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Abstract—In this paper, with the aims of alleviating the pressure
from the shortage of spectrum resource and addressing the inef-
ficient spectrum utilization, we investigate the spectrum sharing
for moving vehicles in Heterogeneous Vehicular Networks (HVNs)
consisting of the macrocells and the Road Side Units (RSUs) with
Cognitive Radio (CR) technology. We first propose an incentive
mechanism for encouraging macrocells to share spectrum resource
with vehicle users, in which the CR-enabled RSUs perform sensing
the spectrum availability in the surrounding urban environments.
Furthermore, the downlink resource allocation for vehicle users as-
sociated with different RSUs is modeled as an n-person game and
solved by designing a noncooperative game theoretic approach. By
considering transmission power constraint of RSU and inter-RSU
interference, the resource allocation and interference mitigation
among RSUs are formulated via maximizing the overall utility
in the HVNs. We design a game theoretical strategy optimization
algorithm based on regret-matching and then derive the correlated
equilibrium solution. Moreover, we propose a heuristic power con-
trol algorithm for further mitigating the inter-RSU interference
in the noncooperative game based resource allocation. Simulation
results demonstrate that the proposed approach can achieve the
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correlated equilibrium with fast convergence and significantly im-
prove the system performance in high mobility HVNs.

Index Terms—Correlated equilibrium, heterogeneous vehicu-
lar networks, non-cooperative game, n-person game, resource
allocation.

I. INTRODUCTION

IN RECENT years, vehicular networks have emerged as a
new class of efficient information sharing and data dissem-

ination technology among vehicles and existing infrastructures
mainly because of their wide range of applications in Intelligent
Transport Systems (ITS) and Internet of Vehicles [1]. Since the
demands of mobile traffic and wireless service from vehicle to
vehicle and vehicle to infrastructure communications are ris-
ing dramatically, vehicular networks suffer from heavy traffic
load which also brings great pressure on the existing cellular
networks. To satisfy the ever increasing of mobile traffic, the
authors in [2], [3] propose the Heterogeneous Vehicular Net-
works (HVNs) consisting of the macrocells and the Road Side
Units (RSUs), wherein the RSUs offload the traffic from the con-
gested macrocell and improve the system throughput as well as
support the vehicular traffic service.

However, heterogeneous vehicular networks exhibit many
unique characteristics, which pose great challenges to achieve
efficient and reliable V2X communications [4]. As large number
of vehicles are distributed over a limited region, the available
spectrum resource becomes scarce. The Federal Communica-
tions Commission (FCC) has assigned 75MHz bandwidths for
dedicated short range communications, while this is insufficient
to support the varieties of mobile traffic service [5].

To fulfill the growth of vehicular communications and cope
with the shortage of spectrum resource, Cognitive Radio tech-
nology incorporated into HVNs is recognized as a key lever to
efficiently utilize the spectrum resource [6], [7], in which RSUs
with CR capability sense the vacant radio resource in surround-
ing environments so that the secondary users (i.e., vehicle users
and macrocell users) can use the available spectrum without
causing additional interference to the primary users. Therefore,
the spectrum efficiency can be significantly improved in HVNs
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and CR-enabled RSUs can provide critical wireless connectiv-
ity to vehicle users [8]. Once the vacant spectrum resources
are known, the effective radio resource allocation approach is
needed. Although spectrum allocation schemes with CR tech-
nology have been studied in wireless communication networks,
it is more challenging and complicated for HVNs due to the
ever-changing of the urban environments and the fast moving
of vehicle users [2], [3].

A. Literature Review

The problem of resource allocation in wireless communi-
cation networks has drawn much attention, which has been
investigated in existing research works, e.g., [9]–[14]. In [9],
the authors present an overview of cognitive radio networks
and focus on the recent advances in resource allocation tech-
niques. In addition, game theory [10] is considered as an effi-
cient tool for tackling the problem of spectrum allocation in
wireless communication networks on account of limited re-
source and lots of secondary users. In [11], the non-cooperative
differential game theory is applied to perform resource allo-
cation. In [12], the authors investigate resource allocation by
virtue of non-cooperative game solution in Two-Tier Femto-
cell Networks and prove that this game converges to its Nash
Equilibrium (NE) point [13]. In [14], the authors formulate the
reciprocal behaviors as a three-tier game and demonstrate the
additional configurations of control channel protocol to obtain
the game equilibrium. According to these works [9]–[14], the
dynamic spectrum allocation is able to offer a feasible way to
resolve the shortage of spectrum resource when an unexpected
increase of spectrum demand arises in macrocell networks. The
majority of these works are appropriate for the static or low
speed users, nevertheless, they do not take the high mobility
of devices or users into consideration, which is typical in the
vehicular environments.

The existing works have contributed efforts to resource al-
location for the vehicular scenarios. In [15], the authors study
radio resource sharing by designing Separate Resource Block
allocation and Power control (SRBP) algorithm for D2D based
V2V communication, where the D2D communication has been
proposed as a possible enabler for V2V applications [16]. In
[17], the authors utilize the linear programming (LP) method
for maximizing the available spectrum resource in the CR based
high speed vehicle networks. A semi Markov decision process
based resource allocation scheme is proposed in [18] to facili-
tate video streaming application in terms of peak signal-to-noise
ratio and smooth playback. To mitigate the interference in ve-
hicular networks, two graph based resource-sharing schemes are
investigated in [19]. In [20], the authors consider the problem
of cooperative communications scheduling by graph theory in
vehicular networks. In [21], the authors formulate the subband
assignment problem by using the graph-based approach. In [22],
the authors propose a coalition game model based on two-sided
matching theory for cooperation among cloud service providers
to share their idle resources. In [23], the authors investigate
the joint resource blocks assignment and transmission power
allocation in the Full-Duplex cellular-VANET heterogeneous
networks. [24] achieves a Nash equilibrium for a matrix game
by devising Karush-Kuhn-Tucker nonlinear complementarity

approach (NCA on KKT), which is used for the optimization of
resource allocation in the cloudlet resource management.

In this work, we focus on studying the spectrum resource
sharing in the Heterogeneous Vehicular Networks from differ-
ent perspectives, i.e., to encourage the sharing of precious radio
resource between macrocell and RSUs by incorporating cogni-
tive capabilities and exploiting spectrum sensing, on the other
hand, to develop game-theoretic approach for resource alloca-
tion based on the available spectrum, which can guarantee fast
convergence such as to satisfy the high-dynamic in the urban
vehicular environments.

B. Motivations and Contributions

In this paper, we investigate the spectrum resource sharing for
vehicle users in Heterogeneous Vehicular Networks. First, in or-
der to cope with the shortage of spectrum resource in HVNs, we
wish to identify and exploit the available spectrum such as TV
White Space (TVWS). According to [25], [26], TV band can
provide available spectrum for unlicensed users, i.e., the vehicle
users in this study, and enable connected vehicular networks.
To this end, the CR-enabled RSUs perform spectrum sensing
the white space in surrounding environments and hence imple-
ment the spectrum reusing between the vehicle users and the
macrocell users. Note that according to the FCC’s regulation,
the spectrum database access can be used to obtain the available
spectrum for addressing the increasing demand of mobile data
from connected vehicles, which saves the time for searching the
TVWS. In our study, the RSUs can perform both database access
and spectrum sensing. We then propose a non-cooperative game-
theoretic approach with correlated equilibrium for resource al-
location, with the aim of improving the spectrum efficiency
among RSUs and obtaining maximum achievable data rate for
vehicle users in the downlink LTE system. It is a decentralized
approach, since each RSU acts independently and is unware
of how other RSUs select their own strategies. In particular,
the set of correlated equilibrium game includes the set of Nash
equilibrium, while it is more preferable than Nash equilibrium
[27]. To meet the needs of the high mobility of vehicles in ur-
ban environments, the proposed game theoretic method is able
to converge quickly and in the meantime without degrading the
macrocell performance. The main contributions are summarized
as follows:

i) We propose an incentive mechanism based spectrum
reusing method for macrocell and RSUs, which encourages
macrocell to share the available spectrum resource with the
RSUs, with the purpose of improving the spectrum utilization
by reusing the white space spectrum and decreasing the inter-
ference to macrocell users.

ii) Considering transmission power constraint of RSU and
inter-RSU interference, the problem of resource allocation for
moving vehicles associated with different RSUs is formulated
as the n-person game. To resolve this, we propose a non-
cooperative game approach and design a game theoretical strat-
egy selection algorithm based on regret-matching. Moreover,
we design a graph coloring based algorithm to form the strat-
egy set and derive the correlated equilibrium solution for the
non-cooperative game based resource sharing problem. The pro-
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TABLE I
DESCRIPTION FOR KEY PARAMETERS

posed game theoretical approach is proven that a quick-converge
correlated equilibrium can be achieved.

iii) We formulate the joint optimization problem of resource
sharing and power control for RSU with the objective of fur-
ther mitigating the inter-RSU interference. To solve this, we
propose a heuristic power control algorithm (HPCA) to adjust
transmission power of RSU. We perform extensive simulations
in the urban scenario. Simulation results demonstrate that the
proposed algorithm can effectively mitigate the interference be-
tween RSUs and significantly improve the utility level in high
dynamic HVNs.

The remainder of this paper is organized as follows. We
present the HVNs and the incentive mechanism in Section II.
In Section III, the non-cooperative game-theoretic resource
allocation is formulated. In Section IV, we derive the correlated
equilibrium solution for the proposed game-theoretic approach.
The simulation results, together with the performance analy-
sis, are given in Section V. Finally, we conclude the paper in
Section VI.

II. SYSTEM MODEL

In this section, we present the system model of HVNs in ur-
ban scenario. Then we propose an incentive mechanism based
spectrum reusing method in order to fully utilize the avail-
able spectrum for vehicular communications. We summarize the
notations and descriptions of key parameters in Table I.

A. HVNs

The HVNs consist of macrocells and RSUs, which provide an
efficient way to offload the wireless and mobile service of vehi-
cle users from macrocells. As illustrated in Fig. 1, we consider a
total of Nr fixed RSUs underlying the coverage of a macrocell
base station (MBS) in urban scenarios with a grid-like street lay-

Fig. 1. The communications in HVNs.

out, where RSUs are deployed near the road intersections with
covering radius Rrsu and provide wireless service for vehicle
users. Besides, the RSUs are incorporating cognitive capability
hence they are able to sense the environment and detect the
available spectrum such as TVWS [25], [26], which the FCC
and the Office of Communications (Ofcom) allow the vehicle
users to access for addressing the increasing demand of mobile
data from vehicular communications. The connection and in-
formation exchange between MBS and RSUs are supported by
LTE [28].

We assume that the arrival of the macrocell users follows
Poisson process with the arrival rates λm [18]. The arrival of
vehicle users requiring for wireless service also follows Poisson
process with parameter λv . Owing to advances in land vehicle
localization technology, the locations of land vehicles can be
obtained by global positioning system (GPS) [29] or through
cooperative localization method [30].

In addition, the vehicles are assumed moving in a bidirectional
way, such as from east to west or from north to south. When
the vehicles move into the transmitting range of CR-enabled
RSU, the vehicle users will initialize spectrum resource request
to RSU once they have wireless service demands. The wireless
services of vehicle users can be classified into two parts in the
vehicular communications, namely the real-time service (such
as collision alarm, road congestion information, voice over IP
etc.) and flexible service (such as Internet access and entertain-
ments). The RSU will decide whether or not respond the request
based on the usage of the spectrum and the variety of wireless
services. When there are available spectrum bands, the vehi-
cle users with real-time service have the priority to access the
spectrum resource.

B. Incentive Mechanism Based Spectrum Reusing

In the urban area, large number of vehicles pose heavy burden
for the current cellular communication system, for instance, the
LTE and LTE-A, in providing reliable connection for the require-
ment of V2X communications [31]. In other words, besides the
macrocell users, the licensed spectrum resources in the cellular
system are not enough that can be used for the massive vehicle
users in HVNs. To solve this problem, it is essential to dis-
cover and utilize the available spectrum including unlicensed
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spectrum so as to address the increasing demand of wireless
services from vehicular communications.

Therefore, motivated from [14], we propose an incentive
mechanism for allowing the macrocell to share the available
spectrum with the vehicle users, which enables an effective
way to cope with the problem of spectrum resource shortage.
First, we need to identify the vacant spectrum that vehicle users
can use. To achieve this, the RSUs with CR capability sense
the available spectrum bands in surrounding environments, and
then send the information back to the MBS. According to the
FCC’s latest TVWS regulation [25], the secondary users, i.e.,
the vehicle users and macrocell users, can obtain the availability
information of TVWS spectrum database. This helps to reduce
the operation time for searching the available spectrum. As a
coordinator during the spectrum sharing, the MBS collects and
analyzes the information of the white spectrum with accessional
system cost, such as the increasing of the transmission overhead,
computation and storage space. On the basis of reciprocity in
the incentive mechanism, the macrocell users can use the avail-
able spectrum and the MBS will allocate a definite proportion of
available spectrum resource to the RSU-tier, hence the benefit
is mutual, i.e., the use of sensed spectrum provides additional
radio resource for both macrocell users and vehicle users, on
the other hand, the vehicle users would not cause interference
to the macrocell users.

Let Nw denote the total number of the white spectrum sensed
by the RSUs. Note that the spectrum sensing can not be ab-
solutely accurate. We define ρ as the accuracy during spec-
trum sensing and 0 < ρ < 1. Let Na denote the total number of
the available spectrum and we have Na = ρNw . Assume that
0 < ζ < 1 denotes the ratio of spectrum assigned to macrocell.
Let Nb denote the quantity of the vacant spectrum bandwidth
allocated to RSUs. We then have Nb = ρ(1− ζ)Nw . As a re-
sult, the vehicle users will not cause interference to the macrocell
users. The spectrum resources mentioned in this paper are the
resource blocks (RBs), which are referred to the time-frequency
resource block unit in the downlink LTE system. We can assume
the RSU is able to identify the type of traffic services (i.e., the
real-time traffic with high priority and flexible traffic with low
priority) of the vehicle users when they move into the trans-
mitting range of an RSU. The RSU will preferentially allocate
the spectrum resource to vehicle users with the requirement of
real-time traffic service owing to the limited available spectrum
bandwidth. When the entire available spectrum is occupied in
RSU, the RSU would not accept requests of either real-time
service or flexible traffic service. In this case, the ongoing flex-
ible traffic service will not be terminated even the vehicle user
with real-time service arrives. Besides, the RSU will withdraw
the spectrum resource allocated to the vehicle users when they
depart from the RSU or their traffic services end. Hence, this
occupied spectrum resource will be available to other vehicles
which are within the coverage of the RSU.

III. NONCOOPERATIVE GAME-THEORETIC

RESOURCE ALLOCATION

In this section, we deal with resource allocation problem in
RSU-tier of HVNs among RSUs sharing the available spec-

trum resource that can be obtained according to Section II.
In the practical urban environment, the RSUs, i.e., the selfish
players, compete for the available spectrum to maximize their
own interests, which can be modeled as an n-person game [13].
However, this leads to the inefficiency known as the ‘tragedy
of commons’ [32]. In the case of this study, it implies that the
RSUs act individually for their interests while ultimately harm
the utilization of the limited spectrum resource. This occurs
even they are aware of that it is not the long-term interests of
any other RSUs. The cooperation between RSUs offers an ef-
fective way to overcome this hurdle and solve the concern for
efficiency. Nevertheless, this relies on stable and large number
of information exchange among RSUs and results in the increas-
ing of transmission overhead and signaling processing burden
in the HVNs. Therefore, we solve the n-person game with a dis-
tributed manner. To achieve this, we propose a non-cooperative
game-theoretic approach to implement spectrum resource allo-
cation between RSUs, in which the players (the RSUs) choose
the strategy independently, with the purpose of maximizing the
overall utility and achieving the correlated equilibrium.

A. Formulation of Noncooperative Game

The resource allocation problem is modeled as a non-
cooperative game, which can be defined as

Γ = { ˜N, {˜Ar}, {˜Ur}}, (1)

where ˜N denotes the finite set of RSUs. ˜Ar and ˜Ur de-
note the strategy set and the utility of RSU r, respectively.
r ∈ {1, 2, . . . , Nr} and Nr denotes the number of RSUs. We
define ˜Ar = {Ar

1 , A
r
2 , . . . , A

r
k} and k ∈ {1, 2, . . . , Nb}. Ar

k is
used to describe one single strategy of that the k-th RB is allo-
cated to RSU r. Ar

k = 1, if the k-th RB is assigned to RSU r;
otherwise, Ar

k = 0.

B. Utility Function

We consider the downlink Signal-to-Interference plus Noise
Ratio (SINR) of RSU r transmitting to its associated vehicle i,
which can be calculated by

SINRr
i (t) =

Pr
i (t)(dr

i )
−γ hr

i δ
r
i (t)

∑

m �=r (d
m
i )−γ Pm

i (t)hm
i δm

i (t) + N0
, (2)

where t ∈ {1, 2, · · · , T} denotes the time interval. Pr
i (t) de-

notes the transmission power when RSU r communicates with
the vehicle user i. dr

i denotes the distance between RSU r and
vehicle user i. γ is the path loss exponent. dm

i denotes the dis-
tance between RSU m and vehicle user i. m ∈ {1, 2, · · · , Nr}
and m �= r. Let Δt denote the duration of the time interval.
hr

i is the channel gain of vehicle user i in RSU r. According
to the results in [33], the channel fading gain changes slightly
with small Δt, for instance, the channel gain is almost con-
stant when Δt is less than 1s in a wide-range dynamic vehic-
ular environments. Hence, we set Δt = 1s in this study. The
interference consists of two parts, namely, the additive white
Gaussian Noise (AWGN) denoted by N0 and the co-channel
interference.

∑

m �=r (d
m
i )−γ Pm

i (t)hm
i δm

i (t) denotes the co-
channel interference on the RSU r transmitting to the vehicle
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user i from other vehicle user sharing the same RBs. δr
i (t) is the

indicator function, which can be expressed as

δr
i (t) =

{

1, Resource block is assigned to vehicle i

0, otherwise.
(3)

When vehicle i enters into the coverage of RSU r and initial-
izes the request for spectrum resource, the RSU r will decide
whether the resource is allocated to this vehicle user. If the RSU
accepts the request, δr

i = 1; otherwise δr
i = 0, when the RSU

refuses the request or the vehicle departs from RSU r. We de-
fine the achievable data rate of a vehicle user as utility function,
which can be given by

Ur
i (t) = wr

i log(1 + SINRr
i (t)), (4)

where wr
i is the spectrum bandwidth that RSU r transmit infor-

mation to the vehicle i.
Therefore, the utility function can be obtained by

U =
T

∑

t=1

Nr
∑

r=1

Nv
∑

i=1

Ur
i (t), (5)

where Nv denotes the total number of vehicle users. Our aim
is to maximize the overall utility and improve the system per-
formance. Therefore, the inter-RSU interference should be miti-
gated and thus acceptable by controlling the transmission power
of RSUs for protecting the minimum communication demand
from the vehicle users.

IV. CORRELATED EQUILIBRIUM SOLUTION FOR THE PROPOSED

GAME-THEORETIC APPROACH

In this section, we focus on investigating the correlated equi-
librium [13] for the proposed non-cooperative game. In essence,
correlated equilibrium is the probability distribution on n-tuples
of actions that are interpreted as the distribution of play in-
structions given to the players, namely the RSUs in this study.
Individual strategies of the RSUs at present, where each RSU
is an independent entity and its action will not be affected by
others, are guided by ‘regret measures’ based on observation of
past periods. As a result, the RSUs may either continue playing
former strategy or switch to another strategy.

A. Formulation of Strategy Set

We design a graph coloring (GC) algorithm with the aim of
obtaining the set of strategies, specifically, a single strategy is
referred to how to assign radio resource to an RSU and the
strategy set is the strategy combination that an RSU can use.

In the first step, we need to caculate the relationship ma-
trix M ∈ RNr ×Nr of RSUs. The relationship matrix formation
depends on the relative geographic position of the RSUs, for ex-
ample, if RSU r is the neighbor of RSU j, Mr,j = 1, otherwise,
Mr,j = 0. Here we have r, j ∈ [1, 2, . . . , Nr ]. In the next step,
we allocate the spectrum resource on the basis of that the adja-
cent RSUs cannot share the same resource blocks. The strategy
set formation is presented in Algorithm 1. The computational
complexity of Algorithm 1 is O(N 2

r Nb), where Nr denotes the
number of the RSUs and Nb denotes the quantity of the available
spectrum allocated to RSUs.

Algorithm 1: Strategy Set Formation Based on GC.

Input: The relationship matrix of RSUs M ∈ RNr ×Nr .
B ∈ RNr denotes which RBs can be used by RSUs.
Output: The strategy set ˜Ar for the RSUs
1: Initialization: B = ZERO
2: for r = 1, 2, ..., Nr do
3: Br ++
4: while Br ≤ Nb and r ≤ Nr do
5: for j = 1, 2, · · · , r do
6: if Mr,j == 1 and Br == Bj then
7: Br ++;
8: end if
9: end for

10: end while
11: if Br ≤ Nb ; r == Nr then
12: Update ˜Ar ← B
13: else if Br ≤ Nb and r < Nr then
14: r++
14: else
16: Br = 0
17: r- -
18: end if
19: end for

B. Correlated Equilibrium

According to the above analysis, the strategy set for the pro-
posed non-cooperative game-theoretic approach might be large
in some cases, which depends on the number of available re-
source blocks, but still finite. Therefore, the equilibrium points
for the proposed game must be existent based on [27].

Definition 1 (Correlated equilibrium): The correlated equi-
librium in (1) is a strategy combination which needs to satisfy

E ˜Ur (Ar
p ,

˜A−r ) ≥ E ˜Ur (Ar
q ,

˜A−r ), (6)

Ar
p ,A

r
q ∈ {Ar

1 , A
r
2 , . . . , A

r
Sr
}, p �= q, (7)

where ˜A−r denotes that the strategy combination of all RSUs
except RSU r. E ˜Ur (Ar

p ,
˜A−r ) is used to denote the expected

utility of RSU r when the strategy set of RSU r contains the
specified strategy Ar

p . In similar manner, E ˜Ur (Ar
q ,

˜A−r ) is the
expected utility of RSU r when a single strategy Ar

q is included

in ˜Ar . Sr denotes the size of strategy set.
A correlated equilibrium distribution is a probability distri-

bution ξpq which satisfies

∑

p

∑

q

ξpq = 1, (8)

ξpq ≥ 0,∀p, q ∈ {1, 2, . . . , Sr}, p �= q. (9)

Let Dr
T denote the average utility difference for RSU r applying

strategy Ar
p to replace strategy Ar

q at time interval T , where Ar
q

was played at previous time intervals till T − 1. Based on the
concept of regret-matching [13], the resulting difference can be
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obtained as

Dr
T (p, q) =

1
T

T
∑

t=1

[Ur
t (Ar

p ,
˜A−r )− Ur

t (Ar
q ,

˜A−r )]. (10)

Finally, we formulate a degree of ‘regret’ at T for not playing
the strategy Ar

p , which is denoted by Rr
T (p, q), where RSU r

applied the strategy Ar
q in the past. Rr

T (p, q) can be obtained by

Rr
T (p, q) = max{Dr

T (p, q), 0}. (11)

Therefore, the probability distribution ξr
T +1(p) and ξr

T +1(q)
of RSU r regarding the strategy p and q at T + 1 on the basis of
the historical utility are formulated as

ξr
T +1(p) =

1
μ

Rr
T (p, q), (12)

ξr
T +1(q) = 1−

∑

ξr
T +1(p), (13)

where ∀p, q,∈ {1, 2, . . . , Sr}, p �= q. μ is a large enough param-
eter, which is used to ensure that the value among the probability
distribution is greater than zero [13].

Proof of the convergence for the non-cooperative game.
Let θT denote the empirical distribution of ˜Ar and f(Ar

p ,
˜A−r ) denote the occurrences of a single strategy (Ar

p ,
˜A−r ) that

has been selected during a time period [1, T ] . The definition of
(Ar

p ,
˜A−r ) can be seen in (7). Therefore, θT can be obtained by

θT (Ar
p ,

˜A−r ) =
f(Ar

p ,
˜A−r )

T
. (14)

According to the theoretical analysis in [13], θT converges to
correlated equilibrium when T →∞.

Hence, we have proved the existence of the correlated equi-
librium for the non-cooperative game-theoretic resource alloca-
tion approach. Next, with the aim of enhancing the utilization
of the CR-sensed spectrum resource and achieving the corre-
lated equilibrium with fast convergence, we propose the non-
cooperative game-theoretic strategy selection algorithm so as to
enable the RSUs to perform resource allocation for vehicular
communications.

C. Noncooperative Game Based Resource Allocation

The problem of spectrum resource allocation can be formu-
lated as follows.

maximize
T

∑

t=1

Nr
∑

r=1

Nv
∑

i=1

Ur
i (t), (15)

s.t. P r
i (t)δr

i (t) ≤ Pr
M AX ,∀r, t, i, (16)

SINRr
i (t) ≥ S0,∀r, t, i, (17)

δr
i (t) ∈ {0, 1},∀r, t, i, (18)

Pr
i (t) > 0,∀r, t, i, (19)

where Pr
M AX stands for the maximum transmission power of

RSU r. Constraint (16) gives the transmission power constraint,
which is used to avoid the unnecessary interference to other
RSUs. S0 denotes the minimum SINR required for RSU and

Algorithm 2: Non-Cooperative Game-Theoretic Strategy
Selection.

The set of strategies is formed by graph clouring algorithm.
Nr denotes the number of the RSUs. Sr denotes the size of
strategy set.
1: for T = 1, 2, 3, . . . do
2: for r = 1, 2, · · ·Nr do
3: Calculate the difference in the average utility

of RSU r by using (9) and (10) and then update the
probability distribution based on (12) and (13)

4: for p = 1, 2, · · · , Sr do
5: if ξr

T +1(p) > 0 then
6: Let Ar

p be one of the candidate strategies
7: end if
8: end for
9: Update the strategy set by randomly choosing a

strategy from the candidate list
10: end for
11: end for

hence (17) is used to maintain the V2R connection at an accept-
able level. According to (3), the function δr

i (t) ∈ {0, 1} is used
to guarantee that the same resource blocks would not be reused
in adjacent RSUs. Constraints (18) and (19) are integer con-
straint and the non-negative power constraint, respectively. The
formulated problem in (15)-(19) is a mixed-integer program-
ming problem, which turns out to be non-convex and usually
NP-hard when maintaining the balance between the interference
and the transmission power [34]. It is a challenging task to find
an optimal solution for power adjustment and RB allocation,
since it requires an exponential run time to solve it.

We devise the non-cooperative game-theoretic approach to
calculate the achievable data rate. The vehicle users with rela-
tively high SINR in their associated RSUs will be assigned with
RBs. Then we calculate the historical utility matrix and update
the probability distribution. In the following step, we obtain
the candidate strategy list from the strategy set, where all such
better choices get positive probabilities. Note that the strategy
set can be obtained by the proposed GC method presented in
Algorithm 1. Further, we update the spectrum allocation strat-
egy by randomly choosing strategy from the candidate list. The
procedure of the non-cooperative game-theoretic strategy selec-
tion is presented in Algorithm 2. According to the definitions of
probability distribution in (12) and (13), the choice of μ is used
to guarantee that ξr

T +1(q) > 0 . Based on (11)-(13), a positive
probability of playing the same strategy can be obtained as in
the previous period. The strategy selection is based on regret-
matching, a larger μ results in lower ξr

T +1(p) of applying Ar
p to

replace Ar
q . It can be considered as an inertia parameter [13]. If

RSU r plays according to the procedure of Algorithm 2, the em-
pirical distribution θT in (14) converges almost surely to the set
of correlated equilibrium distributions of the non-cooperative
game for any large μ. Therefore, the convergence to the cor-
related equilibrium of the non-cooperative game-theoretic
algorithm can be guaranteed and the convergence speed changes
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Algorithm 3: Heuristic Power Control Algorithm (HPCA).

1: Initialization: Pr
i (t) = 0,∀r ∈ {1, 2, · · · , Nr},

where Nr denotes the number of the RSUs.
2: for t = 1, 2, 3, . . . do
3: for each RB do
4: ̂Pr (t)← argP r

i (t)(SINRr
i (t) = S0)

5: end for
6: for r = 1, 2, 3, · · · do
7: Pr

i (t) = min{max{ ̂Pr (t)}, P r
M AX }

8: end for
9: end for

with μ. The proposed game-theoretic approach is implemented
iteratively for converging to the correlated equilibrium point.
The computational complexity of Algorithm 2 is O(NT NrSr ),
where NT is the number of time intervals, Nr is the number of
the RSUs and Sr denotes the size of strategy set.

Optimization of Pr
i (t).

For the sake of simplicity, Pr
i (t) in the problem (15)-(19) can

be set to constant transmission power (CTP), such as the max-
imum transmission power of RSU. However, this may aggra-
vate the inter-RSU interference and ultimately lower the overall
utility. Therefore, in order to further mitigate the inter-RSU in-
terference and enhance the energy efficiency, we investigate the
adjustable transmission power based RBs allocation. Note that
the problem in (15)-(19) is non-convex. To solve it, we propose
a heuristic power control algorithm (HPCA) to adjust transmis-
sion power of RSU, which is presented in Algorithm 3. The
proposed non-cooperative game-theoretic approach is a joint
method with power adjustment and RB allocation, which aims
to find the suboptimal solution for the formulated problem in
(15)-(19).

Let ̂Pr (t) = {P 1(t), P 2(t), ..., P r (t), ..., PNr (t)} , which is
used to denote the set of constrains. The set of transmission
power of vehicle user i in RSU r can be given by

Pr (t) = {Pr
1 (t), P r

1 (t), ..., P r
i (t), ..., P r

Nv
(t)}. (20)

The RSU r can obtain the transmission power set Pr (t) when
the SINR of each vehicle user in RSU r, namely SINRr

i (t), is
equal to the threshold value S0 according to (17). If the RB k is
reused by the vehicle users in the adjacent RSU, then update the
candidate transmission power set ̂Pr (t). In order to avoid the
unnecessary interference to the adjacent RSU, RSU r chooses
the optimal transmission power Pr (t) by using

Pr (t) = min{max{ ̂Pr (t)}, P r
M AX (t)}. (21)

The computational complexity of Algorithm 3 is O(NT

(Nr + Nb)), where NT is the number of time intervals, Nr

is the number of the RSUs and Nb denotes the quantity of the
available spectrum allocated to RSUs.

V. RESULTS AND PERFORMANCE EVALUATION

In this section, we conduct simulations considering an ur-
ban area including several roads and intersections, which are
within the coverage of macrocell and multiple RSUs are

TABLE II
SIMULATION PARAMETERS

Fig. 2. The practical utility vs. the expected utility.

deployed around the MBS (See as illustrated in Fig. 1). Each ve-
hicle user is associated with the nearest RSU in urban scenario.
The average speed and moving direction of vehicles satisfy the
requirements of motor vehicle driving in urban area, for exam-
ple, the maximum speed limit is 80 kilometers per hour. The
vehicle density captures the average quantity of vehicles on the
road, where the high vehicle density is on account of the high ar-
rival rates of vehicle. The other simulation parameters are listed
in Table II, which are suggested from [35], [36].

We first evaluate the practical utility, which is the achievable
data rates of real-time updating the strategy sets via Algorithm
2. The expected utility can be obtained on the basis of expec-
tation of the practical utility and empirical distribution. More-
over, we consider the vehicle is moving at the speed of 40 km
per hour and the density of vehicles is set to 100veh/km/lane in
urban scenario. We obtain the strategy sets through graph col-
oring method (Algorithm 1) when there are 4 RBs available for
total 9 RSUs in the HVNs. The results from Fig. 2 demonstrate
that the practical utility and expected utility grow rapidly at the
first 6 or 7 iterations and then turn to be flat after 8 iterations.
From this point, the proposed non-cooperative game-theoretic
approach can converge quickly, which is also supported from
the results in Figs. 3 and 4. In other words, the empirical dis-
tribution of strategy combination converges to the correlated
equilibrium distribution. Based on (14), as T increases to an
appropriate rather than a considerable value, the selected strat-
egy combination based on Algorithm 2 will be one of correlated
equilibriums and obey the correlated equilibrium distribution. In
the following simulations, we mainly consider practical utility.
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Fig. 3. The average utility in various resource blocks.

Fig. 4. The average utility when the number of RBs is 4.

Then we analyze the utility performance of the proposed
method under various available spectrum resources. It is note-
worthy that the size of strategy sets is tightly dependent on
the quantity of resource blocks. For instance, we obtain 6720
strategy sets for total 9 RSUs via graph coloring method
(Algorithm 1) when there are 5 RBs available in the HVNs.
Intuitively, such large number of strategy sets will increase
the computational expense and thus degrade the system per-
formance. Hence, to lower the computational complexity, we
put forward to two methods for retrieving a subset of strategy
from the original set, i) we randomly choose NC strategies,
which is referred to so-called RCS; ii) we arrange the strate-
gies in descending order according to the interference between
the RSUs, and then select the first NC best strategies (FBS).
Here NC is far less than the size of original strategy sets. Fig. 3
presents the average utility performance when different number
of RBs can be allocated to the RSUs. In addition, for compari-
son purposes, we study the results with RCS and FBS methods.
As shown in Fig. 3, the RSU-tier with 5 RBs shows significant
increasing of utility when comparing to the case of 4 RBs. In
particular, it can obtain better utility with FBS when comparing
with the RCS method.

Figs. 4 and 5 present the utility results, which are obtained
by applying various methods and the number of RBs is 4 or
5, respectively. In this simulation, resource allocation based on
Separate Resource Block allocation and Power control (SRBP)
algorithm in [15], the linear programming (LP) method in
[17], Karus-Kuhn-Tucker (KKT) nonlinear complementarity

Fig. 5. The average utility when the number of RBs is 5.

Fig. 6. The achievable data rate vs. vehicle density.

approach (NCA on KKT) in [24], are compared to the proposed
approach in terms of the average utility for the optimization of
the transmission power of RSU. The proposed method is based
on the game-theoretic approach wherein the RCS and HPCA
are used. It is observed that the performance of the proposed
method outperforms the comparative methods, the RSUs with
the adjustable transmission power can achieve a higher data rate
when comparing to conventional methods. This is due to the
fact that the RSUs appropriately adjust the transmission power
which can reduce the interference and thus gain a better system
performance.

We then assess the performance of the proposed approach in
the high-dynamic environment. To this end, we investigate the
impact on the system utility in terms of two critical parameters
related to HVNs, i.e., vehicle density and vehicle velocity. Fig. 6
illustrates the achievable data rate under the varying of vehicle
density. First of all, the proposed approach can achieve a quick
convergence of the utility at the first 5 or 6 iterations and then
turn to be flat after 8 iterations, which are also validated from
Figs. 2 and 3.

Besides, we should notice a fact in vehicular environment, that
is, when vehicles are entering into the communication range of
an RSU in the meantime some vehicles are leaving from it to
the next RSU. This leads to a balance of the vehicles served by
each RSU. As a result, the RSUs can release the radio resource
assigned by the departing vehicles to the new arrival vehicles.
For this reason, from Fig. 6, we can observe that the utility is
in a growing trend as the vehicle density is increasing. When
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Fig. 7. The achievable data rate vs. vehicle velocity.

the number of arriving vehicles is coming larger, for instance
in Fig. 6, the vehicles density exceeds 150 veh/km/lane, the
utility maintains a steady level after reaching the peak value.
The reason behind this is that limited spectrum resource being
utilized in the RSU-tier is not able to satisfy the requirement
from an excess of arriving vehicles.

Fig. 7 presents the changing of the achievable data rate when
considering vehicle mobility. The vehicles in this area are mov-
ing with the average speed. It can be seen that the achievable
data rate converges within 7 iterations. The system performance
increases when the vehicle moves faster. The utility, i.e., the
achievable data rate, is in the optimal condition when the ve-
hicle velocity reaches 35km/h. After that, the achievable data
rate however gradually drops due to the continuous increasing
of vehicle mobility, which indeed deteriorates the link quality
of connection between the vehicle users and their associated
RSUs.

VI. CONCLUSION

In this paper, we investigate the radio resource allocation in
HVNs by designing the non-cooperative game approach con-
sidering the mobility of vehicles. We first propose an incentive
mechanism for encouraging macrocell to share spectrum re-
source with vehicle users, in which the CR-enabled RSUs per-
form sensing the spectrum availability in the surrounding envi-
ronment. Then we formulate the resource allocation for moving
vehicles associated with different RSUs as an n-person game.
Considering transmission power constraint and inter-RSU in-
terference, we derive the correlated equilibrium solution for the
non-cooperative game based resource sharing to maximize
the overall utility. Within the proposed approach, we design
the strategy set formation algorithm based on graph coloring and
propose heuristic power control algorithm (HPCA) to further
mitigate the inter-RSU interference. Simulation results demon-
strate that the proposed algorithm can achieve quick conver-
gence and effectively control the inter-RSU interference as well
as satisfy the system requirement in fast-moving environment.

In this study, handover issues have not been considered when
a vehicle user moves cross the coverage of RSUs, which may
cause failure for V2R connection especially in the high dynamic
vehicular scenarios. For the future work, we will devote enough

vigor to resolve handover and mobility management problems
in HVNs.
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