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Cellular-based vehicle-to-everything (C-V2X) is one of the emerging and promising techniques to 
support vehicular communications by enabling both safety-critical and non-safety services. C-V2X 
communications is a core solution to manage and advance future traffic safety and mobility. In this 
paper, we design a cellular-based vehicle-to-infrastructure (V2I) communications model for a Manhattan 
dense urban environment that has many roads deployed in the cell edge region, which results in severe 
co-channel interference (CCI). Thus, we aim to utilize two cooperative interference management schemes 
such as dynamic inter-cell interference coordination (ICIC) and coordinated multipoint (CoMP) to mitigate 
interference and to improve communication reliability. We evaluate the performance of the interference 
management schemes based on various performance indexes, such as vehicle UE average throughput, 
vehicle UE received interference, and vehicle UE outage probability. By effectively implementing the 
dynamic ICIC scheme, we achieve an immense reduction in CCI, which results in the improvement of 
user (UE) received signal quality. Moreover, we employ coordinated scheduling (CS) CoMP scheme to 
further mitigate the interference among cells. Finally, by implementing both dynamic ICIC and CS CoMP 
schemes simultaneously, a meaningful level of performance enhancement is achieved.

© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Vehicle-to-everything (V2X) provides communication between 
vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), and vehi-
cle-to-pedestrian (V2P), which has been an efficient mean of trans-
portation efficiency enhancement by providing real-time, highly 
reliable and applicable information flows to ensure safety, mobil-
ity and infotainment services. C-V2X terminology introduced by 
the 3rd Generation Partnership Project (3GPP) in Release 14 [1,2], 
to support V2X services, utilizing two communication modes of 
operation, a direct vehicle-to-vehicle communication mode and a 
network communication mode providing vehicle-to-network com-
munication via operating cellular mobile network. The former pro-
nounced as ‘PC5-interface’ in 3GPP specification while the lat-
ter as ‘Uu-Interface’ in 3GPP aspects. C-V2X communication com-
poses two transmission mode, V2V and V2I communication using 
5.9 GHz spectrum, and V2N communication utilizing already de-
ployed mammoth cellular infrastructure. In this context, C-V2X 
advancements is to meet the challenges of automated driving to 

✩ This work was supported by Inha University Research Grant.

* Corresponding author.
E-mail address: khchang@inha.ac.kr (K. Chang).
URLs: http://www.inha.ac.kr, http://sites.google.com/view/mtrl-lab (K. Chang).
https://doi.org/10.1016/j.vehcom.2020.100282
2214-2096/© 2020 The Author(s). Published by Elsevier Inc. This is an open access artic
satisfy the travel safety services and to enhance the transportation 
efficiency.

Recently, attention has been focused on cellular technology 
that is quickly evolving to meet the requirements of vehicle-
to-everything (V2X) communications, and that enables a set of 
safety-critical and non-safety services associated with an intelli-
gent transportation systems (ITS) [3]. As identified in 3GPP re-
lease 14, direct vehicle-to-vehicle (V2V) communications with a 
PC5 interface reduces latency and supports operations in areas 
without network coverage and at relative high speeds, while cel-
lular network–assisted vehicle-to-infrastructure (V2I) communica-
tions with a Uu-interface can provide high reliability and a data 
rate to meet non-delay sensitive services. In addition, the ability 
to leverage the existing cellular infrastructure, with its broad cov-
erage, would accelerate the realization of the safety and efficiency 
benefits of V2X communications requirements [4–6].

Typically, direct V2V communications is employed with dedi-
cated 5.9 GHz spectrum by considering short-distance communica-
tions attribution. However, in a dense urban scenario with a high 
user density, direct V2V communications with 5.9 GHz spectrum 
may not fully satisfy the demand of massive data transmission 
and high reliability requirements. On the contrary, cellular-based 
networks grant potential to utilize large cell coverage area, al-
ready deployed infrastructure and its huge capacity that make it 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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reliable solution for vehicle-to-vehicle communications [7]. Hence, 
cellular V2I communications was introduced to assist in non-delay 
sensitive safety and entertainment services [8–10]. For the cellu-
lar V2I network in a dense urban environment, the major issue 
is co-channel interference (CCI) [11–13]. In order to mitigate this 
interference and improve the reliability of the overall system, coor-
dinated interference management such as dynamic inter-cell inter-
ference coordination (ICIC) and coordinated scheduling coordinated 
multipoint (CS CoMP) schemes can be employed.

ICIC is recognized as one of the effective methods to improve 
the cell edge user’s performance in a homogeneous network by al-
locating orthogonal bandwidth for different cell edge users, which 
efficiently reduces the chance to cause CCI. Meanwhile, dynamic 
fractional frequency reuse (FFR) is generally utilized by dynami-
cally allocating the bonus bandwidth (BBW) to a partial reuse (PR) 
region based on the network load situation of the cell edge re-
gion. It should be noted that if there are many users located in 
the cell edge region, dynamic FFR is more suitable than a static 
ICIC scheme. The static ICIC technique does not meet the require-
ments of the rapidly changing operating environment. Moreover, 
the distribution of resources and power levels to each cell is static 
i.e. fixed; therefore, it only works efficiently when the load of the 
network is not changing i.e. constant. Furthermore, it does not in-
volve any kind of cooperation and interaction among the evolved 
Nodes B (eNBs), hence, it is not feasible for the utmost distribution 
of frequency. Static ICIC scheme does not manage the dynamic de-
mand of the cell because it controls the cell load only by tuning 
the power assigned over the different sub-carriers [14–17].

In addition to dynamic ICIC, another cooperative communica-
tions scheme, CS CoMP, is also usually used to improve channel 
conditions for cell edge users. In a CoMP site set, the transmission 
points can jointly make scheduling decisions and mute severely in-
terfering cells based on a signal-to-interference ratio (SIR) thresh-
old, and thus, improve the UE signal-to-interference-plus-noise ra-
tio (SINR), which is especially effective for cell edge users [18]. 
There are two main types of CoMP scheme: joint processing (JP) 
and coordinated scheduling (CS). Although JP might have more 
throughput gain than CS, it has high implementation complexity 
due to the requirement for data availability in every participating 
eNB of the CoMP cooperating set, which makes the scheme unsuit-
able for CoMP with a non-ideal backhaul. Thus, in this paper, we 
consider CS CoMP as the cooperating scheme. It should be noted 
that CoMP may also be utilized to enhance fifth-generation (5G) 
for new use cases where extreme reliability and system perfor-
mance are critical, such as the industrial Internet of Things (IoT). 
In addition, CoMP is also considered as having the ability to en-
able efficient 5G new radio spectrum sharing (NR-SS) between 
multiple-operators as well as ultra-reliable low-latency communi-
cations.

The major contributions of this study can be summarized as 
follows.

1. First, this work addresses LTE-V2I modeling in a dense ur-
ban scenario. So far, research has been focused on LTE-V2V 
[19,20] standards, and its system modeling to support the ve-
hicle transmission [21–23]. We design a cellular V2I system 
model in a dense urban environment according to 3GPP Rel. 
14 specifications. There is a fixed distance between the eNBs’ 
positions; besides that, road configuration and vehicle deploy-
ment are also considered with the standard norms.
We focus on the cell edge region as the number of vehicle 
UEs (VUEs) are randomly deployed at the cell edge. There are 
many roads situated at the cell edge, which leads to enormous 
inter-cell interference. This requires a proactive way to serve 
the vehicles at the cell edge, requiring a high number of phys-
ical resource blocks (PRBs) due to a lower SINR than vehicles 
at the cell center with a high SINR. As the network becomes 
dense, serving the increased number of cell-edge vehicles be-
comes more challenging. In order to cope this predicament, 
we propose implementing two cooperative resource-allocation 
schemes simultaneously that efficiently manage the resources 
to users, which satisfies the demand of a vehicles at the cell-
edge, whilst reducing the interference at the same time.

2. To deal with the co-channel interference, we introduce the no-
tion of the bonus bandwidth (BBW) in a dynamic FFR that 
divides the FR spectrum into two parts: (i) fixed FR bandwidth 
(ii) BBW. Based on the network load, extra available bandwidth 
efficiently allocates to the edge user that requires additional 
resources (as explained in detail in section 5) to meet the 
requirements of the vehicle as well as guaranteeing the com-
munication reliability. Our main concern is to point out the 
effectiveness of the interference management schemes by con-
sidering a practical environment of V2I communications and 
scheduling procedures.

3. Performance analysis compared with average throughput, out-
age probability, and the vehicles’ received interference. Sim-
ulation result shows that the proposed scheme significantly 
improves the channel quality and overall system reliability.

The rest of the paper is organized as follows. Section 2 presents 
the system model. In Section 3, the interference scenarios are cat-
egorized in order to analyze the CCI, and the cooperative inter-
ference management schemes are introduced in Section 4. In Sec-
tion 5, the performance of the interference management schemes 
is evaluated using system-level simulation (SLS). Finally, Section 6
concludes the paper.

2. Related work

With regards to autonomous vehicle, research has been largely 
focused on the integration of V2X information to vehicle den-
sity [24], relative speed between vehicles [25] and average vehicle 
speed [26]. One of the significant areas of interest in today’s vehic-
ular industry is the development of technological solutions aimed 
at improving road safety. Several solutions have been suggested 
and contributed to provide safety, such as assisted parking sys-
tems [27], anti-collision system [28], intelligent navigation systems 
[29], and driver notification systems [30]. However, potential en-
hancements can be achieved in providing basic safety and mobility 
by utilizing cellular-based V2X communication. Therefore, a great 
attention has been given to the viability of utilizing the cellular 
technology for making the inter-vehicle data transmission possi-
ble [31–33]. However, for a cellular-assisted vehicular network, the 
major problem causing the data transmission is CCI. In order to 
deal with CCI, different scheduling and clustering schemes have 
been proposed in the literature.

In this respect, authors in [34] use multiple network schedul-
ing schemes and optimize them cooperatively in order to mitigate 
the interference. The proposed scheme consists of semi-persistent 
scheduling (SPS) in which the initial transmission of the message 
is scheduled persistently while the retransmission occurs dynami-
cally. Authors imply clustering scheme as well as prediction model, 
in which eNB is used as an optimization parameter by clustering 
the vehicle into its coverage area and to estimate the position of 
the vehicle, respectively. The main difference to this work is opti-
mization criteria and clustering module where vehicles are classi-
fied in different clusters having similarity in metric to reduce the 
interference, which is a different approach from our design, and 
the authors investigated only the feasibility of their approach. In 
[35], authors propose the clustering framework in order to serve 
the vehicle having a lower SINR with the nearby vehicle having 
a higher SINR. This scheme introduces the offloading mechanism 
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Fig. 1. Cellular V2I network deployment and road configuration.
in which vehicle having a stronger link to the infrastructure pro-
vides services through V2V communications to the vehicle having 
a weaker V2I link. This mechanism is adopted in order to fulfill
the requirements of the vehicle to improve its SINR. The major dif-
ference to this work is the offloading of the V2I to V2V link by 
considering the clustering-based approach, which is different from 
our scheme. The authors did not consider the interference effect 
caused by the V2I communications, whereas we provide method-
ology to counter the interference in order to improve the overall 
throughput of the system by improving the quality of a V2I link. 
In [36], authors propose the resource management scheme based 
on the clustering framework. The proposed approach is designed 
to distinguish the demands of resources from the different types 
of vehicular links, for instance, V2I and V2V links. The effort is 
made to enhance the performance of the system in term of latency, 
sum rate, and throughput. The authors introduce the mechanism of 
sum-rate optimization to achieve the band sharing and controlling 
the transmission power that depends on the large-scale fading. The 
main difference concerning this work is the sum-rate optimization 
and clustering approaches, which is a very different methodology 
from our proposed framework. In [36], the authors only inspect 
the feasibility of their proposed work irrespective of considering 
the challenges of V2I communications.

3. System model of the cellular V2I network

3GPP defines LTE-V2X in Release 14 to provide the feasible ve-
hicular communication encompassing vehicle-to-vehicle commu-
nication (V2V), vehicle-to-infrastructure communication (V2I) and, 
vehicle-to-pedestrian communication (V2P). The prominent advan-
tage of using LTE technology is considering its already deployed 
huge infrastructure. To provide the safety and non-safety services, 
3GPP standard provides two radio interfaces, namely, LTE-Uu in-
terface that assist V2I communications i.e. enhanced Multimedia 
Broadcast Multicast Service (eMBMS) and LTE-PC5 interface that 
supports V2V communication (LTE direct Sidelink at the physical 
layer).

To fulfill the demands of the automotive industries in terms of 
automated driving and road traffic safety services, the aforemen-
tioned communication protocols are not only substantial but also 
the coordination schemes play an important role to provide the 
reliability of the system to stabilize the vehicle-to-infrastructure 
(V2I) communications and vehicle-to-vehicle (V2V) communica-
tions. The coordination scheme possess an intrinsic hybrid char-
acteristic, therefore, it senses the communication between vehicles 
and infrastructure. In this regards, it collects the information from 
the long-range cell-edge vehicles and facilitate them to maintain 
the connection and to meet the demand of the safety services. The 
eNB performs a double function, where it act as a radio resource 
scheduler and in the meantime it coordinates the obtained infor-
mation with the other eNBs drawing out the electronic horizon 
[37].

3.1. Cellular V2I network deployment and road configuration

The inter-site distance (ISD) of the cellular V2I network is 500 
m, and a Manhattan grid layout in a dense urban environment is 
modeled. There are two lanes in each direction, and four lanes (in-
cluding opposite directions) for each road. Each road’s grid size by 
distance is 433 m × 255 m. We simulate a 1-tier network to cover 
the minimum simulation area size (i.e., 1299 m × 750 m) identi-
fied by Rel. 14 [38]. As shown in Fig. 1, some road segments are 
outside the network coverage, which are compensated for by other 
segments in the network. We adopt the Wrape around mobility 
model for the urban case according to 3GPP TR 36.885, Release 14 
[39]. To simplify the mobility model, we assume all vehicles go 
straight with a probability of 1. We adopt this postulate to counter 
the possibility of collision between vehicles, which may displace 
the actual essence of the designing to figure out the effectiveness 
of the interference management scheme to counter co-channel in-
terference (CCI).

3.2. Channel model

The general equation to calculate the propagation loss of each 
transmission link is given as:

G = AntennaGain − PathLoss − Shadowing − Fading (1)

Path loss model provided by the 3GPP specification between 
vehicle and eNB is calculated as:

L = 128.1 + 37.6log10(d) (2)

where d is the distance between transmitter (Tx) and receiver (Rx) 
in kilometers, and L is the loss that occurs due to distance between 
vehicle and eNB [38].

Shadowing is given by using a log-normal distribution with a 
standard deviation of 8 dB. The decorrelation distance is 50 m. 
The shadowing correlation factor is 0.5 for the shadowing between 
eNB sites, and 1.0 is used for shadowing between sectors in the 
same eNB site. The penetration loss is 0 dB [38].

Fast fading is variation or attenuation of a signal with various 
variables. In this paper, fast fading is generated according to a spa-
tial channel model (SCM) non–line of sight (NLOS) scenario with 
fixed large-scale parameters [38].
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A 3D antenna pattern is generally utilized for eNBs, which can 
be represented as follows:

A(θ,φ) = −min[Av(θv) + AH (φH ), Am] (3)

where Av and AH are the vertical and horizontal cut, respec-
tively. θv and φH are the antenna direction angles on the vertical 
and horizontal plane, respectively. Am is the backward attenuation 
while A(θ, φ) is the total attenuation.

3.3. UE distribution via one-dimensional Poisson point process

The vehicle UEs are dropped on the roads according to a spatial 
Poisson process that defines a point process, whereby point events 
occur within a given area of interest [40]. Due to the assumption 
of vehicle’s speed, each lane has same vehicle density, and vehicle 
location updates every 100 ms. A 1-D Poisson point process (PPP) 
is an appropriate method for modeling the locations of vehicles 
in each lane. The number of vehicles in each lane follows a Pois-
son distribution, and a uniform distribution is typically applied to 
determine each vehicle’s position.

Mathematically, the description of a Poisson point distribution 
which provides the probability of number of points N(A) equals to 
k in each lane is given by:

P (N(A) = k) = e−λ|A|(λ|A|)k

k!
f or k=0,1,2,3,...,N

(4)

where N(A) is the number of points in each lane, the parameter 
λ is the density of the points in each lane, and |A| denotes the 
length of the lane.

After deciding density λ, we can uniformly scatter the number 
of points obtained by the PPP over each lane. We apply the follow-
ing inequality to generate a Poisson λ|A| number of points:

N+1∏

i=1

Ui < e−λ (5)

where U1,U2,..., are independently uniform (0,1), and N is the 
number of vehicles in each lane as obtained from the inequality.

3.4. Proportional scheduler

It should be noted that a proportional fair scheduler is generally 
used to achieve good performance. The scheduler utilizes channel 
quality indicator (CQI) information estimated from received signals. 
Based on the CQI transmitted by the vehicle, resource allocation is 
performed [41]. CQI estimation from the received signal and for 
each vehicle is used to calculate the SINR for every PRB. In order 
to model a realistic Long Term Evolution Advanced (LTE-A) system, 
periodic and delayed CQI is assumed. For each vehicle, a modula-
tion and coding rate scheme (MCS) is selected based on the SINR. 
The Proportional fairness f for each vehicle m can be achieved [42]
as follows:

f = argmax
Rm

R�
m,Avg

(6)

where Rm is the instantaneous rate for vehicle m, and R�
m,Avg is 

the average rate for user m.

3.5. Abstraction of the physical layer

Abstraction of the physical layer (PHY) is to get the block error 
rate (BLER) for each transport block by using a specific modu-
lation and coding level to calculate UE throughput. In an LTE-A 
system, there are 15 CQI indexes corresponding to different mod-
ulation and coding rate schemes (MCS), and various MCS levels 
can achieve different spectral efficiencies. To get the BLER in an 
SLS and to reduce signal processing complexity, we utilize link-
level simulation (LLS) curves from an additive white Gaussian 
noise (AWGN) channel. In a low-speed dense urban scenario, per-
fect time and frequency synchronization are assumed for the re-
ceiver. The signal-to-interference-plus-noise ratio is calculated for 
each PRB of each vehicle. In this paper, mutual information-based 
exponential SINR mapping (MIESM) is utilized for link-to-system 
mapping [43].

4. Analysis of co-channel interference in the cellular V2I network

Cellular communication systems mainly experience two kinds 
of interference, namely, intra-cell interference and inter-cell inter-
ference. In the former, interference occurs within the same cell 
between the adjacent frequency channels due to adjacency in their 
frequencies or maybe due to power leakage from the one channel 
to its next channel. In the latter, however, interference produces 
between the two cells due to same frequency utilization which in-
terfere with each others, hence, termed as co-channel interference 
(CCI).

In LTE network, the frequency spectrum divides into many 
channels, each consisting of a number of continuous orthogonal 
OFDM subcarriers [44]. Due to orthogonality of the subcarrier, the 
intra-cell interference reduces remarkably. The time domain is par-
titioned into different time slots containing a successive OFDM 
symbols. The OFDM symbols in each slot determines on the type 
of cyclic prefix used to encounter the co-channel interference. The 
smallest unit that can be utilized to schedule resource is termed 
as PRB. Each frame consists of number of continuous time slots, in 
the same fashion; a super-frame builds with multiple frames in a 
row. On demand of the user, number of PRBs is allocated to the 
single users at a time within a cell. The one PRB assigns to one 
user at a single time, however, the same PRB can also be allocated 
to the different users in neighboring cell. This reuse at the same 
time causes collision of RBs which leads to CCI [45]. This collision 
degrades the overall performance of the system by effecting the 
Signal to Interference and Noise Ratio (SINR) that correlates with 
the resource block collision.

ICIC aims to control the CCI by decreasing the collision proba-
bility of RBs as well as improve the system performance in terms 
of data rate and spectral efficiency especially at the cell edge. ICIC 
scheme uses the frequency-reuse designing strategies to restrict 
or distribute the resources in both time and frequency domains 
while maintaining the power constraint among the users in differ-
ent cells. These strategies are meant to enhance the SINR and build 
a system to support maximum users. The transmission power of 
the eNB must be taken carefully that it does not exceed the max-
imum bearable power and cause no harm to the user SINR. The 
basic idea behind the ICIC is to categorize the users based on their 
average SINR into users’ divisions known as cell regions. The dif-
ferent frequency-reuse factor applies to the different cell regions 
[46].

ICIC scheme has been studied under different network envi-
ronments and traffic load conditions mainly classified into static 
and dynamic scenario techniques, similarly, centralized and dis-
tributed scenario techniques, to reduce the effect of co-channel 
interference. Therefore, in this regards, efforts have been conducted 
to utilize ICIC considering the static and dynamic allocation of 
resources, such as Partial-Frequency Reuse [47], Hard-Frequency 
Reuse as Reuse-3 [48], and Soft-Frequency Reuse [49]. Further-
more, many attempts have also been made on the distribution of 
resources in a coordinated framework, like, frequency collaboration 
between the eNBs [50], and spectrum access in an intelligent be-
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Fig. 2. C-V2I communication network with CS CoMP.
havior [51]. All these efforts are made to reduce the co-channel 
interference to enhance the overall system performance particu-
larly cell-edge users’ throughput.

It can be clearly seen from the Fig. 2a that the vehicle UEs are 
situated at the edge of the cell because they are distributed ran-
domly in the intra-cell region. According to the network and road 
deployment, we observe that some intersections and roads are lo-
cated at the cell-edge region. As we know, edge regions are critical 
geo-locations that need more attention to maintain reliability and 
to improve traffic efficiency. When neighboring vehicles belonging 
to a different cell are scheduled with the same PRBs, it will cause 
severe CCI as shown in Fig. 2b. It is depicting the co-channel inter-
ference scenarios for both inter-sector and inter-site cases. In order 
to mitigate this type of interference, a different spectral bandwidth 
is allocated to different cell edge regions by implementing a dy-
namic FFR scheme. To further improve performance, CS CoMP is 
utilized. The eNBs exchange the PRBs’ requests for information to 
each other, and cooperatively make the muting decision for each 
PRB.

5. Proposed coordinated resource allocation schemes

Radio resource management plays an important role to satisfy 
the quality-of-services (QoS) demand of vehicular communication 
[52]. To fulfill the quality of service (QoS) demands of vehicular 
communication in heterogeneous traffic network, performance of 
joint resource allocation and power control for V2V and V2I com-
munication has been investigated in [53] where Qos constraint 
for V2V assure high reliability, low latency while guaranteeing the 
maximum sum rate for V2I communication. In the same context, 
network slicing mechanism adopts in allocating the radio resource 
for V2X network [54] while considering the system performance in 
terms of latency, manageable rate and outage. In all these schemes, 
they have not considered the cell edge users requirements while 
allocating the radio resources. In order to achieve the desirable 
vision of vehicular communication regarding safety services, we 
propose the cooperative resource allocation schemes to satisfy the 
demands of the cell-edge user.

5.1. Dynamic ICIC for cooperative communications in a cellular V2I 
network

The main idea of FFR is to utilize frequency reuse factors for 
cell edge and cell center users, which is a promising technique to 
improve cell edge user performance in a cellular network [55]. In 
this paper, we model the cellular V2I network layout according to 
3GPP Rel. 14, and observe that there are some roads and inter-
sections deployed in the cell edge region. Therefore, we employ a 
dynamic FFR scheme in this work, where one cell is divided into 
two sub-areas to mitigate cell edge co-channel interference.

The basic principle of FFR is to divide cells into cell edge and 
cell center zones. Correspondingly, the total bandwidth is parti-
tioned into full reuse (FR) spectrum with reuse-1 and partial reuse 
(PR) spectrum with reuse-3 for cell center and cell edge regions, 
respectively [56]. However, static FFR cannot take network load 
into account due to the fixed bandwidth division. Considering the 
network load situation, an effective dynamic FFR scheme is usually 
utilized in many scenarios. In dynamic FFR, the notion of bonus 
bandwidth (BBW) is applied. We further divide the FR spectrum 
into two parts which include fixed FR bandwidth and BBW so that 
extra available BW should be efficiently allocated to the edge users 
that requires more resources [57]. Fig. 3a depicts the dynamic FFR 
scheme applied in three different cells, which efficiently guaran-
tees communications reliability for the intersection and cell edge 
vehicles. The spectrum division is dynamic based on the network 
load situation. For dynamic FFR, the total bandwidth is divided into 
seven portions, which are given as follows:

BW T otal = [BW F R + (BW B1 + BW B2

+BW B3)Bonusband]F Rband

+[BW P R1 + BW P R2 + BW P R3]P Rband

(7)

Initially, the BBW is allocated to an FR zone. When FR zone 
vehicle UEs need more resources, BBW will be assigned to FR zone 
vehicle UEs as shown in Fig. 3b. The PR zone is equally divided 
into three portions, shown as follows:

BW P R1 = BW P R2 = BW P R1 = 1

3
(BW T otal − BW F R) (8)

To distinguish the FR and PR zone users, an SINR threshold is 
usually utilized, as follows:

S I N Rm < S I N Rthreshold f or P R zone users

S I N Rm > S I N Rthreshold f or F R zone users
(9)

The flowchart in Fig. 4 shows the implementation steps of the 
dynamic FFR scheme. In the beginning, bonus band is allocated 
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Fig. 3. Bandwidth partitioning with dynamic FFR.
to the FR zone. During the band assignment, vehicle UE sends a 
request to its corresponding eNB, in which it specifies its position 
and location in the environment. Utilizing the information received
by the vehicle UE, the eNB comes to know about the traffic load in 
the PR zone. If the traffic increases in the PR zone, to maintain the 
quality of service, the eNB finds the available set of BBW and allo-
cates it to the demanding vehicle UE in the PR zone, and switches 
all the services, which are using the BBW bands, to other possible 
bands to allocate them to demanding vehicle UEs in PR zone.

5.2. CS CoMP between cellular eNBs

The CoMP framework was first introduced by 3GPP in Release 
12, coming up with more sophisticated coordination methods to 
tackle the co-channel interference (CCI) in order to enhance the 
performance of cell-edge users. Generally, the cell-edge user is able 
to transmit and receive signals to or from different sites. The CoMP 
principle [58] allows coordination among signals transmitted from 
different cell sites to reinforce the received signal quality particu-
larly the spectral efficiency of edge-users by encountering CCI.

There are two approaches in CoMP architecture, namely Cen-
tralized coordination and Distributed coordination. The number of 
cell sites involved in coordination to overcome the CCI is said to 
be CoMP set. CoMP is mainly classified into two schemes, Coor-
dinated Scheduling (CS) and Joint Processing (JS). In the former 
schemes, the shared information stays only within the serving cell 
sites and the decision is made dynamically after the coordination 
in the CoMP set. It makes CS-CoMP more reliable, easy to imple-
ment, and provides robust and fast coordination to manage the 
CCI. In the latter, coordinating cell sites jointly process and opti-
mize the edge user as a unique entity to enhance the performance 
of the edge user. Hence, it has high implementation complexity 
and it requires data availability in each participating eNB in CoMP 
set which makes incompatible for CoMP with a non-ideal back-
haul [59].
5.2.1. Proposed dynamic coordinated muting-based scheduling process
In this section, a dynamic cooperative muting–based CS CoMP 

scheme is employed among eNBs to reduce undesirable interfer-
ence, and one central scheduler is used to make the muting deci-
sions and assign the PRBs. Each eNB identifies the vehicle UE that 
needs CoMP assistance based on UE feedback as show in Fig. 2b. 
CoMP assistance is performed via coordinated link. Unlike the cell-
specific muting [60–62] applied in some research, in this paper, we 
consider PRB-specific muting, and implement inter-site as well as 
inter-sector CS CoMP for all the eNBs. Therefore, the CoMP set in-
cludes the whole of the transmission points in the 1-tier network. 
It can be represented as follows:

CCoM P = [Site1, Site2, ..., Site7] (10)

where all seven sites are included in the CoMP set. To decide 
which eNBs are used for CoMP assistance, an SIR threshold is usu-
ally applied.

By enabling cooperation between the eNBs, higher spectrum ef-
ficiency can be achieved, compared to making the scheduling inde-
pendently for each cell. To determine if UE needs CoMP assistance 
from neighboring cells, accurate channel state information (CSI) is 
essential to achieving good performance from vehicular communi-
cations [63]. The CSI carries the information about when vehicle 
UE gets interference from neighboring cells, and when there is 
no interference from neighboring cells. The central scheduler co-
operatively processes the information collected from each eNB. In 
this regard, the CoMP users report the CSI to the central sched-
uler for all participating eNBs in the CoMP set to make proper 
scheduling decisions [64]. The working operation of CS CoMP is 
shown in Fig. 5. When vehicle UE requests for the CoMP assis-
tance due to interfering signal from the neighboring eNB having 
the same PRBs. Therefore, the aggressor neighbor eNB mutes the 
same PRB to minimize the interference. To decide which vehicle UE 
requires CoMP assistance and which neighboring cells should give 
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Fig. 4. Flow chart of dynamic FFR procedures.
that assistance, the proper conditions should be evaluated with the 
following equation:

S I Rn
m > S I RT hreshold (11)

where S I Rn
m is the signal-to-interference ratio for vehicle UE m, 

and n is the index of interfering cells. By checking the vehicle UE 
SIR value, we can find out if the vehicle UE needs CoMP assistance, 
and the eNB will make the decision to inform neighboring eNBs for 
muting or utilizing the same RB.

5.2.2. SINR and throughput calculation
SINR for CoMP [41] vehicle UEs is calculated as:

S I N Rn
m,u,CoM P = Gn

m,u Pn
m,u∑
Gk Pk + ηm

(12)

k �=n,k∈CCoM P −Cm−1 m,u m,u
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Fig. 5. Flow chart of the CS CoMP procedures.
Similarly, the SINR for non-CoMP [41] vehicle UEs is calculated 
as:

S I N Rn
m,u,non_CoM P = Gn

m,u Pn
m,u∑CCoM P

k �=n,k∈1 Gk
m,u Pk

m,u + ηm

(13)

where Gn
m,u Pn

m,u is the power received by vehicle UE m on PRB u

in cell n after considering channel gain, and Gk
m,u Pk

m,u denotes the 
co-channel interference from the neighboring cell k on the same 
PRB u.

Similarly, the data rate for CoMP vehicle UEs can be calculated 
as:
rn
m,u,CoM P = BCoM P log2 (1 + S I N Rn

m,u,CoM P )

= BCoM P log2 (1 + Gn
m,u Pn

m,u∑
k �=n,k∈CCoM P −Cm−1 Gk

m,u Pk
m,u + ηm

)
(14)

The data rate for non-CoMP vehicle UEs can be calculated as:

rn
m,u,non_CoM P = Bnon_CoM P log2 (1 + S I N Rn

m,u,non_CoM P )

= Bnon_CoM P log2 (1 + Gn
m,u Pn

m,u∑CCoM P Gk
m,u Pk

m,u + ηm

)
(15)
k �=n,k∈1



U.A. Mughal et al. / Vehicular Communications 26 (2020) 100282 9
Fig. 6. Vehicle distribution in the cellular V2I network: It indicates the 1-tier LTE-
Network deployment. The blue star-shaped exhibits the eNBs stationing and the red 
lines depict the road distribution over the 1-tier LTE Network.

where BCoM P and Bnon_CoM P denote the bandwidth for CoMP and 
non-CoMP vehicle UEs, respectively, and rn

m,u,CoM P and rn
m,u,non_CoM P

are the data rates that can be calculated.
Hence, the overall system data rate for CoMP and non-CoMP 

vehicle UEs is expressed as follows:

RCoM P+non_CoM P =
∑

n∈N

∑

m∈Un,u∈R Bn
m

rn
m,u,CoM P

+
∑

n∈N

∑

m∈Un,u∈R Bn
m

rn
m,u,non_CoM P

(16)

where Un is a set of vehicle UEs in cell n. N denotes the set of 
cells. RCoM P+non_CoM P is the total system throughput in bits per 
second. R Bn

m is the set of RBs for user m scheduled by cell n.

6. Performance evaluation of cooperative resource allocation 
schemes

To evaluate the performance of the cooperative resource allo-
cation schemes, we developed MATLAB based system-level simu-
lation of a 1-tier LTE-V2I network. The main SLS parameters are 
summarized in Table 1. We chose the cooperative awareness mes-
sage (CAM) traffic model for V2I communications.

Fig. 6 shows the vehicle UEs distribution over the 1-tier LTE 
network. We drop the vehicle UEs on the road using spatial Pois-
son process as explained in section 3.3. The vehicle position up-
dated every 100 msec. It encompasses road framework consisting 
of two lane in each direction and total four lanes including oppo-
site direction for each road according to 3GPP specifications as ex-
plained in section 3.1. It should be noted that some roads segments 
are outside the 1-tier network coverage, but are compensated for 
by other segments of the network.

Fig. 7 exhibits the SINR of the vehicle UE located in different 
cell edge regions and non–cell edge regions, where the x-axis in-
dicates the y-coordinate of the vehicle UE position. We assume 
the x-axis is constant, because the vehicle can be deployed uni-
formly on the road, and also, the vehicle density is high. The red 
curve indicates the SINR of the vehicle UE without any enhanced 
techniques. We can possibly observe that the vehicle UE sometime 
suffers high interference at the cell edge region, due to such inter-
ference vehicle received SINR degrades abruptly and drops to -10 
dB. This lower SINR deteriorates the overall system performance 
and, hence, effects the system throughput.
Fig. 7. Vehicle SINR; Red-curve indicates SINR without any Interference management 
scheme while Blue-curve manifests SINR utilizing enhanced scheme encompasses 
Dynamic ICIC and CS CoMP. The depiction clearly shows vehicle sometime suffers 
high interference which degrades the SINR to -10 dB. In this regard, using proposed 
interference mitigation scheme reduces the effect of the co-channel interference, 
and hence vehicle experiences SINR higher than 0 dB.

Table 1
Simulation parameters.

Parameter Value

Cellular Layout Urban: 21cell
Inter-site Distance (ISD): 500 m 
Manhattan Grid

Carrier Frequency 2 GHz

Bandwidth 10 MHz

RB Bandwidth 180 kHz

Transmission Mode SIMO Transmission

No. of PRBs 50

Path Loss Urban Macro 3GPP TR 36.885

Shadowing Log-normal Distribution Mean: 0 dB
St. Dev.: 8 dB
Correlation b/w eNBs/sectors: 0.5/1

Fading Spatial Channel Model (SCM)
N-LOS

Noise Spectral Density -174 dB m/Hz

Mobility Dense Urban Scenario 60 km/h [39]

Tx power 46 dB m

Maximum Antenna 
Gain

15 dBi

Minimum Coupling Loss 70 dB

L2S Mapping MIESM

UE Receiver Zero Forcing

Traffic Model CAM

Scheduler Proportional Fair (PF)

Similarly, the blue curve shows the SINR of vehicle UE located 
in different cell edge regions and non–cell edge regions rises up 
using the cooperative interference management schemes. Dynamic 
ICIC reduces interference by efficiently allocating the bonus band-
width to the cell-edge vehicle UE. In addition, utilizing CS-CoMP 
further decreases the effect of co-channel interference. We can un-
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Fig. 8. UE outage probability.

Fig. 9. UE average throughput.

doubtedly regard that the SINR of the cell edge vehicle UE imme-
diately improved, and almost all cell edge vehicle UEs experienced 
SINR more than 0 dB, which enhances, and ensures the effective-
ness of using dynamic ICIC and CS CoMP simultaneously.

As shown in Fig. 8, the channel quality for vehicle UEs greatly 
improved by using cooperative management schemes, i.e., dynamic 
ICIC and CS CoMP simultaneously. The outage probability equation 
is given as follows:

Poutage = 1 − Pb(S I N R ≥ S I N R_T hreshold) (17)

where Pb(S I N R ≥ S I N R_T hreshold) means the probability that 
the vehicle UE Rx SINR is higher than the SINR threshold, and then, 
the vehicle UE is not considered to be experiencing an outage.

It can clearly be seen from Fig. 8 that the outage probability 
decreases by using the proposed cooperative resource allocation 
schemes. If we compare the outage probability at the 5 dB SINR 
threshold without any resource allocation schemes, we can easily 
see that 44% of vehicle UEs experienced an outage. Applying the 
dynamic ICIC scheme, the SINR of cell edge vehicle UEs increased 
effectively, so that the percentage of vehicle UEs experiencing an 
outage decreased to 34%. This is due to the orthogonal bandwidth 
for cell edge users from different cells. Moreover, performing dy-
namic ICIC and CS CoMP simultaneously greatly reduced the out-
age probability, and improved the channel quality, which resulted 
in only 27% of vehicle UEs experiencing an outage. This indicates 
that using resource allocation schemes benefits the system.

The enhancement in the throughput can be clearly observed 
from the Fig. 9. We compare the throughput evaluation perfor-
mance at 50% of the cumulative distribution function (CDF). The 
Fig. 10. UE Rx interference.

average throughput can be calculated [65] according to equation 
(18) as follows:

T hroughput = T B

Accounted_T T Is ∗ T T I_T ime
Mbps (18)

where TB is the total bits for receiver vehicle UE, and where 
Accounted_T T Is represents the maximum number of transmis-
sion time intervals (T T Is) in which RBs assigned to receiver UE. 
We compared the throughput performance at 50% of CDF. It can 
clearly be seen that the throughput without any schemes is only 
0.5 Mbps, and using dynamic ICIC increases to 0.96 Mbps. Hence, 
dynamic FFR provides better throughput performance by allocating 
partial band and bonus band, which gives 46% better performance. 
In addition, we operate CS-CoMP in cooperation with dynamic ICIC 
which further augmented throughput of the system. When both 
dynamic ICIC and CS-CoMP schemes are employed simultaneously 
in a cooperate framework, the highest throughout is achieved. This 
enhancement is due to the two promising cooperative interfer-
ence management schemes: (a) dynamic ICIC significantly reduced 
the chance of co-channel interference by using a specific separate
bandwidth at the cell edge, and (b) the added CS-CoMP mutes 
the high-interfering eNBs to reduce the co-channel interference. 
Therefore, utilizing both schemes at once, the average and overall 
throughput improved.

Fig. 10 shows the aggregate interference performance from all 
neighboring eNBs except the serving eNB. The interference equa-
tion is given by:

Ik =
∑

k �=n,k=1

Gk
m,u Pk

m,u + ηm (19)

where Ik is the aggregate interference received from all neighbor-
ing cells k, except for the serving eNB. Gk

m,u is the channel gain for 
user m, Pk

m,u is the transmit power from the eNBs to user m on 
PRB u, and η is the thermal noise per PRB.

It can clearly be seen that the scenario with dynamic ICIC has 
less interference than the scenario without any interference man-
agement schemes, because the interference is greatly decreased by 
using orthogonal bandwidth for cell edge vehicle UEs. At 50% CDF, 
vehicle UEs received interference at -76.8 dB m without any in-
terference management scheme. Applying dynamic ICIC, the UEs’ 
received interference decreased to -78.63 dB m. Furthermore, the 
vehicle UEs experienced much lower interference of -79.53 dB m 
when both dynamic ICIC and CS CoMP were implemented simul-
taneously. The above comparison clearly proves the benefits from 
utilizing cooperative interference management schemes in a dense 
urban environment for cellular V2I communications.
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7. Conclusions

In this paper, we analyze the co-channel interference (CCI) for 
a cellular V2I network in a dense urban environment. We em-
ploy the two interference management schemes simultaneously in 
a cooperative framework to mitigate the CCI and to enhance the 
overall system throughput. We introduce the notion of the bonus 
bandwidth (BBW) into the spectrum utilizing the dynamic ICIC, 
which allocate to the high-demanding PR zones to increase the 
user-received signal quality. Furthermore, we added dynamic coop-
erative CS-CoMP scheme by using the PRB-specific muting decision 
mechanism to further increase the reliability of the system. Each 
eNB identifies the vehicle UE that needs CoMP assistant based on 
the vehicle UE feedback. This results in further mitigation of the 
CCI as well as reduces the outage probability and improves the 
SINR of the vehicle UE. In Fig. 7, the SINR of almost all the ve-
hicle UEs is larger than 0 dB due to significant reduction of the 
interference. It indicates that the channel quality for each vehicle 
UE is remarkably improved. Simulation results show that through-
put of the system increases 63% and outage probability reduces 
17%, which ensures the effectiveness of our proposed approach. 
Our next target is to analyze the machine-learning algorithms for 
the 5G-V2X communications considering the collision avoidance 
strategies at the road cross-sections and to introduce the frame-
work, which intelligently manages the resources and fulfils the 
demands of the vehicles.
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