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ABSTRACT With the rapid growth of traffic demand for vehicular data transmissions, the limited cellular
band becomes a constraint to meet the needs of all cellular-vehicle-to-everything (C-V2X) users. In this
paper, we investigate an efficient clustering-based spectrum resource management scheme for dynamic
heterogeneous vehicular networks. Due to the frequent changes of channel state information (CSI) caused
by high mobility of vehicles, the traditional radio resource management scheme based on complete CSI is
no longer applicable. To solve this problem, we consider different quality of service (QoS) requirements
for vehicular communications and propose an optimization problem for C-V2X networks. The proposed
dynamic vehicular optimization strategy is carried out on the vehicle-to-vehicle (V2V) and vehicle-
to-infrastructure (V2I) links, which can construct a more realistic two-way lane in actual communication
environments. We also propose a low-complexity vehicle matching algorithm based on large-scale fading
to improve the stability of communication links. The desirable performance is confirmed by computer
simulations.

INDEX TERMS Cellular-vehicle-to-everything, vehicle-to-vehicle, cluster, vehicle matching.

I. INTRODUCTION
Intelligent transportation system (ITS) is becoming an impor-
tant part of future wireless heterogeneous networks [1].
Autonomous vehicles may turn out the fastest growing
intelligence terminal devices after smartphones and tablets.
In recent years, the new generation of information and com-
munication technologies, such as 6G and artificial intelli-
gence, are rapidly integrated into the vehicular networks
and the communication demand between vehicle equipment
is prolific increasing [2]–[4]. Cellular-vehicle-to-everything
(C-V2X) networks, based on long-term evolution (LTE) tech-
nology, has the advantages of large transmission coverage and
controllable delay. Also, it can reuse the infrastructure and
frequency spectrum of current base station (BS) architectures
to support safety and non-safety applications [5], [6]. Even
in scenarios without BS coverage, it can ensure vehicles to
use ITS services adaptively. Therefore, it has obtained great
attention in industrial and academic fields.
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FIGURE 1. System model.

There are two complementary transmission interfaces for
C-V2X, LTE-Uu supporting vehicle-to-infrastructure (V2I)
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communications and PC5 for direct transmission between
vehicle-to-vehicle (V2V) [7], [8]. In March 2017, Release14
published by 3GPP was based on LTE-V2X, which deter-
mined the basic requirements, system architecture, air inter-
face technology, and security services for V2X. Release 15
supports enhancing LTE-V2X with backward compatibility
to Release 14. Release16 focuses on the continuation of
LTE-V2X and attempts to solve advanced application cases,
such as vehicle alignment, enhanced V2I functions, extended
sensors, advanced driving, remote driving, and etc [9].

In recent years, the radio resource management for vehic-
ular communications has been the subject of much research
endeavor because of the scarcity of spectrum and the under-
utilization of most licensed frequency bands [10]. The main
problem mainly lies in how to properly allocate spectrum for
V2V links to improve network performance without caus-
ing significant interference to cellular users, i.e., V2I links.
In [11], the authors focused on the quality of service (QoS)
requirements of two types of vehicular users (i.e., V2I links
and V2V links) and one cellular phone user. They proposed
a three-dimensional graph-based matching scheme among
vehicular users, mobile phone users, and resource blocks
to improve spectrum utilization. The authors in [6] con-
sidered the LTE-Uu interface in a heterogeneous network.
They focused on the different QoS requirements of multi-
ple user equipment and maximized its total channel capac-
ity. In [12], the authors proposed an efficient cluster-based
V2X network resource management scheme. The stability of
cluster head was measured by speed, connection time, and
average distance between transmission vehicles. By reduc-
ing interference from V2V to V2I links, they can improve
the channel capacity of V2I links. However, their clustering
strategy suffers from the two-way lane problem on highway
due to its design, in which the V2V link cluster members are
selected by geographic location, i.e. within the coverage of
the cluster head. And, in fact, the cluster members may have
a cross-lane distribution and different driving directions. Its
clustering becomes unreasonable once the cross-lane cluster
member vehicles leave the coverage of cluster head quickly.
The authors in [13] selected the optimum receiver vehicle
to determine V2V link and allocated the suitable channels
to minimize the total delay. Moreover, a greedy cellular-
based V2V link selection algorithmwas proposed to solve the
maximum weighted independent set (MWIS-AW) problem.
At last, the delay, throughput, and packet delivery rate have
been greatly improved. In [4], the authors designed an energy
sensing-based spectrum sharing scheme, where C-V2X users
are able to access the unlicensed channels fairly and reduce
the data transmission collisions between C-V2X and vehic-
ular ad hoc network (VANET) users. They also maximized
the number of active C-V2X users. In [10], the authors uti-
lized unlicensed spectrum in high-speed wireless networks
and investigated spectrum-efficiency (SE)-oriented collabo-
rative transmission. The proposed vehicle pairing, spectrum
allocation, and power control algorithm (VP-SA-PCA) can
enormously improve the utilization rate and bit error rate

of unlicensed spectrum. The authors in [14] enabled C-V2X
users to access unlicensed channels fairly and increased the
system capacity greatly, where the C-V2X and Wi-Fi coexis-
tence scheme is based on reinforcement learning and the CSI
is estimated based on large-scale fading, relative velocity, and
communication distance. However, the scheme became poor
with the communication demand increasing. Consider that
the high mobility and big data characteristics of vehicles will
lead to rapid changes in CSI, the channel model in [14]–[17]
only used large-scale fading and ignored small-scale fading
effect. Therefore, it could not reflect the actual capacity per-
formance and the developed resource allocation scheme was
sub-optimal.

Furthermore, a dedicated short range communica-
tion (DSRC) and C-V2X hybrid scheme for vehicle networks
was proposed in [18] to make a tradeoff between cellular
bandwidth cost and end-to-end delay in which the cluster
heads delivered their aggregated data by multi-hop V2V
transmissions and cellular networks adaptively. In [8], the
authors proposed a D2D-based agile QoS prediction frame-
work based on autonomous vehicle prediction. In [19], the
authors proposed a VANET-assisted D2D discovery scheme
to reduce the resource consumption of cellular networks.
The scheme investigated the delay performance of VANET
in highway scenes. However, this method only considered
one-way expressway scenario while two-way expressway
traffic was more realistic. The same situation is also reflected
in [7], [20]. In [20], only the minimum geographic distance
was used to measure the link connectivity. The node mobility,
which may significantly increase the probability of packet
loss for dynamic traffic, was ignored. In addition, network
congestion will occur when a large number of vehicles send
non-safety-critical services to BS simultaneously. It is diffi-
cult to meet the QoS requirements of different services [10].
So, the limited spectrum has become a bottleneck for achiev-
ing the needs of all C-V2X users.

As pointed out above, the majority of existing litera-
ture on radio resource management in vehicular networks
considers full CSI or relatively static one-way scenarios,
which are unrealistic in real intelligent transportation sys-
tems. The rapid mobility also brings out unreasonable vehi-
cle matching and reduces spectrum reuse efficiency. In this
paper, we consider a highly dynamic two-way lane smart
vehicular network and propose a novel cluster-based spec-
trum resource management scheme to improve spectrum
efficiency, which can be used in the future ITS. For this
aim, we also study a low-complexity vehicle matching algo-
rithm to solve link interruption problem caused by unsuitable
matching of communication vehicle pairs. We utilize differ-
ent QoS requirements of terminal vehicles to address priority
for safety-oriented applications. Furthermore, a clustering
algorithm based on large-scale fading channels is presented to
improve spectrum utilization and total channel capacity. The
cluster members are selected by the minimization of inter-
cluster interference instead of geographic location, which is
more in line with the actual situation.
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The rest of the paper is organized as follows. Section II
describes the system model and problem formulation.
Section III presents the node mobility design of two-way
lanes. The resource allocation scheme is discussed in
Section IV. Numerical simulation results and discussions are
presented in Section V. Finally, Section VI concludes the
paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION
Consider a dynamic heterogeneous vehicular network on a
two-way highway in the coverage area of BS, as shown in
Fig. 1. There are K pairs of V2V links, denoted as VUEs, and
C pairs of V2I links, denoted as CUEs (i.e. cellular users),
with Rayleigh fading channel. We assume that CUEs access
radio channels orthogonally under uplink (UL) spectrum
sharing with VUEs and then the interference from spectrum
sharing can be mitigated by BS coordination. We catego-
rize VUEs by safety and non-safety applications, denoted as
S-VUE and N-VUE, respectively. Denote C = {1, . . . , i}
as CUE set, K = {1, . . . , k} as VUE set, S = {1, . . . , j} as
S-VUE set, andN = {1, . . . , l} as N-VUE set, whereK is the
union of S andN . Considering CSI only based on large-scale
fading in fast-moving vehicular environments cannot reflect
the actual capacity performance of networks in [20]–[22].
Here, we use both small-scale fading caused by multipath
effects and large-scale fading caused by shadow fading and
path loss.

Based on [20], the channel gain hi,B between the ith CUE
and the BS is described as

hi,B = θi,B9i,B , θi,B�0i,BL
−γ
i,B , (1)

where θi,B is the small-scale fast fading gain, 9i,B is the
large-scale fading gain, 0i,B is a log-normal shadow fading
random variable with a standard deviation ξ , � is the chan-
nel loss constant, γ is the decay exponent, and Li,B is the
estimated distance from CUE to BS. From the ith CUE, the
received signal-to-interference-plus-noise ratio (SINR) at BS,
the jth S-VUE, and the lth N-VUE, can be expressed as

SINRci =
Pci hi,B

σ 2 +
∑

j∈S ρi,jP
d
j hj,B +

∑
l∈N ρi,lP

d
l hl,B

, (2)

SINRdj =
Pdj hj

σ 2 +
∑

i∈C ρi,jP
c
i hi,j +

∑
l∈N ρi,lP

d
l hl,j

, (3)

and

SINRdl =
Pdl hl

σ 2 +
∑

i∈C ρi,lP
c
i hi,l +

∑
j∈S ρi,jP

d
j hj,l

, (4)

respectively, where Pci , P
d
j , and P

d
l denote transmission pow-

ers of the ith CUE, the jth S-VUE, and the lth N-VUE,
respectively. σ 2 is the noise power. ρi,j and ρi,l are the spec-
trum distribution indicators.

Thus, the achieved transmission rates of the ith CUE, the
jth S-VUE, and the lth N-VUE can be calculated as

Rci = log
(
1+ SINRci

)
, (5)

Rdj = log
(
1+ SINRdj

)
, (6)

Rdl = log
(
1+ SINRdl

)
, (7)

respectively.
We aim to improve the spectrum efficiency through appro-

priate vehicle matching and resource management, i.e. max-
imize the total channel capacity of the vehicular network
under different QoS requirements of V2V links, especially
S-VUEs. To this point, the resource management problem in
the vehicular networks can be formulated as

max
ρi,j,ρi,l ,Pci ,P

d
j ,P

d
l

{∑
i∈C,j∈S,l∈N

[
log

(
1+ SINRci

)]
+ρi,j[log(1+SINRdj )]

+ρi,l

[
log

(
1+ SINRdl

)]}}
(8)

s. t. SINRdl ≥ SINR
d
0 (8a)

Pr
{
SINRdj ≤ SINR

d
0

}
≤ p0, ∀j ∈ S (8b)

ρi,l ∈ 0, 1}, ∀i ∈ C, ∀l ∈ N (8c)

ρi,j ∈ {0, 1}, ∀i ∈ C, ∀j ∈ S (8d)

0 ≤ Pci ≤ P
c
max , ∀i ∈ C (8e)∑

l∈N
ρi,lPdl ≤ Pdmax, ∀i ∈ C, ∀l ∈N (8f)∑

j∈S
ρi,jPdj ≤ P

d
max , ∀i ∈ C, ∀j ∈ S (8g)

(−vrelativeLkk ′ + /vrelative/Dset)

/vrelative/2
≥ Tset (8h)

where SINRd0 in (8a) is the minimum SINR to establish a
reliable V2V link. p0 in (8b) is the tolerable outage prob-
ability limit. Pcmax in (8e) and Pdmax in (8f)-(8g) are the
maximum transmission powers of V2I and V2V transmitters,
respectively. Tset and Dset are the minimal duration time
and maximum allowable transmission distance of V2V links,
respectively. vrelative and Lk,k ′ are the relative speed and dis-
tance of the two vehicles k and k ′ in V2V links, respectively.
Constraint (8b) represents the minimum reliability require-
ment for S-VUE., where the probability is evaluated in terms
of the random fast fading of radio channels. Constraints (8c)
and (8d) mathematically model our assumption that the spec-
trum of one CUE can only be shared with a single S-VUE or
N-VUE and one S-VUE or N-VUE is only allowed to access
the spectrum of one CUE. Constraints (8e), (8f), and (8g) are
the transmission power limits for CUEs and VUEs to ensure
that they will not exceed the maximum transmission power.
Constraint (8h) is the requirement for the sustainable time of
V2V links, which can further improve the reliability of V2V
links.

The above mathematical optimization problem considers
both the particularity of time-varying channels in vehicle
networks and the different QoS requirements of terminal
vehicles. It is a non-convex optimization problem. In this
paper, we can resolve it by dual decomposition method. For
the power allocation sub-problem, it can be solved based
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on different QoS and power constraints for terminal vehi-
cles. Considering the dynamic characteristics of vehicular
communications and the imperfect CSI, we will propose a
clustering algorithm to divide the V2V links into two clusters,
i.e. S-VUE and N-VUE. Finally, we will use graph theory
to solve the clustering interference problem for the spectrum
sharing V2V links.

III. TWO-WAY VEHICLE MOBILITY DESIGN
In this section, we will develop a robust vehicle matching
scheme based on the high mobility characteristics of vehicles
on two-way highway scenarios. This design relies on some
parameters such as vehicle speed, vehicle distance position-
ing, vehicle trajectory recognition, and so on.

The estimated distance, Lk,k ′ , between the receiving and
transmitting vehicles in V2V links can be expressed as

Lk,k ′ = Dk,k ′ +
1
M

∑M

m=1
vrelative1tm, (9)

where

Dk,k ′ =
√
(x1 − x2)2 + (y1 − y2)2). (10)

Denote coordinate origin as BS, (x1, y1) and (x2, y2) are the
vehicular position coordinates of transmitter and receiver,
respectively. 1/M (

∑M
m=1 vrelative1tm) is the expectation of

the relative displacement value of vehicle matching pair.
Thus, the sustainable time of vehicle matching pair can be
obtained as

Tk,k ′ =

(
−vrelativeLk,k ′ + /vrelative/Dset

)
/vrelative/2

, (11)

where Dset ≤ Dmax , Dmax is the road length covered by
the BS. The communication matching pair is allowed to
established only if the sustainable time is not less than the
time threshold as

Tk,k ′ ≥ Tset , (12)

where Tset is the time threshold. Otherwise, the V2V link
cannot complete the communication transmission and match
with each other.

From the above presentation, to find the optimal solu-
tion for optimization problem in (8a), our proposed vehicle
matching algorithm based on terminal node mobility can be
summarized in Table 1. From Table 1, the total complexity
of the proposed vehicle matching algorithm is O(K ), which
has linear complexity and is scale linearly with the number of
terminal V2V links.

IV. RESOURCE ALLOCATION
In this section, we decompose the resource management opti-
mization problem in (8a) into three sub-problems: clustering
algorithm, power allocation, and spectrum sharing.

A. CLUSTERING ALGORITHM
In general, the terminal vehicles will send their status infor-
mation to their base stations periodically. So, the base stations

TABLE 1. Vehicle matching algorithm.

FIGURE 2. Interference connection graph of V2V links.

know the entire vehicle network topologies. According to the
clustering strategy, they will reasonably allocate the spectrum
resources and forward the relevant information to terminal
vehicles to realize the centralized optimal network manage-
ment. In addition, recognizing the advantage of multiplexing
technology for spectrum efficiency, we divide the V2V links
into different clusters and all vehicles in the same cluster can
reuse the spectrum from one V2I matching link. However,
there will bring out lots of mutual interference between V2V
links in a same cluster. The corresponding interference rela-
tionship graph is shown in Fig. 2, where each V2V link is
modeled as a vertex and the interference between two vertices
is modeled as an edge. Here, we will allocate V2V links into
appropriate clusters so as to share spectrum with minimal
mutual interference. The clustering issue can be transformed
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TABLE 2. Clustering algorithm.

into a graph partition problem and its brief description is
summarized in Table 2.

Denote G as a graph with vertex set V (G) and edge set
E(V ). We divide the K vertices of graph G into K/Q disjoint
clusters, i.e. P(1), . . . , P(K/Q), and P1∪. . .∪P(K/Q) = V (G),
where Q is the vehicle number of each cluster. So, the topo-
logical relationship of the graph G can be expressed as∑

k/q

(∑
k,k ′∈P(k/q)

9k,k

)
+

∑
a∈Pi,b∈Pj,i<j

9a,b

=

∑
e∈E(V )

9e (13)

where 9a,b is the large-scale fading channel gain between
transmitters in different clusters,9k,k is the large-scale fading
channel gain between transmitters in intra-cluster. Based on
the Prim algorithm for graph theory in [23], it can search a
tree formed by the subset of graph edges and all vertexes
in the connected graph. Furthermore, the sum of weights
of all graph edges is the smallest value. Taking the mutual
interference as the graph edge in Fig. 2, we further propose
an algorithm based on large-scale fading channels to solve the
clustering issue for minimizing the inter-cluster interference,
as shown in Table 2, which can help to reduce the complexity
of the optimization problem in (5). Note that the computa-
tional complexity of the proposed clustering algorithm 2 is
O(K 2). Because we only need divide two clusters, i.e. safety
and non-safety applications for V2V links, K/Q = 2.

B. POWER ALLOCATION
In this part, we study the optimal power control scheme
for the vehicle matching pairs based on QoS and reliability
requirements, i.e.

max
Pci ,P

d
j ,P

d
l

{∑
i∈C,j∈S,l∈N

log
(
1+ SINRci

)
+ log

(
1+SINRdj

)
+log

(
1+SINRdl

)}
(14)

s. t. SINRdl ≥ SINR
d
0 (14a)

Pr
{
SINRdj ≤ SINR

d
0

}
≤ p0, ∀j ∈ S (14b)

0 ≤ Pci ≤ P
c
max , ∀i ∈ C (14c)

0 ≤ Pdj ≤ P
d
max , ∀j ∈ S (14d)

0 ≤ Pdl ≤ P
d
max , ∀l ∈ N . (14e)

In order to guarantee the QoS requirement of S-VUE, the
N-VUE will obtain the minimum required SINR. Thus, the
constraint in (14a) can get the boundary value as

SINRdl = SINRd0 . (15)

From (4), taking the maximum transmit power values of
CUE and S-VUE in (15), we can obtain the marginal transmit
power of N-VUE as follows.

Pdl =
SINRd0 (P

c
i hi,l + P

d
j hj,l)

hl

=
SINRd0

(
Pcmaxhi,l + P

d
maxhj,l

)
hl

. (16)

Furthermore, given that the small-scale fading θ obeys an
exponential distribution with unit mean and based on [20],
the constraint (14b) can be derived into

Pr
{
SINRdj ≤ SINR

d
0

}
=

∫
∞

0
dθ i,j

∫
∞

0
dθl,j

×

∫ SINRd0 (σ
2
+Pci 9i,jθi,j+P

d
l 9l,jθl,j)

9jP
d
j

0

× e−(θi,j+θ l,j+θj)dθj ≤ p0. (17)

Integrate the above formula into Appendix, we can obtain

Pci ≤
9jPdj

SINRd09i,j

×

 9jPdj

(1− p0)
(
SINRd0P

d
l 9l,j +9jPdj

) − σ 2

9j
− 1


, f

(
Pdj
)
, (18)

where f (x) denotes a function about variable x. Based on
Pci ≥ 0 in [20], we define the minimal value of Pdj by setting

f
(
Pdj
)
= 0 as

Pdj,min ,
(1− p0)

(
SINRd0P

d
l 9l,j

)
( 1A + p0 − 1)9j

. (19)

where A = 1+ σ 2

9j
. And then, the optimal power of Pci can be

expressed as

Pc∗i = min(Pcmax , f (P
d
max)) (20)

Considering the inverse function f −1(Pci ) of f (Pdj ) and
f −1

(
Pci
)
= 0, we can obtainPci,min and f

−1(Pcmax) in the range
of (Pci,min,+∞). The optimal power distribution of Pdj can be
expressed as

Pd∗j = min
(
Pdmax , f

−1 (Pcmax)) (21)
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TABLE 3. Hall algorithm for spectrum sharing.

TABLE 4. Simulation parameters [20], [24].

C. SPECTRUM SHARING
The optimal spectrum sharing problem in (8a), i.e. spectrum
reuse between CUEs and VUEs, can be formulated as

max
ρi,j,ρi,l

{∑
i∈C,j∈S,l∈N

log
(
1+ SINRci

)
+ρi,j log

(
1+ SINRdj

)
+ ρi,l log

(
1+ SINRdl

)}
. (22)

From the above, Pci increases monotonically with Pdj
increasing and it can get a maximum value f (Pdmax) under (8c)
and (8d). So, the maximum-weight bipartite matching prob-
lem can be solved by using the hall method [12], which is
detailed in Table 3. From Table 3, the total complexity of
our hall algorithm to find the optimal solution for spectrum
sharing problem is O(K 3).

V. SIMULATION RESULTS
In this section, computer simulations are presented to confirm
the proposed resource management algorithm for dynamic
vehicular networks. We consider the network environment
with a two-way highway covered by a BS and fix the commu-
nication coverage radius of BS at 500meters. The vehicles are
distributed on the road according to spatial random process
and the distance between vehicles is determined by the trans-
mission speed and relative distance. We select i pairs of V2I
links randomly and use proposed vehicle matching algorithm
to generate k matching pairs of V2V links. Other simulation
parameters are listed in Table 4 [20], [24].

Fig. 3 shows the total channel capacity of vehicular net-
works under different vehicle speeds. It is observed that

the system capacity has a downward trend as vehicle speed
increasing. This is because that the relative distance between
vehicles becomes larger as speed increasing. We present our
proposed cluster-based resource management scheme under
mobility environment and bidirectional lane consideration
comparing with some existing algorithms, such as clustering
Algorithm 2 with Greedy scheme in [25], vehicle matching
scheme based on the minimum distance in [20], and its
transforming with our clustering Algorithm 2. According to
the simulation result calculation, compared with [20] with
our proposed Algorithm 2, our channel capacity performance
can be increasedmore than 25.31%. Obviously, the clustering
technology can improve the channel capacity, although there
is more and more mutual interference when the transmission
speed is high enough. It can also be found that our proposed
algorithm with Prim for searching vehicle matching pairs
outperforms the one with Greedy scheme and the channel
capacity performance is increased by 2.78%. Because our
strategy not only considers the closest distance but also
requires that the link duration time must be greater than the
threshold time requirement. Furthermore, if we increase the
requirement of link sustainable time, there are less V2V links
which can achieve the QoS for matching pairs.

FIGURE 3. Total channel capacity over distinct vehicles speed.

In Fig. 4, we shows the relationship between traffic density
and network total channel capacity. The traffic density is
defined as the number of vehicles in a unit length lane at a
certain instant. The number of vehicles in a lane is mainly
determined by the factor of speed. The higher the speed, the
greater the relative distance between vehicles, and the sparser
the vehicles in the lane. This means that the smaller abscissa,
the faster vehicular speed. Compared with the algorithms
based on the minimum distance links, our algorithm achieves
more than 5.75% improvement under different traffic densi-
ties. Compared with the greedy algorithm in [21], our algo-
rithm achieves a performance improvement about 4.01% in
terms of channel capacity. In the case of high traffic density,
our performance is especially better, which profits from the
rationality of the vehicle matching algorithm and clustering
algorithm.
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FIGURE 4. Total channel capacity over distinct traffic density.

FIGURE 5. Total channel capacity over distinct traffic density with
distinct Pd

max .

Fig. 5 shows the relationship between the traffic density
and the total system capacity under the maximum power of
V2V links.We can observe that the total channel capacity will
drop as the maximal transmission power decreasing, i.e. the
received interference reducing. However, the decreasing rate
of system capacity of V2V links is greater than the ones of
V2I links and the overall trend of total channel capacity is
downward.

Fig. 6 shows the total system capacity over different vehi-
cle speed and maximum allowable transmission distance of
V2V links. It can be observed that the smaller the maximum
effective distance, the larger the total channel capacity. This
is because that the smaller the maximum effective distance,
the smaller the relative displacement, and its channel gain
becomes larger. So, the channel capacity is improved.

In Fig. 7, it can be seen that increasing transmission power
of V2V links can increase the system capacity. Although the
received mutual interference of V2I links becomes greater
at this time, the channel capacity still becomes better. This
is because the number of V2V links is more than the ones
of V2I links and the channel capacity growth rate of V2V
link is greater than the decline rate of cellular V2I channel
capacity. Thus, the channel capacity is showing an upward
trend. Similarly, in Fig. 8, we can observe that reducing
the minimum communication distance between vehicles can

increase the network channel capacity. This is because the
distance affects the channel gain, which in turn affects the
channel capacity. The shorter the communication distance,
the greater the channel gain.

FIGURE 6. Total channel capacity over distinct vehicle speed with
different Dset .

FIGURE 7. Total channel capacity over different number of V2V links with
distinct Pd

max .

VI. CONCLUSION
This paper studies the resource management problem for
vehicular communication networks. Based on the rapid vari-
ability of channel state from the high mobility vehicles,
we propose a clustering algorithm based on large-scale fading
to improve spectrum utilization and construct a more real-
istic two-way lane model for actual vehicular environments.
Considering the complexity of two-way lanes, we further pro-
pose a low-complexity vehicle matching algorithm to solve
the link interference in high-speed vehicles. The simulation
results show that our resource allocation algorithm has better
performance compared with the existing schemes.

APPENDIX
According to the definition of link reliability requirement
in (14b) and based on [20], the constraint (14b) can
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FIGURE 8. Total channel capacity over different number of V2V links with
different Dset.

be derived into

Pr
{
SINRdj ≤ SINR

d
0

}
= Pr{SINRdj =

Pdj hj

σ 2 +
∑

i∈C ρi,jP
c
i hi,j +

∑
l∈N ρi,lP

d
l hl,j

≤ SINRd0 }

=

∫
∞

0
dθ i,j

∫
∞

0
dθl,j

∫ SINRd0(σ
2
+Pci 9i,jθi,j+P

d
l 9l,jθl,j)

9jP
d
j

0

× e−(θi,j+θ l,j+θj)dθj.

Using stepwise integration and giving that the small-scale
fading θ obeys an exponential distribution with unit mean,
we continue to deduce as

=

∫
∞

0
dθ i,j

∫
∞

0
e−(θi,j+θ l,j)dθl,j

×

∫ SINRd0 (σ
2
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d
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9jP
d
j

0
e−θjdθj
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∫
∞

0
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∫
∞

0
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× e
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2
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d
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d
j
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∫
∞

0
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∫
∞

0
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−

∫
∞

0
e
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2
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9jP
d
j

−θi,j

dθi,j

×

∫
∞

0
e

−SINRd09l,jθl,j
9jP

d
j

−θ l,j

dθl,j
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(9 jP

d
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2

(SINRd0P
d
l 9l,j+9jPdj )[SINR

d
0

(
σ 2+Pci9i,j

)
+9jPdj ]

.

(23)

Therefore, from the above process, parameter θ has be coun-
teracted by integrating and the transmit power of CUE and

S-VUE mainly are affected by the large-scale fading gain 9.
According to (17), we can simplify the inequality as

1−
(9 jP

d
j )

2(
SINRd0P

d
l 9l,j+9jPdj

) [
SINRd0

(
σ 2+Pci9i,j

)
+9jPdj

]
≤ p0, (24)

that is,

(9 jP
d
j )

2

(1− p0)(SINRd0P
d
l 9l,j +9jPdj )

≤ SINRd0
(
σ 2
+ Pci9i,j

)
+9jPdj (25)

(9 jP
d
j )

2

SINRd
0(1−p0)(SINR

d
0P

d
l9l,j +9jPdj )

−

9jPdj
SINRd

0

− σ 2

≥ Pci9i,j. (26)

Then we can obtain the following conclusion

9jPdj
SINRd

09i,j

 9jPdj

(1− p0)
(
SINRd

0P
d
l9l,j +9jPdj

) − σ 2

9j
− 1


≥ Pci . (27)

REFERENCES
[1] W. Sun, D. Yuan, E. Ström, and F. Brännström, ‘‘Cluster-based radio

resource management for D2D-supported safety-critical V2X communi-
cations,’’ IEEE Trans. Wireless Commun., vol. 15, no. 4, pp. 2756–2769,
Apr. 2016, doi: 10.1109/TWC.2015.2509978.

[2] J. H. Song and K.-Y. Lee, ‘‘Design of baseband analog with filter
tuning for 5.8 GHz DSRC transceiver in ETCS,’’ in Proc. 12th Int.
Conf. Ubiquitous Future Netw. (ICUFN), Aug. 2021, pp. 173–175, doi:
10.1109/ICUFN49451.2021.9528639.

[3] L. Liang, H. Peng, G. Y. Li, and X. Shen, ‘‘Vehicular communications:
A physical layer perspective,’’ IEEE Trans. Veh. Technol., vol. 66, no. 12,
pp. 10647–10659, Dec. 2017, doi: 10.1109/TVT.2017.2750903.

[4] P. Wang, B. Di, H. Zhang, K. Bian, and L. Song, ‘‘Cellular V2X
communications in unlicensed spectrum: Harmonious coexistence with
VANET in 5G systems,’’ IEEE Trans. Wireless Commun., vol. 17, no. 8,
pp. 5212–5224, Aug. 2018, doi: 10.1109/TWC.2018.2839183.

[5] F. Abbas, X. Yuan, M. S. Bute, and P. Fan, ‘‘Performance analysis
using full duplex discovery mechanism in 5G-V2X communication net-
works,’’ IEEE Trans. Intell. Transp. Syst., early access, Aug. 16, 2021, doi:
10.1109/TITS.2021.3103974.

[6] Q. Wei, L. Wang, Z. Feng, and Z. Ding, ‘‘Cooperative coexistence and
resource allocation for V2X communications in LTE-unlicensed,’’ in Proc.
15th IEEE Annu. Consum. Commun. Netw. Conf. (CCNC), Jan. 2018,
pp. 1–6, doi: 10.1109/CCNC.2018.8319219.

[7] M. S. Bute, P. Fan, G. Liu, F. Abbas, and Z. Ding, ‘‘A collaborative task
offloading scheme in vehicular edge computing,’’ in Proc. IEEE 93rd Veh.
Technol. Conf. (VTC-Spring), Apr. 2021, pp. 1–5, doi: 10.1109/VTC2021-
Spring51267.2021.9448975.

[8] T. Mach, G. Tsoukaneri, and D. Warren, ‘‘D2D-based QoS prediction
analysis in beyond 5G V2X,’’ in Proc. IEEE Int. Conf. Commun. (ICC),
Jun. 2021, pp. 1–5, doi: 10.1109/ICC42927.2021.9500300.

[9] T.-K. Le, U. Salim, and F. Kaltenberger, ‘‘An overview of physical
layer design for ultra-reliable low-latency communications in 3GPP
releases 15, 16, and 17,’’ IEEE Access, vol. 9, pp. 433–444, 2021, doi:
10.1109/ACCESS.2020.3046773.

[10] T. Xue, H. Zhang, H. Ding, and D. Yuan, ‘‘Vehicle pairing, spectrum
assignment and power control for non-safety critical services in hetero-
geneous vehicular networks,’’ IEEE Trans. Veh. Technol., vol. 70, no. 9,
pp. 9160–9173, Sep. 2021, doi: 10.1109/TVT.2021.3101516.

[11] U. A. Khan and S. S. Lee, ‘‘Three-dimensional resource allocation in
D2D-based V2V communication,’’ Electronics, vol. 8, no. 9, p. 962,
Aug. 2019, doi: 10.3390/electronics8090962.

VOLUME 10, 2022 43569

http://dx.doi.org/10.1109/TWC.2015.2509978
http://dx.doi.org/10.1109/ICUFN49451.2021.9528639
http://dx.doi.org/10.1109/TVT.2017.2750903
http://dx.doi.org/10.1109/TWC.2018.2839183
http://dx.doi.org/10.1109/TITS.2021.3103974
http://dx.doi.org/10.1109/CCNC.2018.8319219
http://dx.doi.org/10.1109/VTC2021-Spring51267.2021.9448975
http://dx.doi.org/10.1109/VTC2021-Spring51267.2021.9448975
http://dx.doi.org/10.1109/ICC42927.2021.9500300
http://dx.doi.org/10.1109/ACCESS.2020.3046773
http://dx.doi.org/10.1109/TVT.2021.3101516
http://dx.doi.org/10.3390/electronics8090962


J. Huang et al.: Cluster-Based Radio Resource Management in Dynamic Vehicular Networks

[12] F. Abbas, G. Liu, P. Fan, and Z. Khan, ‘‘An efficient cluster
based resource management scheme and its performance analysis for
V2X networks,’’ IEEE Access, vol. 8, pp. 87071–87082, 2020, doi:
10.1109/ACCESS.2020.2992591.

[13] F. Abbas, P. Fan, and Z. Khan, ‘‘A novel low-latency V2V resource
allocation scheme based on cellular V2X communications,’’ IEEE Trans.
Intell. Transp. Syst., vol. 20, no. 6, pp. 2185–2197, Jun. 2019, doi:
10.1109/TITS.2018.2865173.

[14] Y. Su, M. LiWang, Z. Gao, L. Huang, S. Liu, and X. Du, ‘‘Coexistence
of cellular V2X and Wi-Fi over unlicensed spectrum with reinforcement
learning,’’ in Proc. IEEE Int. Conf. Commun. (ICC), Jun. 2020, pp. 1–6,
doi: 10.1109/ICC40277.2020.9149440.

[15] H. Peng, D. Li, Q. Ye, K. Abboud, H. Zhao, W. Zhuang, and X. Shen,
‘‘Resource allocation for cellular-based inter-vehicle communications in
autonomous multiplatoons,’’ IEEE Trans. Veh. Technol., vol. 66, no. 12,
pp. 11249–11263, Dec. 2017, doi: 10.1109/TVT.2017.2723430.

[16] S. Xiao, W. Li, L. Yang, and Z. Wen, ‘‘Graph-coloring based
spectrum sharing for V2V communication,’’ in Proc. Int. Conf.
UK-China Emerg. Technol. (UCET), Aug. 2020, pp. 1–4, doi:
10.1109/UCET51115.2020.9205455.

[17] Z. Zhou, F. Xiong, H. Yu, C. Xu, S. Mumtaz, J. Rodriguez, and
M. Tariq, ‘‘Trajectory-based reliable content distribution in D2D-based
cooperative vehicular networks: A coalition formation approach,’’ in
Proc. IEEE Int. Conf. Commun. (ICC), May 2018, pp. 1–6, doi:
10.1109/ICC.2018.8422740.

[18] W.Qi, B. Landfeldt, Q. Song, L. Guo, andA. Jamalipour, ‘‘Traffic differen-
tiated clustering routing in DSRC and C-V2X hybrid vehicular networks,’’
IEEE Trans. Veh. Technol., vol. 69, no. 7, pp. 7723–7734, Jul. 2020, doi:
10.1109/TVT.2020.2990174.

[19] H. Chour, Y. Nasser, H. Artail, A. Kachouh, and A. Al-Dubai,
‘‘VANET aided D2D discovery: Delay analysis and performance,’’ IEEE
Trans. Veh. Technol., vol. 66, no. 9, pp. 8059–8071, Sep. 2017, doi:
10.1109/TVT.2017.2690238.

[20] L. Liang, G. Y. Li, and W. Xu, ‘‘Resource allocation for D2D-
enabled vehicular communications,’’ IEEE Trans. Commun., vol. 65,
no. 7, pp. 3186–3197, Jul. 2017, doi: 10.1109/TCOMM.2017.
2699194.

[21] L. Wei, R. Q. Hu, T. He, and Y. Qian, ‘‘Device-to-device(D2D) com-
munications underlaying MU-MIMO cellular networks,’’ in Proc. IEEE
Global Commun. Conf. (GLOBECOM), Dec. 2013, pp. 4902–4907, doi:
10.1109/GLOCOMW.2013.6855727.

[22] H. Xiao, D. Zhu, and A. T. Chronopoulos, ‘‘Power allocation
with energy efficiency optimization in cellular D2D-based V2X
communication network,’’ IEEE Trans. Intell. Transp. Syst., vol. 21,
no. 12, pp. 4947–4957, Dec. 2020, doi: 10.1109/TITS.2019.
2945770.

[23] R. C. Prim, ‘‘Shortest connection networks and some generalizations,’’
Bell Syst. Tech. J., vol. 36, no. 6, pp. 1389–1401, Nov. 1957, doi:
10.1002/j.1538-7305.1957.tb01515.X.

[24] M. H. C. Garcia, A. Molina-Galan, M. Boban, J. Gozalvez,
B. Coll-Perales, T. Sahin, and A. Kousaridas, ‘‘A tutorial on 5G
NR V2X communications,’’ IEEE Commun. Surveys Tuts., vol. 23,
no. 3, pp. 1972–2026, 3rd Quart., 2021, doi: 10.1109/COMST.2021.
3057017.

[25] A. Ray, S. Sanghavi, and S. Shakkottai, ‘‘Improved greedy algorithms
for learning graphical models,’’ IEEE Trans. Inf. Theory, vol. 61, no. 6,
pp. 3457–3468, Jun. 2015, doi: 10.1109/TIT.2015.2427354.

43570 VOLUME 10, 2022

http://dx.doi.org/10.1109/ACCESS.2020.2992591
http://dx.doi.org/10.1109/TITS.2018.2865173
http://dx.doi.org/10.1109/ICC40277.2020.9149440
http://dx.doi.org/10.1109/TVT.2017.2723430
http://dx.doi.org/10.1109/UCET51115.2020.9205455
http://dx.doi.org/10.1109/ICC.2018.8422740
http://dx.doi.org/10.1109/TVT.2020.2990174
http://dx.doi.org/10.1109/TVT.2017.2690238
http://dx.doi.org/10.1109/TCOMM.2017.2699194
http://dx.doi.org/10.1109/TCOMM.2017.2699194
http://dx.doi.org/10.1109/GLOCOMW.2013.6855727
http://dx.doi.org/10.1109/TITS.2019.2945770
http://dx.doi.org/10.1109/TITS.2019.2945770
http://dx.doi.org/10.1002/j.1538-7305.1957.tb01515.X
http://dx.doi.org/10.1109/COMST.2021.3057017
http://dx.doi.org/10.1109/COMST.2021.3057017
http://dx.doi.org/10.1109/TIT.2015.2427354

