using Euclidean distance metric offer high cluster stability as well as data transmission stability.47 If
the coordinates of the vehicle i are given by (xi, yi), then the Euclidean distance between the vehicles i and j is given by

di,j =
√

(xi − xj)2 + (yi − yj)2. (9)

Since the eNB is aware of the location of the vehicles, it estimates the Euclidean distance from all the vehicles to
their neighboring vehicles. To enable V2V communication, the eNB selects one vehicle in the cluster as the CH while the
remaining vehicles become the CMs. In a cluster Ωq, the eNB selects the CH as the vehicle q which satisfies the following
two criteria:

• CH location should minimize the sum of Euclidean distances to all other vehicles in the cluster, that is,
q = argmini

∑|Ωq|
j=1 di,j.

• Distance between the CH from the other CMs should be within the V2V transmission range dTH (ie, dq,j < dTH ∀j ∈
1, 2, … , |Ωq|)
For the sake of cluster stability, we assume that the vehicles moving in opposite directions are not included in the

same cluster.48 Since the vehicles are moving at a constant speed, the cluster size is not variable.

4.2 Proposed safety message dissemination scheme

In this section, we discuss the propagation of safety message using both V2I and V2V communication links. We attempt
to minimize the delay experienced by the safety messages and increase the reliability of safety message dissemination,
which is given by the PRR. When a vehicle k generates a safety message i, it is disseminated to the other vehicles in the
following steps, which are also shown in Figure 3.

• Step 1: The vehicle k send the message i to its serving eNB. Let 𝜂V2I
i,k be the UL delay incurred in sending the message i

to the eNB.
• Step 2: When the serving eNB receives the safety message, it forwards the message to its neighbor eNBs over the X2

interface. Since the messages will not be useful for the vehicles which have already crossed the event location, the
serving eNB forwards the messages to only those neighbor eNBs which can deliver them to the vehicles which are yet
to cross the event location.

• Step 3: Both the serving as well as the neighbor eNBs unicast the safety message to all the vehicles within their cover-
age. The serving eNB does not unicast the safety message to the vehicle which generated the message (ie, vehicle k).

F I G U R E 3 Proposed safety message dissemination scheme
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Algorithm 1. V2I resource allocation with strict priority for safety messages

1: Input: V2I CQI reported by each vehicle, PF metric of each vehicle
2: Output: Number of RBs assigned to each vehicle for both safety and nonsafety data traffic
3: for TTI t = 0, 1, 2,… do
4: for eNB m = 1, 2,…M do
5: Initialize: Number of available RBs, Nava

m = N
6: for vehicle k = 1, 2,… ,Km do
7: if Nava

m > 0 AND safety messages to send >0 then
8: Select MCS for vehicle k based on reported CQI
9: Assign TBS and RBs to vehicle k such that number of assigned RBs ≤ Nava

m
10: Update Nava

m = max{0,Nava
m − number of assigned RBs}

11: end if
12: end for
13: Create an array Lm of vehicles sorted in decreasing order of PF metric
14: for l = 1, 2,… ,Lm do
15: if Nava

m >0 AND nonsafety data to send >0 then
16: Select MCS for vehicle k based on reported CQI
17: Assign TBS and RBs to vehicle k such that number of assigned RBs ≤ Nava

m
18: Update Nava

m = max{0,Nava
m − number of assigned RBs}

19: end if
20: end for
21: end for
22: end for

Let 𝜃V2I
i,k′ be the waiting time in the eNB before transmitting this message to another vehicle k′ ≠ k and 𝜌V2I

i,k′ be the trans-
mission time of this message to the vehicle k′. Then, the total V2I delay of transmitting the message i to the vehicle k′

is given by

𝛿V2I
i,k,k′ = 𝜂V2I

i,k + 𝜃V2I
i,k′ + 𝜌V2I

i,k′ . (10)

• Step 4: When a CH q receives the safety message through unicast from the eNB, it also receives the information about the
resources assigned for broadcasting the safety message on the V2V link. Using those resources, CH further broadcasts
this message so that it can be received by all its CMs. Note that, here, the CH could be under the coverage of either
the serving eNB of vehicle k or under the coverage of a neighbor eNB. This further increases the reliability of safety
message transmission because each CM receives the safety message over both the V2I and the V2V links. Let 𝜌V2V

i,q be
the broadcast time of this message.
The delay of transmitting the message i to the other vehicles is calculated as follows:

• The delay of transmitting the message i to a CH q is given by 𝛿V2I
i,k,q.

• The delay of transmitting the message i to a CM k′ in the cluster of CH q is given by min{𝛿V2I
i,k,k′ , 𝛿

V2I
i,k,q + 𝜌V2V

i,q }.

Since the same safety message is delivered over both the V2I and the V2V links, it is possible that a vehicle receives
duplicate copies of the message. Since each safety message is assigned a unique message ID, the vehicle detects duplicate
messages and discards them.

4.3 Proposed V2I and V2V resource allocation algorithms

We strive to provide a higher priority to the safety messages, which have high reliability and latency requirements, over
nonsafety background services, which require high throughout. So, in the V2I resource allocation, the safety messages
are delivered with a strict priority over the background traffic in order to deliver the messages to all the vehicles with
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Algorithm 2. V2V resource allocation for one safety message

1: Input: Size of safety message to be broadcast on V2V link
2: Output: TTI, RBs, and TBS for safety message broadcast
3: for eNB m = 1, 2,… .,M do
4: Initialize: Current TTI = t, i = 1
5: Initialize: Number of available RBs in each TTI, Nava

m = NV2V
6: for Cluster Ωq = 1, 2,…Qm do
7: Calculate number of RBs required for safety message broadcast based on safety message size and fixed MCS
8: if Nava

m (t + i) > 0 AND number of RBs required ≤ Nava
m (t + i) then

9: (TBS, Nava
m (t + i)) = AssignResources((t + i), safety message size, MCS, Nava

m (t + i))
10: else
11: i = i + 1
12: (TBS, Nava

m (t + i)) = AssignResources((t + i), safety message size, MCS, Nava
m (t + i))

13: end if
14: end for
15: end for
16: function AssignResources((t + i), safety message size, MCS, Nava

m (t + i))
17: Assign TTI (t + i) for safety message broadcast
18: Assign TBS and RBs for safety message broadcast based on safety message size and MCS
19: Update Nava

m (t + i) = max{0,Nava
m (t + i) − number of assigned RBs}

20: return TBS,Nava
m (t + i)

21: end function

minimum delay. Since, typically, the eNB and the vehicles use constant transmit powers, our proposed algorithms focus
on RB assignment to the vehicles and assume that the transmit powers are constant. As explained in Algorithm 1, in each
TTI, first, the eNB allocates the RBs required to deliver the safety messages to all the vehicles in its coverage and then, if
there are any RBs remaining, it uses them for background traffic delivery using PF scheduling.

In each TTI, each eNB schedules the safety message transmission for the vehicles under its coverage as explained in
lines 6 to 12 of Algorithm 1. If the safety messages need to be sent to a vehicle, the eNB selects an MCS value based on the
CQI reported by the vehicle. Based on the selected MCS value and the number of safety messages to be sent, the eNB selects
the transport block size (TBS) and the number of RBs to be assigned to this vehicle.46 It repeats the same process for all the
vehicles in a round-robin manner until the RBs have been assigned to all the vehicles or there are no more RBs to assign.
There may be some vehicles to which the safety messages need to be sent but which could not be scheduled in this TTI
due to a lack of RBs. In this case, the eNB buffers the safety messages and tries to schedule those vehicles in the next TTI.

The safety message dissemination to the vehicles is modeled using a G/G/1 queue where the interarrival times as well
as the service times of the safety messages follow general probability distributions. In Section 3.1, we have assumed that
the emergency events follow a Poisson arrival with rate 𝜆 per second. However, since each event generates six messages
spaced by 100 ms, the arrival of safety messages is not Poisson but follows a general distribution with rate 6𝜆. An upper
bound for average waiting time, W , in queue satisfies49

W =
6𝜆(𝜎2

arr + 𝜎2
dep)

2(1 − 𝜏)
−

6𝜆(1 − 𝜏)𝜎2
arr

2
, (11)

where 𝜎2
arr is the variance of interarrival times, 𝜎2

dep is the variance of service times, 𝜏 is the utilization factor (6𝜆∕𝜇), and
1∕𝜇 is the average service time. Therefore, the average delay in sending a safety message to a vehicle is upper-bounded
by W + 1∕𝜇.

As described in lines 14 to 20 of Algorithm 1, the eNB uses PF scheduling for transmitting the background traffic data
to the vehicles. The V2I PF metric of the vehicle k at the time-slot t is defined as

PFk(t) =
rmax

k (t)

rk(t − 1)
, (12)
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where rmax
k (t) is the maximum possible instantaneous throughput of the vehicle at the time-slot t and rk(t − 1) is the

average throughput of the vehicle at the time-slot t − 1. As mentioned in line 13 of Algorithm 1, the eNB sorts the vehicles
in the decreasing order of their PF metrics. For the vehicle with the highest PF metric, the eNB selects an MCS value,
followed by the TBS and the number of RBs, using the same method as described above for the resource allocation to the
safety messages.46 It repeats the process for the remaining vehicles until the RBs have been assigned to all the vehicles
or there are no more RBs to assign. After the resource allocation, the average throughput of the vehicle k at time-slot t is
given as.

rk(t) = (1 − 𝜋)rk(t − 1) + 𝜋rk(t), (13)

where rk(t) is the actual instantaneous throughput of the vehicle at time-slot t and 𝜋 is a smoothing factor for the PF
scheduler. If the vehicle k is scheduled at time-slot t, then rk(t) is the same as the assigned TBS in the units of bits/ms.
Otherwise, rk(t)= 0.

The V2V resource allocation algorithm for one safety message is explained in Algorithm 2. When the eNB unicasts the
safety message to a CH, it also schedules the V2V resources required to broadcast the safety message on the V2V link. As
mentioned in line 7, for a given CH in its coverage, the eNB calculates the number of RBs required to transmit the safety
message based on the message size and a fixed MCS value. Here, we assume that the maximum number of available V2V
RBs in a TTI (NV2V) are selected in such a way that one safety message of the largest possible size can be fully transmitted
over NV2V RBs using the fixed MCS value. The eNB checks whether the number of remaining RBs in TTI (t + 1) (where
t is the current TTI) is sufficient to broadcast the safety message or not. If sufficient, the eNB assigns TTI (t + 1) and the
number of required RBs to this CH and also, updates the number of remaining RBs in TTI (t + 1). Otherwise, the eNB
moves on to the next TTI and assigns RBs to the CH from the RBs available for that TTI. These operations are explained in
lines 8 to 14 and 16 to 21 of Algorithm 2. In this way, the eNB selects the earliest possible TTIs for safety message broadcast
for all CHs in its coverage. The CHs broadcast the safety messages over the V2V link using the assigned resources. The
CMs of each CH receive the messages if the V2V SINR is greater than the SINR threshold, 𝛾TH. If a CM which does not
belong to the same cluster as the CH receives the messages, it discards those messages.

Finally, we briefly discuss the time complexities of the proposed Algorithms 1 and 2 with respect to the number
of vehicles. In order to calculate the worst-case complexity, we assume that all K vehicles are under the coverage of a
single eNB. In Algorithm 1, for safety message resource allocation to one vehicle in one TTI, the eNB needs to find the
appropriate MCS and assign some RBs to the vehicle. This search can be completed in constant time because the lists
required to be searched are of fixed sizes, as defined in 3GPP TS 36.213.46 Since the eNB repeats the same operations for K
vehicles, the overall complexity is O(K). For video resource allocation, the eNB needs to perform the following operations
for all vehicles: (i) find rmax

k (t), (ii) update V2I PF metric, PFk(t), (iii) sort the PF metric list, (iv) perform video resource
allocation, and (v) update the average throughput, rk(t). Similar to safety message resource allocation, the calculation of
rmax

k (t) ∀k can be completed in O(K) time. The calculation of PFk(t) ∀k requires K division operations. The division of an
X-digit number with another X-digit number has a time complexity of O(X2) and therefore, the overall time-complexity
for K division operations is O(KX2) . Since the maximum number of supported digits (ie, the maximum value of X) in any
algorithm implementation is fixed, X2 is constant and we can say that the time complexity is O(K). The time complexity
of sorting the PF metric list is O(K log K)50 while that of video resource allocation is O(K). Updating rk(t) requires 2K
multiplications and K additions which, similar to the division operation explained above, can be completed in O(K) time.
Therefore, all operations in Algorithm 1 except sorting the PF metric list have a time complexity of O(K). Since the overall
time complexity is dominated by the operation with the largest time complexity, the time complexity of Algorithm 1 is
O(K log K).

In Algorithm 2, V2V resource allocation is performed for each cluster. Since the resource allocation method is the same
as that for V2I safety message and video, the time complexity of Algorithm 2 is O(Q), where Q is the number of clusters.
Since all the operations in Algorithms 1 and 2 are performed sequentially in the same TTI, the overall time complexity of
Algorithms 1 and 2 is dominated by the algorithm with the larger time complexity. As O(K log K) > O(Q), we conclude
that the overall time complexity of Algorithms 1 and 2 with respect to number of vehicles is O(K log K).

5 PERFORMANCE EVALUATION

In this section, we present the simulation setup and the simulation results to analyze the performance of proposed scheme.
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5.1 Simulation setup

We consider a bidirectional six lane highway of length 10 km, M = 6 eNBs, and inter-eNB distance 1732 m.9 The number of
vehicles on the highway, K, varies from 30 to 500 and their speed varies from 70 to 110 kmph. These vehicles are dropped
on the highway according to a spatial Poisson process whose mean varies with the vehicle speed such that the average
intervehicular distance is 2.5 × vehicle speed.9 The V2V transmission range is assumed to be 250 m.16,42 The carrier
frequency for the V2I and the V2V links is 2 GHz and the DL transmission bandwidth is 10 MHz, which is equivalent to
N = 50 RBs.9 In the UL transmission bandwidth, NV2V = 15 RBs are used for the V2V communication while the remaining
35 RBs are used for the UL communication with the eNBs. We consider that each vehicle is downloading a video file of size
F = 30 MB which is transmitted at a data rate of 1 kB every 2 ms over the V2I link. The emergency events which generate
safety messages arrive following a Poisson process of rate 𝜆 = 0.002 per second. After arrival, each event generates six
messages of 800 B each, spaced by 100 ms.9 The SINR threshold for signal detection is 𝛿TH = 100 delay constraint for
safety messages is 𝛿TH = 100 ms.9 The remaining simulation parameters are based on Reference 9 and are listed in Table 2
for easy reference. Figure 4 depicts the simulation setup of our proposal. The simulation setup is explained below:

T A B L E 2 Simulation parameters

Parameters Values Parameters Values

Highway 10 km long, bidirectional Number of lanes 6 (3 in each direction)

Lane width 4 m Number of eNBs (M) 6

Distance between eNBs 1732 m Number of vehicles (K) 30 to 500

Average intervehicle distance 2.5 × vehicle speed Vehicle speed 70 to 110 kmph

Vehicle drop model Spatial Poisson process Carrier frequency 2 GHz

V2I log-normal shadowing
parameters

Mean = 0 dB, SD = 8 dB V2I decorrelation distance (dcorr) 50 m

V2V log-normal shadowing
parameters

Mean = 0 dB, SD = 3 dB V2V decorrelation distance (dcorr) 25 m

eNB TX power (Penb) 46 dBm Vehicle TX power (Pveh) 23 dBm

DL bandwidth 10 MHz (50 RBs) V2V bandwidth 3 MHz (15 RBs)

UL bandwidth 7 MHz (35 RBs) Video file size (F) 30 MB

TX range for V2V cluster
formation

200 m Mean arrival rate of emergency
events (𝜆)

0.002

Size of safety message 800 B Thermal noise power −174 dBm/Hz

F I G U R E 4 End-to-end simulation setup
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• We have used the OMNeT++ simulation platform for conducting the simulations. OMNeT++ is a general simulation
platform and not specifically designed for the simulation of communication networks. So, within OMNeT++, we have
used other simulation frameworks to simulate the various layers of a communication network.

• We have simulated the application layer protocol for video delivery using the INET framework and the application
layer protocol for safety message delivery using the SimuLTE framework.51

• Similarly, the UDP in the transport layer and the IP in the network layer have been simulated using INET while the LTE
data link layer (ie, PDCP, RLC, and MAC sublayers) and the LTE physical layer have been simulated using SimuLTE.52

• We have extensively analyzed the data generated from these simulations using MATLAB.

5.2 Performance metrics

The metrics used for performance evaluation are as follows:

1. Average E2E delay is defined as the average time required by a safety message to travel from the vehicle which
generated the message to another destination vehicle.

2. Percentage of safety messages with E2E delay > 𝛿TH: For the timely delivery of safety messages, the maximum delivery
delay should be less than the delay constraint, 𝛿TH. So, along with average E2E delay, this metric is an important
indicator of the delay faced by the safety messages.

3. PRR is defined as the ratio of the number of safety messages received by a vehicle to the number of safety messages
sent to that vehicle over the V2I and the V2V links. It is an indicator of reliable delivery of the safety messages to the
vehicles.

4. Average throughput of video data with and without safety message transmission is used to compare the degradation
in the QoS of the video service when the high-priority safety messages need to be disseminated.

5.3 Simulation results

Figure 5A shows the average E2E delay vs the number of vehicles for varying speeds. Similarly, Figure 5B shows the
average E2E delay vs the speed for a varying number of vehicles. It can be seen from both Figure 5A,B that, for the same
speed, the E2E delay is smaller for less number of vehicles and increases sharply as the number of vehicles increases

30 35 40 45 50 55 60 65 70

Number of vehicles

0

20

40

60

80

100

120

140

160

180

A
ve

ra
g
e
 e

n
d
-t

o
-e

n
d
 d

e
la

y
 (

m
s
)

speed = 70 kmph (V2I & V2V)

speed = 70 kmph (V2I only)

speed = 90 kmph (V2I & V2V)

speed = 90 kmph (V2I only)

speed = 110 kmph (V2I & V2V)

speed = 110 kmph (V2I only)

(A) Average E2E delay with varying number of vehicles

75 80 85 90 95 100 105 110

Speed (in kmph)

20

40

60

80

100

120

140

160

180

A
ve

ra
g
e
 e

n
d
-t

o
-e

n
d
 d

e
la

y
 (

m
s
)

veh. = 30 (V2I & V2V)

veh. = 30 (V2I only)

veh. = 50 (V2I & V2V)

veh. = 50 (V2I only)

veh. = 70 (V2I & V2V)

veh. = 70 (V2I only)

(B) Average E2E delay with varying speed
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F I G U R E 6 Safety messages with end-to-end delay >𝛿TH with varying number of vehicles and varying speed

due to the fact that the buffering delay of the safety messages increases when the number of vehicles increases. However,
the delay using the proposed algorithms is always lower than the case when the V2V link is not used and only the V2I
link is present. This is because a CM can receive the messages from its CH before it receives the messages from the eNB
(eg, when the CH is scheduled earlier than the CM by the eNB or when multiple retransmissions are required to send the
messages from the eNB to the CM). Specifically, when the number of vehicles is large, the E2E delay using the proposed
algorithms is much smaller than using only the V2I link at all speeds. For example, using our proposed algorithms, the
average E2E delay for 60 vehicles moving at a speed of 110 kmph is nearly 67 ms as compared with about 92 ms when only
the V2I link is used. Figure 5A,B also show that for a fixed number of vehicles, the delay is lower for slower speeds and
increases for higher speeds. This can be attributed to faster channel deterioration and more frequent handovers at higher
speeds. Using the proposed algorithms, the delay increases only slightly with increasing speed even for a large number
of vehicles. However, the delay increases sharply with increasing speed when only the V2I link is used. For instance, for
50 vehicles and with only the V2I link present, the average delay changes from 43 to 61 ms when the speed changes from
90 to 110 kmph. But for the same case, using both the links and our proposed algorithms, the average delay only changes
from 32 to 42 ms.

Figure 6A shows the percentage of safety messages whose E2E delay was greater than 𝛿TH vs the number of vehi-
cles for varying speeds. Similarly, Figure 6B shows the percentage of safety messages whose E2E delay was greater than
𝛿TH vs the speed for a varying number of vehicles. As described above for Figure 5A,B, the E2E delay increases with
an increase in the number of vehicles. So, as seen in Figure 6A,B, the percentage of safety messages whose E2E delay
> 𝛿TH also increases in the same way. Using our proposed algorithms, for increasing number of vehicles, the percent-
age of messages violating the delay constraint is lower than when only the V2I link is used. For example, at a speed of
110 kmph, the percentage of such messages increases by 4.4% (from 4.2% to 8.6%) using the proposed algorithms. But when
only the V2I link is used for the same case, it increases by 5.2% (from 5.1% to 10.3%). We also observe from Figure 6A,B
that, with an increase in speed, the percentage of such messages increases slowly for the same number of vehicles. As
explained earlier, since the average E2E delay also increases with increasing speed, we can expect that more messages
will be delivered later than the delay constraint and this can be seen in Figure 6A,B. But the percentage of messages with
delay exceeding 𝛿TH due to our proposed algorithms is lower than the case when only the V2I link is used. As an example,
for 70 vehicles, when the speed increases from 90 to 110 kmph, the percentage of messages exceeding 𝛿TH increases from
8.2% to 8.7% using the proposed algorithms. But for the same case, it increases from 9.2% to 10.3% when only the V2I link
is in use.

Figure 7A shows the PRR vs the number of vehicles for varying speeds. Similarly, Figure 7B shows the PRR vs the
speed for a varying number of vehicles. In general, the PRR decreases with an increasing number of vehicles because of
an increase in the buffering delay. However, in our proposed algorithms, the same safety message can be transmitted to
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F I G U R E 7 Packet reception ratio with varying number of vehicles and varying speed
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F I G U R E 8 Average throughput with varying number of vehicles and varying speed

a vehicle over both the V2I and the V2V links, which is expected to increase the PRR. This can be seen from Figure 7A,B
as the PRR using the proposed algorithms is 100% for up to 60 vehicles at all the speeds and only decreases to 97.9% for
70 vehicles at a speed of 110 kmph. By contrast, when only the V2I link is used, the PRR is always less than 100% and
falls to 95.7% when 70 vehicles are moving at a speed of 110 kmph. The PRR also decreases with increasing speed because
of an increase in channel variations and handovers. But it can be seen from Figure 7A,B that our proposed algorithms
maintain the PRR at 100% for all the speeds until the number of vehicles becomes large. However, when safety messages
are transmitted using only the V2I link, the PRR is always less than 100% for all the speeds and also, the drop in PRR
is larger for this case. As an example, for 70 vehicles, the PRR falls by only 0.7% (from 98.6% to 97.9%) when the speed
changes from 70 to 110 kmph. However, for the same scenario, the PRR decreases by 1.3% (from 97% to 95.7%) when only
the V2I link is used.

Figure 8A shows the average throughput for video traffic vs the number of vehicles for varying speeds. Similarly,
Figure 8B shows the average throughput for video traffic vs the speed for a varying number of vehicles. It is expected
that the throughput will be lower for a larger number of vehicles because the buffering delay increases as the number
vehicles increases. This is also seen from Figure 8A,B that, at a fixed speed, the throughput degrades for a larger number
of vehicles and the rate of degradation also increases with increasing number of vehicles. Figure 8A,B also show that the
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F I G U R E 9 Average E2E delay and PRR with varying number of vehicles. E2E, end-to-end; PRR, packet reception ratio

throughput with safety message transmission is lower than the throughput without safety message transmission. The
reason lies in the fact that the safety messages are transmitted with a higher priority and the video data transmission is
delayed to allow for safety message transmission. However, using our proposed algorithms, the decrease in throughput
is not very large for a given speed as long as the number of vehicles is also not very large. For instance, for 50 vehicles
moving at a speed of 110 kmph, the throughput of our proposed algorithms decreases by only 6% when compared with
the case without safety message transmission. Figure 8A,B also show that the throughput decreases with increasing speed
at a fixed number of vehicles. This is because of the delay in data delivery due to frequent handovers at high speed and
also, due to faster channel variations at high speed. Using our proposed algorithms, the throughput does not degrade very
quickly until the speed becomes very high. As an example, for 60 vehicles moving at a very high speed of 110 kmph, the
throughput only decreases by 14%.

5.4 Performance comparison

In this section, we compare the performance of our proposed algorithms with the existing works.16,17 Both Refer-
ences 16,17 are considered suitable for comparison as they leverage cellular V2X technology for the dissemination
of the safety messages with latency and reliability as the key performance metrics. In our proposed algorithms,
we additionally consider the high-throughput background traffic which is not considered in the already-existing
schemes. Figure 9A shows that the E2E delay of the proposed algorithms is superior to that of the previous work.
For instance, when the number of vehicles are 400, the delay experienced in safety message dissemination is less
by approximately 36.5% than the existing scheme.16 Figure 9B shows the performance of the proposed algorithms
in terms of PRR for varying number of vehicles. In the dense traffic conditions, that is, for 500 vehicles, the
PRR by the proposed algorithms is approximately 32% better than the existing research work.16 In Reference 17,
Ucar et al have assumed the number of vehicles on the highway to be constant. So, we have not included17 in
Figure 9A,B.

Our proposed algorithms show significant improvement in terms of E2E delay with varying speed, as seen in
Figure 10A. In our proposed algorithms, the E2E delay experienced during the safety message dissemination is in
the range on 140 to 196 ms, while it is approximately 2000 ms16 and 250 ms17 in the already-existing schemes.
Similarly, Figure 10B delineates the PRR with varying speed. The average PRR with the proposed algorithms is
more than 99% for the speed varying from 70 to 110 kmph, while it is 94%16 and 54%,17 respectively, in the pre-
vious works. In summary, our proposed algorithms out-perform the already-existing schemes in terms of PRR and
E2E delay.
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(B) PRR with varying speed

F I G U R E 10 Average E2E delay and PRR with varying speed. E2E, end-to-end; PRR, packet reception ratio

6 CONCLUSION

In this article, we consider an LTE-V2X—based cellular network facilitating both V2I and V2V communication. We pro-
pose algorithms for V2I and V2V resource allocation for the scenario of high-priority safety message dissemination with a
low-priority video download service running in the background. The objective of the proposed algorithms is to reduce the
delay and increase the reliability of safety message dissemination while minimizing the degradation of the throughput
of video service. We compare two cases for safety message delivery, (i) using both V2I and V2V communication and (ii)
using only V2I communication, through extensive computer simulations. Our simulation results show that the dissem-
ination of safety messages using both V2I and V2V communication links lowers the end-to-end delay by approximately
23% on average and increases the PRR by approximately 2% on average, thus ensuring lower delay and higher reliability.
In addition, we show that the video throughput with safety message transmission is only degraded by approximately 10%
on average as compared with the case when no safety messages are transmitted. As our future work, we will consider more
general scenarios by including dynamic V2V cluster formation schemes. We will also evaluate network performance with
simultaneous transmission of periodic safety messages and event-triggered safety messages in a highly dense network.
Moreover, since resource reuse within the same eNB while maintaining enough reuse distance can increase the resource
utilization efficiency, it can also be a future extension of our work.
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