
Citation: Bi, J.; Qin, X.; Jia, Z.

Energy-Efficient Resource Allocation

for D2D-V2V Communication with

Load Balancing. Mathematics 2023, 11,

2848. https://doi.org/10.3390/

math11132848

Academic Editors: Farag M. Sallabi

and Mohammad Hayajneh

Received: 2 June 2023

Revised: 19 June 2023

Accepted: 21 June 2023

Published: 25 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

Energy-Efficient Resource Allocation for D2D-V2V
Communication with Load Balancing
Jie Bi , Xizhong Qin * and Zhenhong Jia

College of Information Science and Engineering, Xinjiang University, Urumqi 830000, China
* Correspondence: qinxz@xju.edu.cn

Abstract: The significance of vehicle-to everything (V2X) communication in ensuring road safety is
undeniable. In addition, real-time vehicle communication requires an ample amount of spectrum
resources. However, the existing spectrum resources are seriously scarce, and the utilization rate is
not high, leading to high delays in V2X communication and other unfavorable factors in the case
of fast-moving vehicles, bringing great safety risks to driving. Load balancing is one of the most
effective methods to improve spectrum utilization. However, the existing load balancing schemes
merely focus on static conditions, with a lack of joint scheduling schemes, which cannot support
the communication framework of dynamic V2X. To address both of these issues, in this paper, a
new communication method is proposed. In addition, this paper studies a joint load balancing
scheme of mobility vehicle-to-vehicle (V2V) and user association under incomplete channel state
information (CSI) and realizes the load balancing management of a cross-cell V2X network. An
algorithm combining power control and resource allocation mode selection is proposed. In particular,
according to different coverage areas, different allocation algorithms are adopted to maximize the
overall system efficiency. The simulation results show that this strategy can maintain low latency and
effectively improve the system energy efficiency of vehicle users.

Keywords: vehicle-to-vehicle (V2V) communications; vehicle load balancing; mode selection;
energy efficiency

MSC: 94-05

1. Introduction

V2V is expected to provide safety applications for vehicles, such as collision warn-
ing, traffic information prompts and intersection warning [1]. V2V communication has
attracted wide attention from researchers in recent years. V2V network topologies based on
device-to-device (D2D) communication have become a research hotspot in recent years, as
they can offer high reliability and less delays for vehicles [2,3], and provide a high-quality
service experience for vehicles during their movement. However, the exponential growth
of communication has brought great pressure to cellular networks. Cisco’s report shows
that global mobile data traffic may reach 160 eb per month by 2025. With the increas-
ing demands of mobile data, the existing spectrum resources are seriously insufficient,
which leads to a serious overload problem [4]. They cannot meet the requirements of safe
V2V communication.

At present, many studies have shown that in the coverage area of adjacent base
stations (BSs), there is a large gap in peak traffic [5]. For example, in daily study and
work, a large number of users are concentrated in some fixed areas, while a few users are
located in other areas. This situation will lead to an uneven traffic distribution among
cellular networks [6]. This can lead to the further waste of a large amount of spectrum
resources, meaning that safe V2V communication cannot be effectively guaranteed. In
addition, for vehicle users, due to the high-speed mobility of vehicles, vehicles are sensitive
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to the transmission scenarios of cellular networks, resulting in highly dynamic topologies
of V2X wireless networks [2]; thus, studying dynamic vehicle load balancing strategies in
cellular network vehicle communication is a great challenge.

There are other methods to effectively solve the shortage of spectrum resources in
safety-related V2V communication. The 3rd Generation Partnership Project (3GPP) Re-
lease 14 proposes two resource allocation methods for V2V communication based on the
D2D:mode 3 (resource allocation by the evolved node B (eNB)) and mode 4 (resource
selection by user equipment (UE) [7]. In mode 3, the UE requests the transmission resources
of the eNB, and then the eNB allocates the granted resource blocks (RBs) to the UE for data
transmission. Mode 3 is also divided into the following two sub-modes: the dedicated
mode, which will not be interfered with by other users when using dedicated RBs for
direct communication, and the reuse mode, where vehicular user equipment (VUE) can
communicate by reusing RBs occupied by primary user equipment (PUE), which will
cause co-channel interference. In mode 4, VUEs independently select resources from the
preconfigured unauthorized resource pool [8]. Moreover, mode 4 can provide V2X services
in and out of coverage without the eNB [9].

In [10,11], it is proved that different areas (residential areas, commercial areas, trans-
portation areas, entertainment areas and comprehensive areas) have different transportation
modes at different time points and in different peak periods. In order to make rational use
of spectrum resources and improve their utilization rate, it is critical for vehicles to achieve
load balance among different BSs [4].

With regard to load balancing, [12] considers an ultra-dense small cell network, which
balances the cellular traffic among cells through D2D routing and maximizes the sum rate
of the system. In [4], through a D2D load balancing mechanism, the D2D communication
between cells was used to realize the transfer of traffic between different cells, and explore
the relationship between traffic demand and D2D overhead. The authors of [10,11] used
intelligent user association to dynamically associate users with different BSs and realize
load and flow balance management.

It has been found that D2D load balancing schemes and user association schemes have
different effects on different time scales. By using a smart user association scheme for large
time scales and using a D2D scheme for small time scales, better results can be achieved. In
daily cellular networks, adjacent BSs often produce overlapping coverage areas [13]. When
the VUE receiver (VUR) or VUE transmitter (VUT) is located in the overlapping area and
the VUT or VUR is located in the non-overlapping area, a D2D scheme is suitable, and
when both the VUR and VUT are located in the overlapping area, a user association scheme
is suitable, which can achieve better network performance. Researchers seldom consider
combining D2D with user association to achieve load balancing and energy efficiency
improvement. At the same time, due to the mobility of vehicles, the topology of vehicle
wireless networks is highly dynamic, which will introduce the Doppler effect on vehicle
links. It is difficult to obtain accurate CSI of vehicle links. Therefore, the above works are
not directly applicable to V2X networks since they do not consider the chief factor of the
Doppler effect [14–16].

The authors of [17–19] discussed the maximization of V2X system throughput. The
authors of [17] studied a resource allocation scheme based on an interference hypergraph;
and the authors of [18] put forward a new v2v resource allocation scheme, which improves
the reliability and delay of vehicles; and the authors of [19] put forward a resource alloca-
tion method based on deep reinforcement learning to maximize throughput. The author
of [20,21] proposed a novel Reverse Auction-based Computation Offloading and Resource
Allocation Mechanism, which minimizes the cost of the Cloud Service Center. The author
of [22–24] improved the reliability and spectral efficiency of V2X communication through
deep learning. However, due to the increase in the number of vehicles and the deterioration
of traffic conditions, the energy consumption of vehicle networking will increase greatly,
and the total fuel consumption may increase by 120% [25], which will aggravate energy
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consumption and trigger severe environmental issues. The methods used to improve the
energy efficiency of vehicle systems have not been well studied.

In addition, the shortcomings of the work discussed above are as follows:

• Only static user load balancing and resource allocation were studied, which cannot
meet the requirements of the communication framework of dynamic V2X.

• There is a lack of research on D2D and user association joint scheduling.
• Therefore, in this paper, we considered a joint load balancing scheme of mobility V2V

and user association under incomplete CSI, through a new method for power control
and overlapping area and non-overlapping area mode selection, to further improve
the overall energy efficiency of the system.

• In view of the above problems, the contributions of this paper are as follows:
• This paper mainly studies the load balancing scheme between two adjacent BSs, and

a dynamic energy efficiency optimization mechanism of joint load balancing across
cells is proposed. In different cellular systems, the spectrum traffic will fluctuate
unevenly, and there will be a load balancing problem between two cells (one cell’s
spectrum resources are not fully utilized, and the other cell’s spectrum resources are
seriously insufficient). In order to rationally utilize spectrum resources and improve
their utilization rate, a dynamic load balancing strategy for vehicles is proposed in
combination with D2D-V2V and user association schemes.

• According to the proposed system model, the mathematical expression is an NP-hard
problem, and a method of joint power control and resource allocation mode selec-
tion is proposed. For the power control problem, a power control method based
on Dienkelbach [26] is proposed, which maximizes the energy efficiency of a single
VUE. An iterative algorithm for power control optimization is designed, which can
significantly reduce the computational complexity. Using the obtained results, the orig-
inal optimization problem is further simplified to the problem of resource allocation
mode selection.

• For the resource allocation problem, according to the coverage situation of different
real BSs, two resource allocation mode selection algorithms are proposed. The un-
overlapped region resource allocation algorithm (URRAA) is used in non-overlapping
areas, and the overlapped region resource allocation algorithm (ORRAA) is used
in overlapping areas. These two algorithms optimize the sum of energy efficiency
through three different modes of joint resource scheduling.

• The main contents of the remaining chapters of the paper are as follows: Section 2
introduces the system model and the modeling and definition of the formulas; Section 3
focuses on the modeling and definition of energy efficiency under the background of
V2X communication; Section 4 describes the power control mode selection algorithm;
Section 5 evaluates and analyzes the system performance of the proposed algorithm;
finally, Section 6 briefly summarizes our main work and presents some conclusions.

2. System Model
2.1. System Model for V2X Network

The V2V communication network based on D2D is shown in Figure 1. A V2X network
based on an urban environment is proposed.

Without losing generality, we considered two cell scenarios, in which the BS is a
circular coverage area with radius R; BS1 belongs to a cellular structure with busy user
visits, and BS2 belongs to a cellular structure with less user visits (there are unused spectrum
resources). We divided the BS1 users into two different parts: first, there are users in the
BS overlapping coverage area (including all vehicle user pairs in the coverage area, one
vehicle in the non-overlapping area of BS1, and one vehicle in the overlapping area), along
with other users (vehicle user pairs in the non-overlapping area of BS1).
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Figure 1. The system model of the D2D-V2V network.

On the premise of orthogonal frequency division multiple access (OFDMA) [27], each
PUE is assigned a unique (orthogonal) channel in advance to reduce the interference be-
tween PUEs. At the same time, each pair of VUEs multiplexes one and only one subchannel.

The following definitions are used: there are L1 vacant licensed RBs and U va-
cant unlicensed RBs in BS1. F̃L1 = (F11, . . . , Fl1, . . . , FL1) is the set of vacant licensed
RBs in BS1, and F̃U = (F1, . . . , Fu, . . . , FU) is the set of vacant unlicensed RBs. There
are L2 vacant licensed RBs in BS2. F̃L2 = (F12, . . . , Fl2, . . . , FL2) is the set of vacant li-
censed RBs in BS2. C1 = {P1UE1, P1UE2, . . . , P1UEM1} is the set of PUEs in BS1, and
C2 = {P2UE1, P2UE2, . . . , P2UEM2} is the set of PUEs in BS2. V = {VUE1, VUE2, . . . , VUEN}
is the set of VUEs in BS1, Vz = {VzUE1, VzUE2, . . . , VzUENz} is the set of vehicle users in
non-overlapping areas, Vy = V − Vz is the set of vehicle users in overlapping areas and
Ny = N − Nz represents the number of VUEs in the overlapping coverage area of BS1.

In addition, we assume that in all lanes, the VUE transmitters uniformly fall in different
positions in the lanes by adopting the spatial Poisson process. In order to maintain a safe
distance between VUE pairs, the number of VUE pairs varies according to different speeds,
and the faster the vehicle speed, the lower the number of VUE pairs. The cluster distribution
model [28] was considered for each VUE pair, so as to ensure normal communication
and connection reliability between the VUR and VUT. Due to road congestion in urban
traffic peak hours, we approximately assumed that each VUT and its VUR have the same
movement direction and speed, and the vehicle density fitting is as follows [7]:

λ =
1

2.5× v
(1)

where v is the absolute vehicle speed, km/h. In this model, communication between the
VUR and VUT is realized through D2D technology. VUEs communicate in different modes
(mode 3 or mode 4) according to different situations. Mode 3 can be divided into special
mode or reuse mode. In the reuse mode, VUEs reuse the uplink cellular resource RBs [28],
where each VUE pair can occupy one RB, and each RB can be occupied by at most one VUE.
The meanings of the key numeric symbols are shown in Table 1.
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Table 1. Key mathematical symbol.

Symbol Definition

M1 Number of PUEs in BS1
M2 Number of PUEs in BS2
N Number of VUEs pairs in BS1
Nz Number of VUEs of the non-overlapping coverage area of BS1
Ny Number of VUEs of the overlapping coverage area of BS1

F̃L, F̃U Number of vacant licensed and unlicensed RBs
C, V Sets of PUEs and VUEs pairs

v Absolute vehicle speed
gi Channel gain between VUT i and VUR i

gjB Channel gain between PUE j and eNB1
giB Channel gain between VUT i and eNB1
gi,j Channel gain between PUE j and VUR i
σ2 White Gaussian noise
X Mode selection matrix

x(1) Indication matrix for VUEs in mode 4
x(2) Indication matrix for VUEs in dedicated mode
x(3) Indication matrix for VUEs in reuse mode
p(1) Transmit power vector for VUEs in mode 4
p(2) Transmit power vector for VUEs in dedicated mode
p(3) Transmit power vector for VUEs in reuse mode

ζ
CV

min
min

Minimum SINR of PUEs and VUEs

pCV
max

max Maximum transmit power of PUEs and VUEs

pC∗i,j, p(3)∗i,j
Optimal power allocation vector

2.2. Communication Channel Model for V2X Network

In the channel modeling, we considered both large-scale fading and small-scale fading,
which are independent block fading channels [29]. For example, gi =

[
giz, giy

]
is defined as

the channel gain between VUT i and its corresponding receiver, giz represents the channel
gain of the non-overlapping area, and giy represents the channel gain of the overlapping
area, which can be expressed as

gi = |hi|2Li (2)

where Li = d−α
i represents the large-scale fading effect of VUE i and hi represents the

small-scale fading effect. α represents the path-loss exponent and di indicates the distance
between the transmitting and receiving ends of the vehicle.

In each TTI, other large-scale fading effects, such as the shadowing effect, are approxi-
mately constant, which can be obtained by eNB. However, for small-scale fading, different
analyses can be used for different situations. Considering the links directly connected to the
eNB shown in Figure 1 and the giz and giy of VUE i, we assume that the small-scale fading
information of these links can be obtained by the eNB and distributed independently and
identically according to CN(0, 1) [2]. The reasons are as follows:

• The Doppler effect will significantly affect small-scale fading, but the direction and
speed of motion between the VUR and VUT are the same, meaning the influence of
the Doppler effect can be ignored.

• In the V2V establishment stage, the channel information of each VUE pair is obtained
by the eNB.

The interference link gi,j from the PUE transmitter j to the VUE receiver i is given
as [29]

gi,j =
∣∣hi,j

∣∣2Li,j (3)

Because the PUE transmitter j is relatively stationary or only moves slightly, while the
VUE receiver i moves rapidly, there will be a large relative movement speed between them,
which will lead to a serious Doppler frequency shift effect and imperfect CSI of gi,j, which
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will have a great impact on the small-scale fading hi,j [30], and the eNB will not be able
to obtain accurate knowledge of the small-scale fading. In this case, [30] proves that the
first-order Gaussian–Markov process can provide more accurate modeling. The modeling
of hi,j is as follows:

hi,j = εh̃i,j +
√

1− ε2ei,j (4)

where h̃i,j represents the estimated channel gain, ei,j represents the distribution of the small-
scale fading and estimation error, h̃i,j and ei,j are independently and identically distributed
and obey CN(0, 1) and the coefficient ε(0 < ε < 1) quantifies the channel correlation of
two consecutive time slots, where ε is given as [31]

ε = J0(2πfDT) (5)

where J0 is the first type of zero-order Bessel function; fD represents the maximum Doppler
frequency shift; fD = v fc/c, where v indicates the vehicle speed, fc is the carrier frequency,
and c = 3× 108m

s ; T is the period feedback latency.

2.3. Data Transmission and Energy Consumption for V2V Communication

When VUE i is in dedicated mode or mode 4, it will not be interfered with by the PUE.
Tts signal-to-interference-plus-noise -ratio (SINR) ξV

i and instantaneous data rate rV
i can be

defined as

ξV
i =

pV
i gi
σ2 (6)

rV
i = log2(1 + ξi) (7)

where pV
i is the transmission power of VUE i and σ2 is additive white Gaussian noise. VUE

i multiplexes the resource block of PUE j; its SINR ξ
(3)
i,j and data rate r(3)i,j can be expressed

as

ξ
(3)
i,j =

p(3)
i,j gi

pC
i,jgi,j + σ2

(8)

r(3)i,j = log2
(
1 + ξ

(3)
i,j
)

(9)

where p(3)i,j indicates the transmission power of VUE i in reuse mode, and pC
i,j indicates the

transmission power of PUE j.
In the same way, when PUE j does not share an RB with VUE i, its SINR ξC

j and data

rate rC
j can be expressed as

ξC
j =

pC
j gi,B

σ2 (10)

rC
j = log2

(
1 + ξC

j
)

(11)

where pC
j represents the transmission power of PUE j when there is no interference signal

signal. However, when the resource block RB of PUE j is reused by VUE i, the SINR ξC
i,j

and data rate rC
i,j of PUE j can be expressed as

ξC
i,j =

pC
i,jgj,B

p(3)
i,j gi,B + σ2

(12)

rC
i,j = log2

(
1 + ξC

i,j
)

(13)
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V2X communication requires a much stricter delay and reliability than traditional
cellular communication. The minimum SINR requirement of V2X communication needs to
be guaranteed. The SINR ξV

i needs to be above a certain threshold ξV
min, as follows:

ξV
i ≥ ξV

min (14)

The energy consumed by the I-th VUE link is expressed as

Ei = Pd
i + ηpV

i (15)

The total energy consumed is

Etotal = ∑N
i=1 Ei (16)

where pd
i denotes the fixed circuit power of both the transmitter and the receiver of the I-th

VUE link, and η is a factor accounting for the transmit amplifier efficiency.

3. Problem Formulation

For different communication modes, we define different binary indicator matrices, in
which X(1) is the autonomous resource selection mode, X(2) is the dedicated mode and
X(3) is the reuse mode. We assumed that each VUE can only choose one communication
mode; here, its binary indicator variable was set to 1, and the other indicator variables were
set to 0.

The throughput of communication in the autonomous selection mode is

R(1) = ∑N
i=1 X(1)log2(1 +

p(1)i gi

σ2 ) (17)

The system throughput in the dedicated mode is

R(2) = ∑N
i=1 X(2)log2(1 +

p(2)i gi

σ2 ) (18)

The throughput of the vehicle system in the reuse mode is

R(3) = ∑N
i=1 ∑M

j=1 X(3)log2(1 +
p(3)i,j gi

pC
i,jgi,j + σ2

) (19)

The total vehicle throughput is

Rtotal = R(1) + R(2) + R(3) (20)

At the same time, due to the rapid mobility of vehicles and the change in communica-
tion environment, the current V2X communication practice also has potential deficiencies
in energy efficiency (EE) [6]. Therefore, our goal was to maximize the energy efficiency of
vehicle systems. The optimization problem is shown in Formula (21).

max
{pV

i ,pC
i,j ,X

(1),X(2),X(3)}
EE =

Rtotal
Etotal

(21)

subject to

x(1)i , x(2)i , x(3)i,j ∈ {0, 1}, ∀i, j (21a)
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∑N
i=1 x(1)i ≤ U,∀i (21b)

∑N
i=1 x(2)i ≤ L−M,∀i (21c)

x(1)i + x(2)i + ∑N
i=1 x(3)i,j ≤ 1,∀i (21d)

∑N
i=1 x(3)i,j ≤ 1,∀j (21e)

∑N
i=1 x(3)i,j ξC

i,j +
(

1−∑N
i=1 x(3)i,j

)
ξC

j ≥ ξC
min, ∀j (21f)

x(1)i ξ
(1)
i + x(2)i ξ

(2)
i + ∑M

j=1 x(3)i,j ξ
(3)
i,j ≥ ξV

min, ∀j (21g)

∑N
i=1 x(3)i,j pC

i,j +
(

1−∑N
i=1 x(3)i,j

)
pC

j ≤ pC
max, ∀j (21h)

x(1)i p(1)i + x(2)i p(2)i + ∑M
j=1 x(3)i,j p(3)i,j ≤ pV

max, ∀j (21i)

In the optimization problem (21), pv
i = {p(1)i , p(2)i , p(3)i,j }, p(1)i represents the trans-

mission power of the VUE in autonomous resource selection mode, p(2)i represents the

transmission power in dedicated mode, p(3)i,j represents the transmission power in reuse
mode and pc

i,j represents the transmission power of the PUE being reused when the VUE is
in reuse mode.

Formula (21b) stipulates that the number of VUEs using mode 4 for communication
must be less than or equal to the total number of unauthorized RBs. In the same way,
Formula (21c) stipulates that the number of VUEs using the dedicated mode for commu-
nication must be less than or equal to the total number of authorized RBs. Formula (21d)
indicates that a VUE pair can only work in one resource allocation mode at most, and
Formula (21e) indicates that each RB can only be shared by one PUE and one VUE pair.

In order to meet the data transmission requirements of the PUE and VUE, we used
the constraints (21f) and (21g) to limit the minimum SINR requirements of the PUE and
VUE. The maximum transmission power of the PUE and VUE is restricted by (21h) and
(21i), respectively.

Because the optimization formula contains binary variables x(1,2,3) and continuous
variables pV

i , pC
i,j, the optimization problem is NP-hard, and it is difficult to obtain the

optimal solution in polynomial time. Therefore, we solved the optimization problem
through a distributed algorithm, i.e., power control and mode selection. We optimized the
power in three modes, and then carried out the mode selection algorithm after obtaining
the optimal power allocation.

4. Power Control Mode Selection Algorithm
4.1. Power Control Algorithm Based on DIENKEBACH

In this section, we calculate the optimal power allocation value of a single VUE in
different modes and propose a power allocation algorithm to reduce the complexity of
the problem. When in mode 4 (unlicensed spectrum), the energy efficiency optimization
formula of a single VUE can be expressed as

max
{p(1)i }

EE =
log2(1 +

p(1)i gi
σ2 )

2pd
i + ηp(1)i
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subject to

ξ
(1)
i ≥ ξV

min (22)

p(1)i ≤ PV
max

According to the principle of non-linear programming, the objective function of the
above problem can be expressed as

q∗ = max
R
E

(23)

The form of the optimization problem is as follows:

F(q∗) = max{R− q∗E} = 0 (24)

Therefore, the above optimization problem is transformed into

max
{p(1)i }

: log2(1 +
p(1)i gi

σ2 )− q{2pd
i + ηp(1)i }

subject to

log2(1 +
p(1)i gi

σ2 ) ≥ ξV
min (25)

p(1)i ≤ PV
max

This problem is solvable.
We aimed to verify that the above problem is a standard definition of a convex

optimization problem.

f (p(1)i ) = log2(1 +
p(1)i gi

σ2 ) (26)

By finding the second derivative of Formula (26), the second-order judgment condition
of the convex function can be obtained. It is easy to prove that f is a concave function,
meaning that constraint 1 of the above problem is a concave function, and constraint 2 is a
linear function, which is a standard convex optimization problem [32].

When in reuse mode, the optimization formula can be expressed as

max
{p(3)i,j ,pC

i,j}
EE =

log2(1 +
p(3)i,j gi

pC
i,jgi,j + σ2

)

2pd
i + ηp(3)i

subject to

ξC
i,j =

pC
i,jgj,B

p(3)i,j gj,B + σ2
≥ ξC

min (27)

ξ
(3)
i,j =

p(3)i,j gj

pC
i,jgi,j + σ2

≥ ξV
min

pC
i,j ≤ pC

max
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p(3)i,j ≤ PV
max

The solution method is the same as the above, and the above problem can be trans-
formed into

max
{p(3)i,j ,pC

i,j}
: log2(1 +

p(3)i,j gi

pC
i,jgi,j + σ2

)− q{2pd
i + ηp(3)i }

subject to

ξC
i,j =

pC
i,jgj,B

p(3)i,j gj,B + σ2
≥ ξC

min (28)

ξ
(3)
i,j =

p(3)i,j gj

pC
i,jgi,j+σ2 ≥ ξV

min

pC
i,j ≤ pC

max

p(3)i,j ≤ PV
max

Define function f1(p(3)i,j , pC
i,j) as

f1(p(3)i,j , pC
i,j) = log2(1 +

p(3)i,j gi,B

pC
i,jgi,B + σ2

) (29)

Define function f2(p(3)i,j , pC
i,j) as

f2(p(3)i,j , pC
i,j) = log2(1 +

p(3)i,j gi

pC
i,jgi,j + σ2

) (30)

The second derivative of f1 and f2 can be found to be less than or equal to 0. The ob-
jective function and constraint function of the optimization problem are concave functions,
and the other constraints are linear functions, which is a standard convex optimization
problem. The MATLAB convex optimization toolkit can be used to find the optimal solution
and the optimal power allocation.

The specific process is shown in Algorithm 1.

Algorithm 1: Power control algorithm based on Dienkelbach

1: Initialize q, pC
i,j, p(3)i,j . And set the precision error as ε;

2: Get pC∗
i,j , p(3)∗i,j according to Formula (27);

3: Get F(q∗) according to Formula (24);
4: Compared F(q∗) with ε; If F(q∗) ≤ ε, then through (23), get q∗, jump to step 6,
otherwise, skip to step 5;
5: If F(q∗) ≥ ε, then get q∗ through (23). Go back to step 2;

6: Power control algorithm is finished. Obtain q∗, pC∗i,j, p(3)∗i,j ;

4.2. Mode Selection Algorithm

In order to improve the energy efficiency of the whole system, it is necessary to switch
as many V2V pairs as possible to unauthorized and dedicated modes. If one V2V pair
works in the dedicated mode, it will not produce co-channel interference, and will provide
additional orthogonal spectrum resources for other VUE pairs, which will significantly
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reduce the overall interference of the system and provide more multiplexing opportunities
for VUE pairs in the multiplexing mode.

We substituted pv
i and pc

i,j obtained through the power allocation algorithm in different
modes into Formula (21). In this way, Formula (21) can be simplified to Formula (31).

max
{X(1),X(2),X(3)}

EE =
Rtotal
Etotal

subject to

x(1)i , x(2)i , x(3)i,j ∈ {0, 1}, ∀i, j

∑N
i=1 x(1)i ≤ U,∀i (31)

∑N
i=1 x(2)i ≤ L−M,∀i

∑N
i=1 x(3)i,j ≤ 1,∀j

Formula (31) only contains binary indicator variables, namely x(1), x(2), and x(3).
Therefore, Formula (31) is a 0–1 integer programming problem. In order to obtain the
optimal system energy efficiency, we propose a joint resource scheduling method with
different communication modes in different coverage areas.

4.2.1. Unoverlapped Region Resource Allocation Algorithm

As shown in Algorithm 2, in step 1, in order to obtain the best energy efficiency value,
VUE users in the left non-overlapping area preferentially choose to work in mode 4. The
VUE can independently select appropriate resources for communication according to the
mapping relationship between the geographical area and resource pool or cognitive radio
mode. When the VUE selects suitable unauthorized RBs for communication, the VUE
exchanges scheduling information with other VUEs through broadcasting and deletes the
unauthorized RBs from the resource pool. This process does not depend on the control of
the core network and eNB. Upon detecting that there are no idle unauthorized RBs, the
eNB will receive the report information of the VUE, and step 1 ends.

In step 2, the remaining VUEs that are not communicating will switch to the dedicated
mode. In the dedicated mode, the eNB is responsible for uniquely allocating authorized
RBs to the VUE. Once the VUE occupies an RB, the eNB deletes the used RB from the
idle licensed RB set. The algorithm terminates when all idle licensed RBs are allocated
or all VUEs can communicate through the obtained free authorized RBs. Otherwise, the
remaining VUEs will be able to transfer to reuse mode.

X(1) and X(2) can be obtained by executing the first two steps of the URRAA, and
Formula (31) can be further simplified to Formula (32). Formula (32) only contains a binary
indicator variable, x(3), which is equivalent to solving the problem concerning which
PUE resource block should be reused by the VUE. The matching algorithm was analyzed
as follows:

max
{X(3)}

EE =
Rtotal
Etotal

subject to

x(3)i,j ∈ {0, 1}, ∀i, j (32)

∑N
i=1 x(3)i,j ≤ 1,∀j
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∑M
j=1 x(3)i,j ≤ 1,∀j

For the analysis of the matching algorithm and in order to meet the Qos requirements
of VUE users and the information rate requirements of PUE users, the matching problem
between the VUE and its reusable PUE can be transformed into a marriage matching
problem, because this not only ensures the needs of both parties, but also achieves a better
energy efficiency improvement. Both the improved Gale–Shapley (GS) algorithm and
Hungarian algorithm can solve the problem of stable matching between two sets, and the
number of PUEs and VUEs can be uncertain, but the EE improvement of the improved
GS algorithm is not significant. Meanwhile, the Hungarian algorithm can achieve stable
matching between the VUE and PUE and obtain a better EE value to meet the demands
for minimal delays among vehicles. Therefore, the Hungary algorithm was adopted in
this paper.

Algorithm 2: Unoverlapped region resource allocation algorithm

1: Vz represents the set of unmatched VUEs;
2: Vr represents the set of VUEs sharing same RBs with PUEs;
3: while Vz 6= ∅ do;
4: Step 1: Autonomous Resource Selection Mode Selection
5: if F̃U 6= ∅ then;
6: VUE i gets access to vacant unlicensed RB F̂i by sensing and broadcasting technology;

7: x(1)i = 1;
8: Remove RB F̂i from vacant unlicensed RBs set FU ;
9: Remove VUE i from Vz;
10: Step 2: Dedicated Mode Selection
11: else if F̃L1 6= ∅ then;
12: VUE i gets access to vacant licensed RB Fi by the scheduling of eNB;

13: x(2)i = 1;
14: Remove RB Fi from vacant licensed RBs set F̃L1;
15: Remove VUE i from Vz;
16: else if F̃U = ∅&F̃L1 = ∅ then;
17: The Hungarian algorithm obtains the optimal match;
18: end if;
19: end while;
20: URRAA algorithm is finished. Obtain X(1),X(2) and X(3).

4.2.2. Overlapped Region Resource Allocation Algorithm

As shown in Algorithm 3, in step 1, because VUE users in overlapping areas can adopt
the load balancing scheme of D2D and user joint scheduling proposed in this paper, they
can dynamically select the spectrum resources of their own base station and neighboring
base stations according to the SINR requirements, so as to obtain the optimal system energy
efficiency. This leads to step 2.

In step 2, the remaining uncommunicated VUEs will use the multiplexing mode
for communication. Because the first base station is a congested base station, and there
are many users, in order to guarantee the service quality of PUE users, all users in the
overlapping area reuse the spectrum resources of the second PUE users for communication.
In this paper, the Hungarian algorithm was used to match the best PUEs for the vehicles,
and one-to-one matching was adopted.



Mathematics 2023, 11, 2848 13 of 20

Algorithm 3: Overlapped region resource allocation algorithm

1: Vy represents the set of unmatched VUEs;
2: Vr represents the set of VUEs sharing same RBs with PUEs;
3: while Vy 6= ∅ do;
4: Step 1: Base Station Selection
5: if F̃U 6= ∅ then;
6: VUE i gets access to vacant unlicensed RB F̂i by sensing and broadcasting technology;

7: x(1)i = 1;
8: Remove RB F̂i from vacant unlicensed RBs set F̃U ;
9: Remove VUE i from Vy;
10: else if F̃L1, F̃L2 6= ∅ then;
11: In dedicated mode, Calculate the best SINR ξ1 of RBs in BS1 used by VUE i;
12: Calculate the best SINR ξ2 of RBs in BS2 used by VUE i;
13: if ξ1 > ξ2;
14: Select RBs F1

i of BS1;
15: else if;
16: Select RBs F2

i of BS2;

17: x(2)i = 1;
18: Remove RB F1

i (F2
i ) from vacant licensed RBs set F̃L1, F̃L2;

19: Remove VUE i from Vy;
20: else if F̃U = ∅&(F̃L1,F̃L2) = ∅ then;
21: Step 2: Resource Allocation
22: The Hungarian algorithm obtains the optimal match;
23: end if;
24: end while;
25: ORRAA algorithm is finished. Obtain X(1),X(2) and X(3).

5. Performance Analysis

In this section, we evaluate the performance of the proposed algorithm. We followed
the city case simulation in 3GPP TR36.885 [7] (density, speed, vehicle channel, V2V data
traffic, etc.). The vehicle position uniformly falls in different positions in the lane through
the spatial Poisson process. In order to verify the performance of the mathematical model
proposed in this paper, MATLAB 2018a was used to conduct simulation experiments
under the configuration of Intel (R) Core (TM) i5-6500CPU@3.20 GHz, RAM8GB and
Windows10 Professional.

The main simulation parameters are presented in Table 2. In addition, we simulated
and tested the average EE performance more than 1000 times.

Table 2. Simulation parameters.

Simulation Parameter Value

Cell radius 500 m
Bandwidth of each RB 180 kHz
Noise spectral density −174 dBm/Hz
Path-loss exponent 4
SINR threshold PUE VUE 8 dB,10 dB
MAX transmit power 23 dBm
Vehicle speed 40 km/h
Number of vacant licensed RBs, L 1
Number of vacant unlicensed RBS, U 3
Circuit power of vehicles 50 mW
Transmit amplifier efficiency 5
Carrier frequency 2 GHz
Channel feedback latency, T 0.5 ms
MAX VUE pair distance 35 m
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In order to evaluate the performance of the proposed algorithm, the results of this
algorithm were compared with those of an exhaustive algorithm, an algorithm without
load balancing (WLB) and the improved GS algorithm (IGS).

Figure 2 shows a comparison of the energy efficiency values of the different algorithm
systems. It can be clearly observed that the load balancing strategy proposed in this paper
improved the energy efficiency of the vehicles. It was significantly superior to the other
algorithms, and its performance was close to that of the optimization algorithm, with an
average system performance of 97% of that of the exhaustive algorithm. This is because this
paper used spectrum resources that are not fully utilized in neighboring cells, meaning that
more vehicle users can communicate in the special mode of the authorized mode without
interference from the main users, and the channel condition information is better, enabling
the energy efficiency value of the system to increase. Furthermore, with the increase in
VUE distance, the energy efficiency of the system showed a downward trend, because
with the increase in distance, the path loss increased significantly, and the overall energy
efficiency decreased. Energy efficiency increased by an average of 17%. With the increase
in the number of resource blocks, the energy efficiency of the system increased accordingly,
because the number of vehicles that can be used in special mode also increased, and
more vehicles were used in dedicated mode in the overlapping areas, which significantly
improved the energy efficiency of the system.
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Figure 2 proves that the energy efficiency of this system is close to 97% of the system
performance of the exhaustive algorithm, and as shown in Figure 3, the time efficiency
of this algorithm was significantly better than that of the exhaustive algorithm, which
can better meet the requirements for minimal delays among vehicles. Additionally, with
the increase in PUE number, the time of the exhaustive algorithm increased, but the time
change of this algorithm was not significant, which shows that the performance of this
algorithm is close to that of the exhaustive algorithm. Moreover, the time efficiency was
greatly reduced, and the running speed of the algorithm did not slow down with the
increase in the number of users.
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In this scheme, according to Formula (1), different vehicle speeds and different vehicle
densities λ lead to different numbers of VUE pairs, and different VUE pairs will also have
a great impact on the system energy efficiency.

It can be observed in Figure 4 that, with the increase in vehicle speed, the energy
efficiency of the system showed a downward trend. This is because the vehicle modeling
in this paper obeyed the spatial Poisson distribution, the vehicle density was 0 and the
number of vehicles was determined by the vehicle speed, that is, with the increase in
vehicle speed, the number of vehicles and the energy efficiency of the system will decrease.
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As shown in Figure 5, we compared the energy efficiency of the system with the
iteration times of the proposed algorithm. It can be observed in the figure that the energy
efficiency converged within a small number of iterations and basically reached the conver-
gence state in only two steps. The convergence speed was faster, and by comparing the
results of the algorithms with or without load balancing, it can be observed that the energy
efficiency of the load balancing algorithm in this paper was obviously better than that of
the algorithm without load balancing.
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It can be observed in Figure 5 above that the iterative convergence speed of the power
control algorithm in this paper was faster, and as shown in Figure 6, the energy efficiency of
the algorithm with power control in this paper was significantly improved compared with
the algorithm without power control, because the power control algorithm in this paper can
iteratively find the power value that makes the energy efficiency of a single VUE system
optimal, and can significantly reduce the interference from the main users. Moreover, with
the increase in the number of V2V pairs, the accumulated energy efficiency trend will be
better than that of the algorithm without power control.
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In Figure 7, with the increase in the number of primary users, the energy efficiency
value of the vehicles decreased. This is because the number of vehicles communicating
in dedicated mode decreased, which were interfered with by the primary users, and the
energy efficiency value decreased. Moreover, the performance of the algorithm system in
this paper was better than that of the case without load balancing.
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As shown in Figure 8, the energy efficiency of the system with a radius of 500 was
obviously higher than that with a radius of 200. This is because when the radius is small,
the overlapping area of two base stations will be reduced, the number of vehicles in the
overlapping area will be reduced with the same number of vehicles, and the number of
vehicles that can reasonably utilize the spectrum resources of BS2 will also be reduced,
meaning the system energy efficiency will be reduced. However, regardless of the radius,
the system energy efficiency with load balancing was always higher than that without
load balancing.
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The algorithm in this paper makes rational use of spectrum resources near the over-
lapping area, and the number of all BS2 primary users will have an impact on the energy
efficiency of the vehicle user system in BS1. As shown in Figure 9, with the increase in the
number of BS2 primary users, the system energy efficiency declined because the number of
vehicles available for the special mode in the overlapping area decreased, and the system
energy efficiency decreased to a certain extent. However, under the algorithm without-load
balancing, the system energy efficiency was not affected by the main users in BS2.
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6. Conclusions

In this paper, a joint scheme of mobile vehicle load balancing was proposed, and a new
method of power control and resource allocation mode selection was presented. The joint
scheme can significantly improve the system energy efficiency, meet the requirements of ve-
hicle users for spectrum resources and minimal delays, and support centralized/distributed
hybrid V2X communication and safety-related V2X services. By considering different re-
source allocation modes, we proposed a power control strategy to calculate the optimal
power allocation value of a single VUE in different modes and at the same time, reduce
the reuse of the same channel interference by the VUE and PUE, thereby improving the
overall energy efficiency. We proposed two new algorithms, the URRAA and ORRAA,
to realize resource allocation in different regions. The simulation results showed that,
compared with the other schemes, our proposed scheme can not only significantly improve
the energy efficiency of VUEs, but that it can also meet the demands for minimal delays
among vehicles.
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