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Abstract

Uplink/downlink (UL/DL) decoupled access has emerged as a promising paradigm for
heterogeneous cellular vehicle-to-everything (C-V2X) networks in beyond 5G (B5G) and
6G systems. In multi-operator scenarios, wireless service provider (WSP) selection becomes
critical for vehicles to ensure communication quality while minimizing costs. This paper
investigates the performance analysis and WSP selection problem in UL/DL decoupled
access C-V2X networks. We derive tractable expressions for spectral efficiency of both UL
and DL using stochastic geometry, considering three decoupled access cases where UL and
DL independently associate with macro base stations (MBSs) or small base stations (SBSs).
We formulate a hierarchical game framework combining evolutionary game for vehicle WSP
selection and non-cooperative game for WSP bandwidth allocation. An evolutionary game
algorithm is proposed to reach the equilibrium, and the uniqueness of Nash equilibrium in
bandwidth allocation is proved. Extensive simulations validate the analytical results and
demonstrate the convergence and stability of the proposed game framework.

Keywords: C-V2X; UL/DL decoupled access; wireless service provider; spectral efficiency;
evolutionary game; stochastic geometry

1. Introduction

With the rapid advancement of the beyond fifth generation (B5G) and sixth generation
(6G) mobile communication technology, cellular vehicle-to-everything (C-V2X) has emerged
as a key enabler for intelligent transportation systems (ITSs) and integrated sensing and
communication (ISAC) [1], supporting diverse vehicular applications such as autonomous
driving, cooperative perception, and real-time traffic management [2-4]. The number of
connected vehicles is expected to grow exponentially, leading to unprecedented challenges
in network capacity, coverage, and quality of service (QoS) provisioning. To address these
challenges, C-V2X has evolved towards heterogeneous cellular networks (HCNs), which
integrate macro base stations (MBSs) and small base stations (SBSs) to provide ubiquitous
coverage and enhanced capacity [5-7].

In traditional cellular networks, uplink (UL) and downlink (DL) transmissions are
coupled, meaning that user equipment (UE) must associate with the same base station
(BS) for both UL and DL communications [8]. However, this coupled access paradigm
faces significant limitations in heterogeneous C-V2X networks [9]. The asymmetry be-
tween UL and DL traffic patterns becomes more pronounced, with DL typically requiring
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higher data rates for content delivery while UL demands lower latency for safety-critical
messages [9]. Moreover, the transmit power imbalance between MBSs and SBSs creates
coverage asymmetry, where vehicles at cell edges experience poor UL performance due to
limited transmit power [10]. The high mobility of vehicles and dynamic network topology
further exacerbate the interference and handover issues in dense urban environments [11].

UL/DL decoupled access technology has been proposed as a promising solution to
address these limitations [10,12,13]. In UL/DL decoupled access, UL and DL transmissions
are separated and can be allocated to different BSs, allowing vehicles to independently
select the optimal BS for each direction based on signal quality, interference conditions,
and QoS requirements [14,15]. This flexibility is particularly beneficial in heterogeneous
C-V2X networks where BSs with different transmit powers, coverage areas, and backhaul
capacities coexist. Vehicles can associate with nearby SBSs for UL transmission to reduce
path loss and transmit power while maintaining DL connection with MBSs that provide
higher data rates.

Despite the potential benefits of UL/DL decoupled access, several critical challenges
remain in practical deployments. First, the performance analysis of UL/DL decoupled
access in C-V2X networks is complex due to the unique characteristics of vehicular mobility
and road topology. Stochastic geometry has emerged as a powerful tool for tractable
performance analysis by modeling BS locations as spatial point processes [5,16]. Second,
in multi-operator scenarios, multiple wireless service providers (WSPs) may coexist and
compete for vehicle users by offering different service qualities and pricing strategies.
How vehicles select appropriate WSPs while ensuring their communication requirements
becomes a critical problem. Third, WSPs need to optimize their bandwidth allocation
strategies to maximize revenue while considering the competition from other WSPs and
the dynamic behavior of vehicles. Game theory provides a natural framework to model
such strategic interactions [17,18]. These challenges motivate our work to develop a
comprehensive framework that jointly addresses performance analysis, WSP selection, and
bandwidth allocation in UL/DL decoupled access C-V2X networks.

The main contributions of this paper are as follows:

*  We derive tractable spectral efficiency expressions for UL/DL decoupled access C-V2X
using stochastic geometry and obtain the corresponding association probabilities and
conditional distance distributions for the three decoupled access cases.

*  We establish a hierarchical game framework for the multi-WSP UL /DL decoupled ac-
cess problem, where the lower-level evolutionary game models vehicle WSP selection
and the upper-level non-cooperative game determines the bandwidth allocation of
each WSP. We further prove the uniqueness of the Nash equilibrium.

*  We develop the corresponding iterative algorithms and verify through simulations the
convergence, stability, and performance of the proposed framework under different
network settings, including the effects of network density on payoff evolution, user
distribution, and bandwidth allocation.

The remainder of this paper is organized as follows. We briefly introduce the existing
research works related to UL/DL decoupled access and game theory in Section 2. Section 3
presents the channel and interference model for C-V2X. Then the performance for UL/DL
decoupled access, the game scheme, and an evolutionary game algorithm are given to solve
the issues in Section 4. The numerical and simulation results are presented and discussed
in Section 5 and this paper is concluded in Section 6.
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2. Related Work
2.1. Performance Analysis of Heterogeneous Networks

Stochastic geometry has emerged as a powerful mathematical tool for modeling and
analyzing wireless networks. Andrews et al. [5] pioneered the use of Poisson point
processes (PPPs) to model BS locations and derived tractable expressions for coverage
probability and achievable rate in cellular networks. This seminal work established the
foundation for analytical performance evaluation without requiring extensive simulations.
Building on this framework, Dhillon et al. [19] extended the analysis to K-tier heteroge-
neous networks, where different tiers of BSs (macro, pico, femto) coexist with different
transmit powers and densities. Jo et al. [20] further investigated flexible cell association
strategies in heterogeneous networks and provided comprehensive SINR analysis. For
vehicular networks specifically, Chetlur et al. [16] modeled vehicular networks as Cox
processes driven by Poisson line processes to capture the road topology, and derived cov-
erage probability expressions for vehicle-to-infrastructure communications. Lu et al. [21]
provided a comprehensive tutorial on stochastic geometry analysis for spatial-temporal
performance in wireless networks. However, these works primarily focus on traditional
coupled access scenarios where UL and DL are associated with the same BS.

2.2. UL/DL Decoupled Access

UL/DL decoupled access has been proposed as a promising solution to address the
coverage imbalance problem in heterogeneous networks. Elshaer et al. [10] first demon-
strated that decoupling UL and DL cell associations can provide substantial performance
gains, especially for cell-edge users who suffer from limited UL transmit power. They
showed that allowing UEs to associate with different BSs for UL and DL based on respective
signal strengths can significantly improve both coverage and throughput. Sattar et al. [22]
derived analytical expressions for spectral efficiency in two-tier networks with decoupled
access using stochastic geometry and quantified the performance gains compared to tradi-
tional coupled access. In the context of C-V2X networks, Wu et al. [11] analyzed uplink
transmission performance in user-centric ultra-dense vehicle-to-infrastructure networks,
where vehicles can flexibly select serving BSs. Jiao et al. [9] investigated spectral efficiency
of UL/DL decoupled access in C-V2X networks and analyzed the impact of various system
parameters. More recently, Jiao et al. [15] proposed joint optimization algorithms for flexi-
ble decoupled access in heterogeneous C-V2X communications. Despite these advances,
existing works focus on single-operator scenarios and do not consider the multi-WSP
competition and selection problem.

2.3. Game Theory for Network Selection and Resource Allocation

Game theory provides a powerful framework for modeling strategic interactions
in multi-operator wireless networks. In the context of network selection, Xu et al. [17]
proposed a hierarchical game framework that combines evolutionary game at the lower
level for user network selection and non-cooperative game at the upper level for WSP
bandwidth allocation in multi-tier heterogeneous cellular networks. Their work demon-
strated that the hierarchical game can effectively model the two-level interactions and
achieve stable equilibrium. Kazmi et al. [18] developed a hierarchical game-theoretic
approach for network selection in heterogeneous wireless networks, considering both user
preferences and network conditions. For resource allocation, Wu et al. [23] proposed a
revenue sharing-based resource allocation scheme for dynamic spectrum access networks,
but their centralized approach requires extensive information exchange between users and
WSPs, leading to high communication overhead and operational costs. Niyato et al. [24]
investigated competitive pricing for spectrum sharing in cognitive radio networks using
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dynamic game theory and analyzed the inefficiency of Nash equilibrium. In vehicular
networks, Qian et al. [3] proposed a dynamic Stackelberg pricing game for multi-mode
spectrum sharing in 5G-VANET, where infrastructure operators act as leaders and vehicular
users act as followers. Liang et al. [25] applied multi-agent reinforcement learning for
spectrum sharing in vehicular networks. However, these existing works primarily consider
traditional coupled access scenarios and do not address the unique characteristics and
challenges of UL/DL decoupled access in multi-operator C-V2X networks, where vehicles
need to make independent association decisions for UL and DL transmissions.

Motivated by the above issues, this paper studies UL/DL decoupled access C-V2X
in a multi-WSP scenario. We analyze the spectral efficiency of three decoupled access
cases, formulate the joint problem of vehicle WSP selection and WSP bandwidth allocation
as a hierarchical game, and evaluate its convergence and performance under different
network configurations.

3. System Model
3.1. Modeling of C-V2X Network

To analyze the performance tractably, a C-V2X network is modeled in a 2-D Euclidean
plane. The network consists of MBSs @,, with density A, following the distribution
of a 2-D Poisson point process (PPP), SBSs w; with density A; deployed along the roads
following a 1-D PPP, and vehicles @, with density A, is deployed in terms of an independent
homogeneous 1-D PPP on a road. The roads are modeled as a Poisson line process (PLP) @;
with intensity A;. We assume a standard path-loss model x™%, (« > 2) and « is the path-loss
exponent parameter, x is the distance between the BS and vehicle. The channel gains are
denoted as hy;, hs for the channel between the vehicle with an MBS, and the vehicle with
an SBS, respectively. Here h,,; and ks represent the deterministic antenna and propagation
gains, which are fixed and distinct from the random fading components [16]. The fadings
are modeled as the Rayleigh fading g, gs and g ~ exp(u). Since the shadowing effects
£ make the receiving power not exponentially distributed, we use random displacement
to solve this issue as in [26]. Thus the transformed MBSs, SBSs, and vehicles are denoted
as @, @!, ! with A, = E[S_%]Am,)té = E[s_ﬂ)\s,)x; = E{s_ﬂ/\v, respectively. The

E [s_%] Am for a 2-D PPP can be calculated as

) win10 1/cIn10\?
E[s a})\—exp< T0m +2< T0a ))A (1)

The E [e‘ﬂ A for a 1-D PPP can be calculated following similar steps. Thus the received

signal powers (RSPs) of UL and DL are

{ RSPd = Pdgdhdx*“d,d = {m,s} (2)

RSP, = Pygohyx =%, u = {m,s}’
where Py, Ps, and P, are the transmit powers of the MBS, SBS, and vehicle, respectively.

3.2. Interference

We choose a vehicle at origin (0,0) and call it the typical vehicle x,; the corresponding
road is called a typical road. The signal-to-interference-plus-noise ratio (SINR) of UL at
Xo is

RSP,

SINR;, = ———,u = {m,s}, 3
= = {ms) ®

https:/ /doi.org/10.3390/ electronics15091809


https://doi.org/10.3390/electronics15091809

Electronics 2026, 15, 1809

50f22

where the interference I, is I, = I} + I3, I}, is the interference from the vehicles on the
typical road @, ,\x,, and I is the interference from the vehicles on the other roads @! , [27].

Il = Y. Poguhux; ", u={m,s}, 4)
ie{@h,\x0 }
I = Z Poguhfx; ™, u = {m,s}. 5)

i€ {w‘vl }
Similarly, the SINR at the typical vehicle in DL is

RSP,

SINRj = ——
d IdﬁLO';

,d={m,s}, (6)

where, when being connected to an MBS, the interference I; is

Id = 2 ngmhmx;’x’”, (7)
ie{cﬂﬁn\xo}

and when associating with an SBS, I, = Ict, + 19,

Ié = Z Psgshsxf“‘“, 8
ie{@o\xo }
I5="Y Pigshdx; . )
S

4. Performance Analysis and Game Scheme
4.1. Ul/DI Decoupled Access C-V2X

In UL/DL decoupled access C-V2X networks, vehicles can choose one BS for DL and
another for UL, contrasting with coupled access that uses a single BS for both [15]. For
the coupled access baseline, both UL and DL are associated with the same BS, and the
serving BS is selected according to the strongest downlink received signal power criterion.
In heterogeneous C-V2X, we deploy two types of BSs, i.e., the MBS and SBS as shown in
Figure 1, along the roads. Thus there are three decoupled access modes as follows:

e C(Casel:DL=MBS1,UL=MBS2;
e C(Case2:DL=MBS1,UL=5SBSI;
e (Case3:DL=SBS1, UL=SBS?2.

For Cases 1 and 3, UL and DL remain on the same tier but associate with different BSs.
The decoupled gain in these cases arises because DL and UL follow different association
criteria; therefore, the nearest BS for DL may differ from that for UL, even within the
same tier.

4.2. Spectral Efficiency

Spectral efficiency refers to the rate at which information can be transmitted over a
unit bandwidth [28].
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Figure 1. A game-based multiple WSPs selection scheme for UL/DL decoupled access C-V2X.

Lemma 1. The spectral efficiency of UL for Case 1 is formulated as

7} —/ fu1 (X)E[In(1 + SINR,,)]dx, (10)
where E[In(1 + SINR,)] is
00 of— l)x"‘maz
E[In(1 + SINR,,)] :/O e (j)dt, (11)

. -1 . . . .
where j = (e th)m 0L, () = Cp()Cr()- Cp(j) and Cig(j) are the Laplace transform of
interference I! and I3 and can be formulated as

= 1
) = —2/\;/ 1- dx; |, 12
Tr (1) exp[ i ( jpvhmxamx;”‘Mer) X] (12)

m

N — _2/\f/°° 1- P —d; | |. E
gIV,a(]) exp[ Tty 0 < ]’thmx;am"i_}l x1>x x‘| ( )

In Equation (10), fy, 1(x) is the distance distribution for vehicles in Case 1. fy,1(x) is

" exp( Anszsxas)fxm(x)

St (%) = Pr(Case1) ! (14)
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where 1,5 = %, Pr(Case 1) is the joint association probability of Case 1, f,(x) is the probability
density function (PDF) of x;. Pr(Case 1) can be formulated as

Pr(Casel) =1— /OOO [2/\§ exp (/\%m,";f’)j’sx;"? — ZAéxsﬂdxs. (15)
According to the null probability of 1-D and 2-D PPPs [29], the PDF of x), is
Fn(xm) = 2mxm AL, exp (—A:n nxfn) . (16)
Proof. The proof of joint association probability of Case 1 (UL = MBS, DL = MBS) is

Pr(Case1)

= Pr(kmsXpy " > X5 )

1 as
= Ey, [Pr <xm < tylsxg™ |Xs)]

_/ Fm(t;*,l"’sxs )fs(xs)dxs

2 2as
@, / {2}\; exp(—)\;mmx:fﬂ - 2A§xs)]dxs, (17)
0

where (a) follows from substituting F,,(-) and f;(+) from the CDF and PDF expressions.
The spectral efficiency derivation follows from:

E[In(1 + SINR,,)] :/ P[In(1 + SINR,) > #)d, (18)
0

where P[In(1 + SINR,) > t] is derived using Laplace transform techniques. The proof of

(1, (j) follows from the probability generating functional (PGFL) of 1-D PPP [30]. O

Lemma 2. The spectral efficiency of DL for Case 1 is formulated as

) _f fu1 (X)E[In(1 + SINRy)]dx, (19)
where E[In(1 + SINR)] is
) _(e —1)x*d o2
Eln(L+SINRy)] = [ ™ g, (j)at, (20)

where j = S 1 () = 20 (D2 (D2 (- T (), T (), Tro () are

) = exp | —2mA! /oo 1-— __r x;dx; |, 21
glm(]) p[ m n ( jpmhmxi_a"l+]/l> 1 l] ( )
. °° U
() = exp | —2A! / 1—— M N, (22)
Ig(]) p s % % ]Pshsxi Qg +y 1
o(j) = exp | —27A! /°° 1—— " iyl 23
gls (]) expl Tt sq ; ( jpshgxias_i_y)xl xl] (23)
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Proof. The distance distribution f,, 1 (x) is derived via the CCDF approach. We first com-
pute the conditional CCDF as

Fxcm‘1 = Pr(xy, > x|, > x7%)
1 am
Pr(xm, > X;Xs > 185Xy )
Pr(Case1)

1 am

[z exp( A0, 5 X )fxm (xm )dxpy
Pr(Case1)

(24)

—
=

a

7

where (a) follows from substituting the null probability of the 1-D PPP for x;. The CDF is
Fep=1- |1’ and the PDF is obtained by differentiating the CDF: f, 1 = dF, /dx.
The spectral eff1c1ency derivation follows from Equation (18) and the PGFL of PPPs as in

Lemmal. [O

Lemma 3. The spectral efficiency of UL for Case 2 is formulated as

T - / fSZ h’l 1+SINRu)}d (25)
where fs5(x) is the PDF of UL for Case 2 and can be formulated as
b s
fop(x) = fr, () [exp <—Am T X o ) —
(26)

exp(—/\t nK,",;"’wam )] / Pr(Case2),

where Pr(Case2) is the joint association probability of decoupled access in C-V2X; fs(xs) is the

distance distribution of x, as in Equation (27).

fs(x5) = 2L exp(—2ALxs), (27)
Pr(Case 2)
0 2 2ag
= /0 [2/\@ exp(—/\fnmm{é xgM — 2A§x5>1dx5
oo L 75
—/0 [2)\; exp< Al it x M —2Asx5>]dxs, (28)
where Ky,s = 1;',”2:"
In Equation (25), the E[In(1 + SINR,)] is
o (e 1) "‘“02
E[In(1 + SINR,)] = /O e PR g (j)dt (29)
t N
where | = (o) 1)x 0 () =t () % Crg(7) and £yt (7), Cig(j) can be formulated as
N I H ,
gllﬂ (j) = exp [_2}\27 '/xS (1 - (el — 1)x“uxl-_“” T y>dxz‘| , (30)
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t % I
() =exp | -2l [ 71—t vy, 31
glu(]) p va 0 ]tho —ug +V iHAq ( )
where AL, = ALA,.
Proof. The proof of joint association probability of Case 2 (UL = SBS, DL = MBS) is
Pr(Case?2)
( ) 1 as 1 as
= Pr (xm < K,“n"’sxs‘*’"> —Pr (xm < me:m)
(®) o o e
= Ex, | Pr| xm < x5 Xg |xs — Ey |Pr|xpm < lmsX "lxs |, (32)

where (a) converts the probability expression, and (b) derives the expectations for X;. The
remaining derivations follow similar steps as in Lemma 1. The spectral efficiency derivation
follows the same approach as Lemma 1. [J
Lemma 4. The spectral efficiency of DL for Case 2 is formulated as

7= / fm2(x)E[In(1 4 SINRy)]dx, (33)

where f,2(x) is the PDF of DL for Case 2 and can be formulated as

JR U
fin2(x) =fx, (x) [exP (x\§ T2 x) —

ST
exp (—)\énZtm;S st)] / Pr(Casel), (34)
where E[In(1 + SINR)] is
) —1)x dad
E[In(1 + SINR,)] = /0 e T g (), (35)
. (e 71)x . . .
where j = ~—5—=—, 01,(7) = C1,, ()1 ()12 (1), C1 (7)- Tyt (), Cre (j) are
i) = exp | —27A! /oo S S P S 36
1, (J) exp- m) ( [P, d+}1> i 1] (36)
_ L ;
) = ex —2A§/ls’mxm 1—— " iy, (37)
glé(]) p % o ( jpshsxi_as+ﬂ> i

o(7) = exp | —27tAL /Oo 1—# x;dx;
are (/) P[ sa ) ( jpshg’xi_“”u) i 1—

where fy,2(x), fs1(x) is the joint distance distribution for Case 2 in DL and can be calculated as in
Equation (39) as

(38)

~
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L am
na(x) =fi, (1) [exp (~Abr2eEin® ) -
1,
exp <—)\§n2£§§nx“5)] / Pr(Casel), (39)

Proof. The distance distribution f,, »(x) for DL in Case 2 is derived via the CCDF approach.
We compute the conditional CCDF as

chm\z = Pr(xm > x|tm,sx,,"" < x5 < KX,

1 1 am
C Pr(xg > x5 X < X < KXy )
N Pr(Case?2)
o _1 am _1 am
o IN [exp(—/\é T2y X ) — exp(—AénZKm,? x5 )} From (X ) A2
a
= , 40
Pr(Case?2) 40

where (a) follows from the difference of two null probabilities of the 1-D PPP for x;. The
CDFisF, p =1- Ff PY and the PDF is obtained by differentiating: f, o, = dF, ,/dx.
The spectral efficiency derivation follows from Equation (18) and the PGFL of PPPs. O

Lemma 5. The spectral efficiency of UL for Case 3 is formulated as
2= / foa(x)E[In(1 + SINR,)]dx, (41)
J0

where f,3(x) is the joint distance distribution of Case 3 and f3(x) is formulated as in (42).

.
exp | —Aymiptsxam | fr (x)

fxs|Case3 = Pr(Case 3) (42)
E[In(1 + SINRy)] is
00 (et—l)x"‘szr%
E[In(1 + SINR,)] = /0 e F g ()t (43)
t_ og
where j = %, Pr(Case 3) is the joint association probability of Case 3 and is formulated as
© 2 205
Pr(Case3) = / {22@ exp <—/\£nnx,§;75xswm — 2A§xs>}dxs. (44)
0
Cn () = i (7) x g (j) and g (), Cyg (7) can be formulated as
) = —2Af/°° 1-—HF Ny, 45
glf,(]) expl v . ( ].thsx;as +l4> xl] (45)
(@) T H ,
élv,o (]) = exp [ZNAUa%) (1 — ]'thgxias_f_ydxl> xdx] . (46)
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Proof. The proof of joint association probability of Case 3 (UL = SBS, DL = SBS) is
Pr(Case3)
= Pr (xs_ S S KXy )
1 as
(i—) 1- Pr(xm < K;‘,;”’sx;*"’)
@ t zx%n ia:’f t
= 2A5 exp mcm LXs™ — 2Axs | | dxs, 47)
0

where (a) calculates the probability of its complement, and (b) follows the steps as in
Lemma 1. The spectral efficiency derivation follows the same approach as Lemma 1. [

Lemma 6. The spectral efficiency of DL for Case 3 is

= _/ fo3(x)E[In(1 + SINR,)]dx, (48)
where E[In(1 + SINR)] is
0 7(5"—1)){”‘5% )
E[ln(1 + SINRy)] = /0 e R gL (j)dt, (49)

o (et=1)x%s o ¢ Ny
where j = “—pp—, la = I + I + Ithe {15 (j) is

i) = ex 27[)\t / s 1— ————— | x;dx; 7 50

g[m (]) p K,ﬁrg Xsam ( ]p h xi—am > 1 l‘| ( )
é i) = ex —2/\t / 1———— |dx; ’ 51

Ist (]) p l El v ( ]‘pshsx;ﬂts ) ) 1] ( )

o(7) = ex —271)\t / 1— — | xdx; | 52

gls (]) p [ sa . ( ] Shgxi—ocd ) i z‘| ( )

Proof. The distance distribution f;3(x) for DL in Case 3 is derived via the CCDF approach.
We compute the conditional CCDF as

Frjg = Pr(xs > x[x0% > s ex,"")
1
Pr(xs > X, Xm > KnisXs™)

Pr(Case3)

2 2ug

; [ exp <—/\fﬂnxmxs‘”’">fxs (xs)dxs

- Pr(Case3) ’ ©3)

—
N

where (a) follows from substituting the null probability of the 2-D PPP for x,. The CDF is
Fez=1- | ,and the PDF is obtained by differentiating f, 3 = dF, 3/dx. The spectral
efficiency der1vat1on follows from Equation (18) and the PGFL of PPPs. [J

Proof. The spectral efficiency expressions from Lemma 1 to Lemma 6 are obtained by fol-
lowing the Laplace transform approach outlined in the proof of Lemma 1, where the key
steps are: converting the expectation of the logarithmic SINR function to an integral via the
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identity E[In(1+ SINR)] =[5 Pr[In(1 4 SINR) > #]dt, decomposing the interference Laplace
transform using the PGFL of PPPs, and evaluating the resulting integrals numerically. [

Therefore, the average spectral efficiency of Case r can be calculated as
T = Br(xuT), + x47)), (54)

where B, is the bandwidth allocated to Case r, ¥ € {1,2,3} by WSP n, x,, x; is the allocation
ratio of UL and DL bandwidth and here we set x,, and x; to 0.2 and 0.8, respectively [31].

4.3. Evolution Game Scheme

In UL/DL decoupled access C-V2X, we denote the set of WSPsas X = {1,2,...,n},
and every WSP n may provide different services Y = {1, 2,..., r}, i.e., the three types of
decoupled access in this paper, to vehicles. The WSPs have bandwidth allocation profiles
B = {By,By,...,Bu}, By = (Bu,)rey for services. Each vehicle can charge price C,, for
service r provided by WSP n. Thus, we use Xy, ), cx Xnr = 1 to denote the population
distribution caused by vehicles choosing different services r according to rate and cost.
Thus, based on the results of Section 1II, the expected average user rate is

Ry» = ——, N; = x,Pr(Case r))\;, (55)
Ny
where N, is the average vehicle number of service r, and x; is the probability of the vehicle
choosing WSP n for service r.

To reach the evolutionary equilibrium, we propose an iterative algorithm based on
the pairwise proportional imitation rule. The algorithm starts with an even distribution of
vehicles across WSPs and iteratively updates vehicle strategies based on payoff compar-
isons. In each iteration, vehicles with below-average payoff have the opportunity to switch
to strategies with higher payoff, with the switching probability proportional to the payoff
difference. This process continues until all vehicles achieve the same payoff, indicating
that the evolutionary equilibrium has been reached. Note that each vehicle only needs to
compare its own payoff with the population average payoff, which is broadcast by the
serving WSP, rather than requiring global knowledge of all individual payoffs. The detailed
procedure is presented in Algorithm 1.

Algorithm 1: Evolutionary Game of WSP Selection

Input: Cq, s, T, Ba, r;
1 Initialize: Allocate vehicles to WSPs evenly, obtain Xx;

2 repeat

3 Obtain each vehicle’s payoff 77,, by Equation (56);
4 Calculate the average payoff 77 by Equation (57);

5 | forvewl,do

6 Generate a random number ¢ € (0,1);

7 if Tla, < 7T then

8 ife < (7 — 7,,)/7 then

9 ‘ vehicle v chooses a strategy with higher payoff, update X;
10 end
1 end
12 end

13 until T, = TT;
Output: Tlays X;
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The computational complexity of Algorithm 1is O(T - |@}| - p), where T is the num-
ber of iterations until convergence, |@}| is the number of vehicles, and p is the number
of populations.

For the evolution game scheme, we formulate the following definition:

*  Population: The vehicles that choose the same service r is referred to as a population,
thus there are p populations and weuse ¥ = {1, 2, ..., p} to denote the population set.

e  Strategy space: The vehicle in p-th population can decide which WSP to access, thus
the strategy space can be expressed as ®, = {n|n € X,p € ¥, }.

* Population state: x,, is the proportion of vehicles choosing strategy a, € ®), and
Zap €0, Yo, = 1. Thus, all strategies are set as a population state x, = (g, )q ,€0,- For
all populations, X = {x1,xa,...,Xp }.

*  Payoff function: We use a logarithmic function to evaluate the satisfaction level of the
strategy a, as

R
=In(14+ =21y = In(1 +

éap,rTr )
Cap,r Xa

T, , (56)

4
p

_ Bap,T
"~ CaprPr(Casei)A}”
of user satisfaction with respect to the rate—cost ratio and can be extended to support

where ( ap,r The logarithmic form captures the diminishing return

differentiated vehicle preferences by introducing type-specific weight parameters.
Then the average payoff of vehicles is

T = ———, (57)

0,0

where ||@}|| is the number of vehicles in @?,.

In Equation (56), it can be found that the vehicle’s actual payoff depends not only on
its chosen strategy for the WSP but also on the proportion of other vehicles who choose
the same WSP (i.e., the behavior of other vehicles). When the WSP’s spectrum allocation
strategy remains unchanged, as x,, increases, the payoff of vehicles under this strategy
decreases. Thus, we design an evolutionary game algorithm based on service cost for
vehicles to select WSP as shown in Algorithm 1.

4.4. Bandwidth Allocation Game

After analyzing the evolutionary equilibrium of vehicle WSP selection, we now inves-
tigate the bandwidth allocation problem for WSPs. Each WSP aims to maximize its revenue
by optimally allocating bandwidth to different services while considering the competition
from other WSPs and the reaction of vehicles. The service price C, » is a parameter that
reflects the market condition and can be configured by the WSPs. In the following, we
focus on the bandwidth allocation strategy given the price configuration.

4.4.1. Revenue Function

The revenue of WSP 7 is determined by the number of vehicles it serves and the prices
it charges. Given the bandwidth allocation profile B, = (By,1, By2, Bs,3) and the population
distribution x ;, the revenue function of WSP # can be expressed as:

3
Uy (Bu,B-n) = Y _ X AL Pr(Caser)Cy,r, (58)
r=1

where B_; denotes the bandwidth allocation strategies of all WSPs except WSP n.
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4.4.2. Optimization Problem
The bandwidth allocation problem for WSP n can be formulated as:

rréax U,(B,,B_,)

3
st. Y B, =B,
r=1
By >0, Vre{1,23}, (59)

where B!* is the total bandwidth available to WSP 1.
To solve this optimization problem, we introduce the cost performance index per
unit bandwidth:

Tr

Ty = Cur Pr(Caser)AL’ (60)

Using the Lagrange multiplier method, the optimal bandwidth allocation for WSP n can be

Bir =14/ ACur Xy Xur, (61)
! Wnlln,r Mnr

where Xy, » = ¥ i, 17; B » represents the influence from other WSPs, and y,, is the Lagrange

obtained by solving:

multiplier satisfying 23:1 B;;,r = Bﬁ,‘”‘”.

4.4.3. Bandwidth Allocation Algorithm

Based on the above analysis, we propose an iterative algorithm to reach the Nash
equilibrium of the bandwidth allocation game. The algorithm operates in a distributed
manner where each WSP updates its bandwidth allocation strategy based on the current
strategies of other WSPs. In each iteration, WSPs first calculate the cost performance
index for each service, then compute the influence from competing WSPs, and finally
update their bandwidth allocation by solving for the Lagrange multiplier that satisfies
the total bandwidth constraint. This iterative process continues until convergence, where
no WSP can improve its revenue by unilaterally changing its bandwidth allocation. The
convergence to Nash equilibrium is guaranteed by the contraction property of the best
response mapping, as established in Theorem 1. The detailed procedure is presented in
Algorithm 2.

4.4.4. Uniqueness of Nash Equilibrium

To guarantee the uniqueness of the Nash equilibrium in the bandwidth allocation
game, we provide the following analysis based on contraction mapping theory.

Lemma 7. If the best response mapping is a contraction on the whole strategy space, there ex-
ists a unique Nash equilibrium in the game. A mapping f(x) is a contraction if and only if
ILf (x1) = f(x2) || < a|lx1 — x2]|, Vx1, X2, where 0 < & < 1 and || - || denotes a proper norm.

Theorem 1. When all WSPs provide the same set of services {1,2,3}, if for any WSP n, the
following condition holds:

H 9n || 1, (62)

dB_,
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where X is the best response function of WSP n and B_,, represents the bandwidth allocation of
other WSPs, then the Nash equilibrium of the bandwidth allocation game is unique.

Algorithm 2: Bandwidth Allocation Algorithm for WSPs
Input: Cy,,, Ty, Pr(Caser), AL, Biotel,

Initialize: Randomly allocate bandwidth B,(Br) foralln,r,t =0;

1
2 repeat
3 for each WSP n and service r do
4 Calculate cost performance index:
5 Mn,yr = m;
6 end
7 for each WSP n and service r do
8 Calculate influence from other WSPs:
9 Xn,r = Z?:l 7’/i,rB,'(;) - ’7n,rB1(1{2:'
10 end
11 for each WSP n do
12 Solve for Lagrange multiplier i, such that:
13 2321 [ /)\tvycnn}/?rn)jn,r _ 37(::‘| _ BZOMZ;
14 for each service r do
15 Update: B,(fr+ b= 1/ /\5;;3’1; ',;n)iﬂ’r - 37(:: ;
16 end
17 end
18 t=t+1;

19 until convergence;
Output: Nash equilibrium bandwidth allocation B;; ,;

Proof. The best response function x,(B—,) for WSP n is given by the solution to the
optimization problem. For any two bandwidth allocation profiles B_, and B_,, we define
Fn (T) — XTZ(Ble “I’ T(Bfn - Bfn)).

By the chain rule:
olu(7) _ 5 \T_9Xn

L = (Boy— By) B (63)

Integrating from 7 =0to T = 1:

. 1 < 9
Xn(B—n) = xn(B-n) = / (B—n — B—n)TaidT- (64)
0 Bfn
Taking norms on both sides:
~ 0 ~
tn(B-) = (B < | 522 |18 = Bl (69
—n

When || aaBan || < 1, the best response mapping is a contraction. By Lemma 7, the Nash
equilibrium is unique. O

The condition in Theorem 1 can be verified numerically for specific network parame-
ters. When the uniqueness condition is satisfied, Algorithm 2 converges to the same Nash
equilibrium regardless of the initial bandwidth allocation.
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5. Simulation Results

We simulate the proposed analysis in multiple WSPs UL/DL decoupled access C-
V2X, which consists of three services (i.e., Case 1, Case 2, and Case 3), three WSPs, and
3000 vehicles as shown in Figure 1. The detailed channel parameters and simulation setting
are listed in Table 1 [9,32].

Table 1. Main parameters.

Channel Parameters Value
MBS transmitting power Py, (dBm) 46
SBS transmitting power Ps (dBm) 23
Vehicle transmitting power P, (dBm) 20
The densities of vehicles, MBSs, and SBSs (nodes/km) 15,0.5,2
The densities of lines 10/ 7
The channel gains hyy, hs 01,1
Path loss exponent o, = as 2.5
Mean of log-normal shadowing gain (db) 0

Std deviation of log-normal shadowing gain (dB) 4
Rayleigh fading parameter y 1
Simulation parameters Value

Bandwidth allocated by WSP 1 to Cases 1, 2,3 (MHz) [523]
Bandwidth allocated by WSP 2 to Cases 1,2, 3 (MHz) [23 5]
Bandwidth allocated by WSP 3 to Cases 1,2,3 (MHz)  [424]
Cost charged by WSPs to Cases 1, 2,3 ($) [235]
The number of vehicles 3000

Figure 2 depicts the average rate for three decoupled access services. It can be observed
that the average rate in Case 3 is higher than that of Case 1 and Case 2. This is mainly
because Case 3 utilizes SBSs for both UL and DL, and with a larger number of SBSs
deployed, the SBSs are closer to the vehicles compared to MBSs, which compensates for
the disadvantage of lower transmit power. Case 1 shows a moderate performance as
it uses MBSs for both UL and DL, benefiting from higher transmit power but suffering
from longer distances. Case 2 exhibits the lowest rate because the hybrid configuration
(MBS for DL and SBS for UL) creates an imbalance in link quality, where the DL from the
distant MBS becomes the bottleneck despite the good UL performance from the nearby
SBS. Furthermore, Figure 2b shows the spectral efficiency versus &, with fixed a; = 4. An
interesting observation is that the spectral efficiency of all three cases increases with ay;.
This is because in interference-limited networks, a larger path loss exponent causes the
aggregate interference from distant MBSs to decay faster than the desired signal from the
serving MBS, resulting in improved SINR. Case 3 remains relatively stable since its link
quality is dominated by an SBS with fixed as = 4, while Cases 1 and 2 show significant
improvement as the MBS interference diminishes. Case 3 consistently outperforms Cases 1
and 2 across all &, values, confirming that the advantage of Case 3 is a joint effect of
network density and propagation environment, not merely a density effect. To examine the
robustness of the case ranking with respect to the MBS-SBS gain gap, we vary h,; from 0.05
to 2.0 with fixed hs = 1 and plot the spectral efficiency in Figure 2c. Across all tested values,
the ranking Case 3 > Case 2 > Case 1 remains unchanged. As h,;, increases, Cases 1 and
2 benefit from the improved MBS link quality, while Case 3 gains moderately since both
UL and DL rely on SBSs. The consistent ranking confirms that the superiority of Case 3 is
robust to the assumed gain gap between MBS and SBS links.
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Figure 2. (a) The average rates for UL/DL decoupled access and coupled access (B, = 2.5 MHz,
B; = 10 MHz). (b) Spectral efficiency versus MBS path loss exponent «,, (¢s = 4). (c) Spectral
efficiency versus MBS channel gain hy, (hs = 1).

We randomly assign 3000 vehicles evenly to three services. Subsequently, the vehicles
are subjected to pairwise proportional imitation based on their individual needs, rates,
and the service costs provided by the WSPs, in the proposed evolutionary game. The
payoff distribution and population distribution are shown in Figures 3 and 4. It can be seen
that the evolutionary equilibrium of this evolutionary game can be reached in less than
20 iterations. To further observe the asymptotic stability and uniqueness of the evolutionary
equilibrium, we introduce two perturbations at the 50th and 100th iterations by randomly
changing the selection strategy for some vehicles. After a significant perturbation, it can
be observed that the evolutionary game reaches the same equilibrium state as before the
perturbation, with the same population distribution and payoff. Additional iterations
are required to restore the equilibrium state because of the larger disturbance. The above
results indicate that the evolutionary game framework proposed in this paper has excellent
stability and rapid evolutionary convergence.
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Figure 3. The payoff of vehicles choosing the same service in different WSPs. (a) The dynamics of
payoff in Case 1. (b) The dynamics of payoff in Case 2. (c) The dynamics of payoff in Case 3.
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Figure 4. The population distribution of vehicles choosing the same service in different WSPs.

Figure 4 illustrates the evolutionary process of vehicle users selecting different WSPs
under three services. Different WSPs have different focuses for various services; hence in
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this paper, the characteristic is reflected by setting different bandwidths provided by the
WSPs for different services. In Figure 4b,c, the number of vehicles choosing WSP 1 is very
small. In Figure 4a, due to WSP 1’s emphasis on Case 1, the number of vehicles choosing
WSP 1 has increased. In Case 2 and Case 3, because WSP 2 places more emphasis on these
two services, the number of vehicles is relatively higher. Due to WSP 3’s focus on Case 1,
more vehicles are choosing WSP 3 for the Case 1 service. It can be observed that by altering
the number of vehicles associated with different WSPs, the evolutionary process quickly
converges and restores the unique evolutionary equilibrium.

In Figure 3, WSPs ultimately all achieve the same payoff at evolutionary equilibrium
for each service. The payoff for Case 3 is the highest among the three cases. This is because
Case 3 can provide high communication rates due to the proximity of SBSs to vehicles,
and the cost-effectiveness ratio is favorable. Case 1 achieves moderate payoff as it benefits
from higher transmit power but suffers from longer distances to vehicles. Case 2 shows the
lowest payoff, mainly because the DL from distant MBSs limits the overall performance
despite good UL quality from nearby SBSs, resulting in a poor cost-effectiveness ratio.

5.1. Impact of BS Density on System Performance

To investigate the impact of network density on the evolutionary game and bandwidth
allocation, we vary the ratio of SBS density to MBS density and observe the system behav-
ior. Figure 5 shows the evolution of payoff and population distribution under different
density ratios.

The dynamics of population distribution in Case 1
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Figure 5. Evolution of payoff and population distribution under different SBS/MBS density ratios.

Figure 5 demonstrates the impact of varying SBS/MBS density ratios on the evolu-
tionary game dynamics. Case 1 shows payoff improvement despite not directly benefiting
from SBS densification. This occurs because as SBS density increases, vehicles migrate
from Case 1 to Cases 2 and 3, reducing competition and congestion in Case 1. During this
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analysis, the bandwidth allocation of each WSP is fixed. Therefore, fewer users in Case 1
lead to more bandwidth per remaining user and thus a higher payoff.

Figure 5b—d show how vehicles redistribute among different WSPs under varying
SBS/MBS density ratios for each case. Note that the total number of vehicles in each
case remains constant at 3000, but their WSP selection changes with network density. In
Figure 5b, for Case 1 service, as SBS density increases, vehicles selecting WSP 3 decrease
significantly. This is because WSP 3 allocates relatively less bandwidth to Case 1, showing
insufficient emphasis on this service type, making it less competitive as network conditions
improve. In Figure 5¢, for Case 2 service, vehicles selecting WSP 1 show notable decline as
SBS density increases. This occurs because increased SBS density significantly improves
the cost—performance ratio of Case 2, while WSP 1 allocates the least bandwidth (2 MHz) to
Case 2, demonstrating low priority for this service. The combination of improved service
quality and insufficient bandwidth allocation makes WSP 1 increasingly unattractive. In
Figure 5d, for Case 3 service, WSP 1 experiences the most dramatic population decrease.
As SBS density increases, Case 3 achieves substantially higher spectral efficiency and
cost—performance ratio. However, WSP 1’s relatively low bandwidth allocation to Case 3
indicates insufficient emphasis on this high-performance service, causing vehicles to rapidly
migrate toward WSP 2 and WSP 3, which allocate more resources to capitalize on the
improved Case 3 performance.

5.2. Bandwidth Allocation Results

Figure 6 illustrates the bandwidth allocation evolution process for the three WSPs.
Each WGP starts with a random initial bandwidth allocation and iteratively updates its
strategy based on the Nash equilibrium solution. All three WSPs converge to stable band-
width allocations within 10 iterations, demonstrating fast convergence and the uniqueness
of Nash equilibrium.

The bandwidth allocation strategy of WSP1 The bandwidth allocation strategy of WSP2 o The bandwidth allocation strategy of WSP3
—e—Case 1 —6—Case 1

—o—Case 1

Case 2
—»—Case 3

Case 2
~»—Case 3
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8 —>—Case 3

Allocated Bandwidth(MHz)
Allocated Bandwidth(MHz)
Allocated Bandwidth(MHz)

.

1 5 10 15 1 5 10 15
Number of iterations Number of iterations Number of iterations

(@) WSP 1 (b) WSP 2 (c) WSP 3
Figure 6. Bandwidth allocation strategies of three WSPs converging to Nash equilibrium.

At equilibrium, all three WSPs exhibit a similar pattern: allocating the most bandwidth
to Case 3, moderate bandwidth to Case 2, and the least to Case 1. This allocation strategy
reflects the trade-off between the inherent performance characteristics and the cost structure
of the three cases. Case 3 receives the highest bandwidth allocation because, despite its
moderate cost, it offers a balanced performance that maximizes utility without the extreme
cost of pure SBS solutions. Case 2 receives a moderate bandwidth allocation, balancing its
low cost with its lower performance. Case 1 receives the least bandwidth across all WSPs,
indicating that the high service cost outweighs the benefit of high communication rates
in this specific equilibrium, making it the least attractive option for large-scale resource
allocation. The differentiation among WSPs lies in the degree of allocation: WSP 1 shows
the strongest preference for Case 3, WSP 3 prioritizes Case 1, while WSP 2 maintains a more
balanced approach between Case 3 and Case 1.
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6. Conclusions

This paper investigates the performance analysis and WSP selection problem in
UL/DL decoupled access C-V2X networks. We derive tractable spectral efficiency ex-
pressions for both UL and DL using stochastic geometry, considering three decoupled
access cases. A hierarchical game framework is proposed, combining evolutionary game
for vehicle WSP selection and non-cooperative game for WSP bandwidth allocation. The
uniqueness of Nash equilibrium is proved based on contraction mapping theory. Extensive
simulations validate the analytical results and demonstrate the convergence and stability
of the proposed framework. The results show that the evolutionary equilibrium can be
reached within 20 iterations and remains stable under perturbations, and the bandwidth
allocation converges to Nash equilibrium within 10 iterations.
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Abbreviations

The following abbreviations are used in this manuscript:

UL/DL  Uplink/Downlink

SBS Small Base Station

MBS Macro Base Station

C-V2X Cellular Vehicle-to-Everything
B5G Beyond 5G

6G Sixth Generation

WSP Wireless Service Provider

ITS Intelligent Transportation System
SINR Signal-to-Interference-plus-Noise-Ratio
PPP Poisson Point Process

PLP Poisson Line Process

PDF Probability Density Function

CDF Cumulative Distribution Function

PGFL Probability Generating Functional
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