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Abstract—This paper first develops an analytical framework to
investigate the performance of uplink (UL)/downlink (DL) decou-
pled access in cellular vehicle-to-everything (C-V2X) networks, in
which a vehicle’s UL/DL can be connected to different macro/small
base stations (MBSs/SBSs), separately. Using the stochastic geome-
try analytical tool, the UL/DL decoupled access C-V2X is modeled
as a Cox process, and we obtain the following theoretical results,
i.e., 1) the probability of different UL/DL joint association cases
i.e., both the UL and DL are associated with the different MBSs
or SBSs, or they are associated with different types of BSs; 2) the
distance distribution of a vehicle to its serving BSs in each case; 3)
the spectral efficiency of UL/DL in each case; and 4) the UL/DL cov-
erage probability of MBS/SBS. The analyses reveal the insights and
performance gain of UL/DL decoupled access. Through extensive
simulations, the accuracy of the proposed analytical framework
is validated. Both the analytical and simulation results show that
UL/DL decoupled access can improve spectral efficiency. The the-
oretical results can be directly used for estimating the statistical
performance of a UL/DL decoupled access C-V2X network.

Index Terms—C-V2X, uplink/downlink decoupled access,
association probability, spectral efficiency, stochastic geometry.

I. INTRODUCTION

A. Background and Motivation

ELLULAR vehicle-to-everything (C-V2X) is vital for au-
tonomous driving and intelligent transportation systems
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(ITS) in the fifth-generation mobile networks (5G) and beyond
[1]1, [2], [3], [4]. To satisfy the stringent quality-of-service
(QoS) requirements of various C-V2X applications [5], [6],
small base stations (SBS) can be deployed alongside the macro
base stations (MBS) [7]. Decoupled access of uplink (UL) and
downlink (DL) is a promising technology and its performance
has been investigated in typical cellular networks [8], [9]. In
decoupled access networks, a user equipment (UE) is allowed to
simultaneously connect with an MBS and an SBS for separate
UL/DL transmission [10], so both UL and DL can utilize the
most appropriate BSs.

Given the increased spectrum frequency and the heightened
demands of vehicular users’ services, the C-V2X is gradually
evolving into a more complicated heterogeneous network in-
cluding MBSs and SBSs [8], [11], [12]. The traditional DL
receiving power-based UL association mode is already not
appropriate for C-V2X. In this paper, we study the UL/DL
decoupled access C-V2X networks to provide an in-depth un-
derstanding of decoupled access in C-V2X through theoretical
analysis and to investigate its potential performance gain in terms
of spectral efficiency (SE). The major challenge comes from the
complexity of distributions of roads, vehicles, SBSs and MBSs
[12], [13]. Specifically, in C-V2X networks, vehicles and SBSs
are randomly distributed along the roads following a Poisson
point process (PPP). The roads can be modeled as lines of a
Poisson line process (PLP), and the roads and the MBSs are
randomly distributed on a two-dimensional (2D) plane following
a PLP and PPP, respectively [14]. In contrast, in typical cellular
networks, both UEs and BSs are assumed independently dis-
tributed on a 2D plane following a PPP. Therefore, the traditional
UL/DL decoupled analysis methods in cellular networks are not
applicable in C-V2X.

B. Related Work

Recently, the UL/DL decoupled access has been shown to
outperform traditional coupled access in cellular networks. For
example, Zhang et al. theoretically investigated the UL perfor-
mance improvement under the UL/DL decoupled mode over the
coupled access mode in [15]. Li et al. studied the UL SE in mul-
tiuser multiple-input multiple-output (MIMO) heterogeneous
networks and revealed the superiority of decoupled mode over
coupled mode [16]. In [17], Smiljkovikj et al. first derived the
probability of different cases of UL/DL decoupled association
in heterogeneous wireless networks. A more recent work [18]
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presented an in-depth analysis of SE in UL/DL decoupled cellu-
lar networks. In [19], Yu et al. proposed a novel fully-decoupled
RAN (FD-RAN) architecture for 6G. Shi et al. proposed a
decoupled access scheme with enhanced energy efficiency for
cellular-enabled UAV communication networks [20]. Different
from the works mentioned above, our analysis jointly considers
UL and DL in the decoupled access C-V2X networks, in which
distributions of roads, vehicles, SBSs, and MBSs are different
types of Poisson processes and are independent.

C-V2X is a special application scenario of cellular networks
with UEs, i.e., vehicles, moving fast along the roads. In [21],
Pan et al. presented the coverage probability analysis for safety
messages-prioritized C-V2X communications. In [22] and [23],
Chetlur et al. presented DL coverage and rate analysis in C-
V2X. Sial et al. introduced a tractable analytical framework
for performance of C-V2X networks over shared V2V and
cellular UL channels [24]. In [25], Liu et al. studied millime-
ter wave (mmWave) communications of UL by leveraging the
stochastic geometry theory in C-V2X. Yu et al. introduced a
reinforcement learning-based RAN slicing framework for V2X
communications with the aid of UL/DL decoupled access [26].
It is demonstrated that this technology can significantly improve
load balancing and reduce the transmit power. Despite the contri-
butions of existing works on C-V2X, there still lacks a thorough
performance analysis for the UL/DL decoupled access C-V2X
networks.

C. Contributions

This paper fills the gap in the performance analysis of decou-
pled access in C-V2X networks. First, we use variants of the
Poisson process to model the distributions of roads, vehicles,
SBSs, and MBSs in the C-V2X. Note that vehicles and SBSs are
actually modeled by the ‘doubly stochastic’ Cox process since
they are distributed only alongside the roads. Then, stochastic
geometry is adopted as the mathematical tool to obtain the
following four key results, namely 1) the probabilities of four dif-
ferent UL/DL joint association cases (i.e., UL=DL=MBS/SBS,
UL=MBS/SBS, and DL=SBS/MBS), given by Lemma 1-3; 2)
distribution of vehicle’s distance to its serving BSs, given by
Lemma4-6; 3) SE of UL/DL in all cases, given by Theorem 1-6;
and 4) coverage probability (CP) of UL/DL of MBS/SBS, given
by Theorem 7—10. Besides, SE of coupled access associated with
MBS/SBS is given by Corollary 1 such that the performance of
decoupled and coupled access can be compared in theory under
the same analytical framework. To summarize, the contributions
of this paper are listed as follows:

® We propose a tractable analytical framework for UL/DL
decoupled access in C-V2X considering random distribu-
tions of roads, vehicles, SBSs, and MBSs.

e We provide theoretical results on UL/DL decoupled joint
association probability, distance distributions for all de-
coupled cases, SE of all links and CP are given. The effect
of speed is analyzed to study the mobility of vehicular
networks. The theoretical results can be directly used for
estimating the statistical performance of a UL/DL decou-
pled access C-V2X network.
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TABLE I
LIST OF MAJOR SYMBOLS

Notation Description

v, A The speed of vehicle. The density of vehicle and BS.

x* The location of closest BS to vehicle.

P Received and transmit power of vehicle, SBS, and MBS.
G.g The main lobe gain and side lobe gain.

H, x The channel gain and Nakagami-m fading gain.

r() The gamma distribution function of a random variable.

t The predetermined threshold ¢ of CP or SE.

=1 The Poisson line process of lines.

Ef s EX The Poisson point processes of vehicles and SBSs on line 4.
Oy, Og The Cox processes of vehicles and SBSs.

I; Interference from set 7.

Pr(-) The probability of a random variable.

E (") The expectation of a random variable.

F () The cumulative distribution function of a random variable.
) The probability density function of a random variable.
¢r(4) Laplace transform of interference I.

K (+;+;++) | The newly defined function for ¢z (+).

T The SE of n,n € {DL,UL} for Case i.

® We conduct extensive simulations to verify the accuracy of
the proposed analytical framework, and the results show
better performance in UL/DL decoupled C-V2X networks
in terms of load balance and SE, which will shed light on
the further study of UL/DL decoupled access in C-V2X.
The remainder of this paper is organized as follows. Section
II introduces the network model. In Section III, the analysis of
decoupled access in C-V2X is presented. The simulation results
are given and discussed in Section IV. The paper is concluded
in Section V.

II. SYSTEM MODEL
A. Modeling of C-V2X Network

We consider a two-tier heterogeneous UL/DL decoupled
access C-V2X network, which consists of MBSs, SBSs, and
vehicles. For the convenience of readers, the mathematical
parameters used in this paper are summarized in Table 1. The
MBSs are randomly distributed on a 2D plane. We first model
the spatial layout of MBSs by a 2D PPP &, with density \,, in
the euclidean plane. The locus of points that are geometrically
closer to the selected MBSs than to any other MBS form a
Voronoi cell. Then we model the roads by a PLP Z; with
intensity \; [27]. Since the SBSs and vehicles are distributed
along the roads, we model the locations of vehicles and SBSs
on each line L; € Z; by 1D PPPs E7 and Z} with densities
As and A\, respectively. Both Ef and El‘f follow 1D PPPs with
constant densities. Therefore, the locations of vehicles and SBSs
follow Cox processes Oy = {2} },ez,1> Os = {Z Hiez)s
respectively [14]. It is worth mentioning that the Cox processes
Oy and Og are stationary and this property will be used in
calculating the intensity in Section II-B [28]. In C-V2X, the
mobility of vehicles can affect the macroscopic traffic density
[29].

For our study, we choose one vehicle as the typical node and
translate it to the origin o = (0,0). Since the typical vehicle
must be located on a road, and the road must pass through the
origin, we set this road as a typical road [,,. The roads that do not
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pass through the origin are referred to as the other roads. Under
Palm probability of vehicle point process, the vehicles and SBSs
on the typical road form the point process Oy, = Oy U EZD
and ©g, = Og U Efa. Both the processes Oy, and Og, are the
superposition of a Cox process ©; and an independent 1D PPP
Eio on line L,, where ¢ € {V,S}. The results are derived via
the application of Slivnyak’s theorem to the line process =; [22],
[28].

B. Propagation Model

We assume that the MBSs transmit to vehicles on the typical
road and the other roads with the same power. Since SBSs and
vehicles mainly communicate with the nodes on the road where
they are located, we assume that SBSs and vehicles use transmit
beamforming to maximize the received power at the receivers.
Due to the non-identical behavior of the individual transmit and
receive chains of SBSs and vehicles, we assume non-reciprocity
channels.

We assume that all the MBSs have the same transmitting
power Pj;. All the SBSs and the vehicles have the same transmit
power Pg and Py, respectively. Because the SBSs and vehicles
use directional antennas [30], we assume a beam pattern whose
main lobes are along the roads on which the nodes are located
and the side lobes facing other directions. We use G's o, G'v,p and
Gs,1, Gy,1 to denote the main lobe gains and side lobe gains of
SBSs and vehicles, respectively. Since the MBSs have a larger
service range and are randomly arranged, we assume that the
MBSs have omnidirectional antennas and use GG s to denote the
gains of MBSs. The general Nakagami-m fading is chosen to
model the wide-range fading environment [31]. We use m s to
denote the fading parameter for the links between the typical
vehicle and MBSs (VM) and H; to denote the channel fading
gains for DL of VM. The SBSs on the typical road are more
likely to have line-of-sight (LOS) links to the typical vehicle
than to vehicles on the other roads. Therefore, we denote the
UL/DL fading parameters between the SBSs and vehicles as
mg,0, My,o on the typical road, and mg; my,; on the other
roads. The Hg o, Hg 1 denote the corresponding fading gains in
DL for the links between the typical vehicle and SBSs on the
typical road (VST), and the links between the typical vehicle
and SBSs on the other roads (VSO), respectively. The Hyo and
Hy 1 denote the corresponding fading gains in UL for the links of
VST and VSO, respectively. The fading gains follow a Gamma
distribution and its probability density function (PDF) is [32]
m;ﬂz hmi—l

-m;h
We ,’LE{M,S,V}. (1)

fu, =

For the wireless links, we consider a standard power-law path-
loss model with the decay rate ||d||~%, where d indicates the
distance between the transmitter and receiver and « is used to
denote the path-loss exponent [33]. Given the different size and
deployment locations of MBS and SBS, the path loss exponents
of vehicle-SBS and that of vehicle-MBS may be different, which
are denoted by ag, apz, respectively. Furthermore, for the effects
of shadowing, we need to consider the links VST, VSO, and VM.
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Therefore, random variables x 5,0, X 5,1, and x s following alog-
normal distribution given by 10logiox; ~ N(w;, 07) [34], are
used to denote the shadowing effect of VST, VSO, and VM links,
respectively. Hence, the received signal power of the typical
vehicle from SBSs on the typical road, SBSs on the other roads
and MBSs in DL is [23]

—QMm

Py Gy Harx v || ; x € Py
PsGsoHsoxsollz] 7, v €5 )
PsGsiHsaxsallzl|™™, =€ ®©s\Z).

PT,V:

Similarly, the received signal power in UL can be written as

Py = PyGvaHvixu|z| ™, ze€®©y , 3)
_ [PvGvoHyvoxsollzl ™,  zeZ)
P s= —as N C))
PyGyaHyaxsallz| ®®%, = €Ov\Z],

where the P, v, P,y and P, g are the received signal power of
the typical vehicle, MBS and SBS, respectively.

Modeling the channel with shadow fading causes the received
power to not be exponentially distributed [35]. To cope with
this issue, we refer to the lemma of displacement theorem in
[36] and express it as a random displacement of the location
of a typical receiver [37]. Thus, P.(z) = PGx||z|” can be
written as P,.(y) = PG||y| ", where y = y~ =z, and then the
transformed points form a 2D homogeneous PPP with intensity A
to E[x~ =]\, and the 1D PPP’s intensity is A to E[x~ = | \. There-

fore, the transformaed Ay = E[x,/ ] \m, As = E[x;,%}/\m,

N — E[X;%]/\m. In ©5\=; and @V\El‘g, using the Theorem
1 and Assumption 1 in [23], the vehicles and SBSs can be
asymptotically converged to 2D PPPs with intensity \g, =
E[Xgé]w)\l)\s and \y, = E[X;%]ﬂ')\l)\v, respectively. We use
ot ,, OF, Ei’t, e, El‘g’t to denote the set for MBSs, SBSs,
SBSs on the typical road, vheicles, vehicles on the typical road
after executing the random displacement, respectively. Hence,
the value of P, v, Py, and P, g after undergoing random
replacement can be obtained through similar procedures as the
above steps.

C. Association Policy for BSs and Vehicles

UL/DL decoupled access C-V2X allow vehicles to choose to
access different BSs for UL and DL, separately [8]. As shown in
Fig. 1, the four cases of joint UL/DL association in decoupled
access C-V2X networks are:

e Case 1: UL=MBS I, DL = MBS 2

e (Case 2: UL = SBS, DL = MBS

e (Case 3: UL = MBS, DL = SBS

e Case4: UL=SBS 1,DL=SBS2

However, there are only two cases for the coupled access,
i.e., UL/DL = MBS and UL/DL = SBS. It is noticed that the
decoupled access’s Case 1 and Case 4 are connected to two BSs
instead of the same BS, while the coupled access’s UL depends
on DL and both the UL and DL access the same BS. We assume
that the typical vehicle is associated with MBS/SBS which
yields the maximum received power (MRP) in DL. Similarly,
the MBS/SBS will serve the vehicle with the MRP in UL. Thus,
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the typical vehicle associates with an MBS in DL if
PyGyenr M > PsGsors ™9, &)

where x,7, zg denotes the nearest distances that the corre-
sponding MBS € ®, and SBS € Ei’t to the typical vehicle.
Otherwise, the vehicle connects to an SBS. Similarly, the typical
vehicle associates with an MBS in UL if and only if

PyGyaxy M > PyGyoxs 5. (6)

Otherwise, the typical vehicle associates with an SBS. We
substitute (5) and (6) with AIM.,S = P]\/[GM/PSG&(), BJM,S =
PyGy1/PvGyy:

Ay soar M > xg™ @5, (N
Byrswa M > xgm Y8, (8

Since the transmit power of MBS is much larger than that of the
SBS and vehicle, thus, A, s is larger than B s. Meanwhile,
the association based on MRP is then equal to that based on
the minimum distance, i.e., each vehicle will communicate
with the closest BS after executing the procedure of random
displacement.

D. Interference

Different frequencies are used for UL and DL, there is no
interference between DL and UL. The transmission signal of
MBS and SBS is interfered by the signals transmitted from the
other BSs, and the typical vehicle’s interference comes from
other vehicles.

Because all SBSs and MBSs use the same frequency for DL
and all vehicles use another frequency for UL, in DL [38], the
aggregate interference of the typical vehicle is composed of the
interference from the MBSs I, the interference from the SBSs
on the typical road Is o and the interference from the SBSs on
other roads Is 1. In UL, the aggregate interference is composed
of the interference from the vehicles on the typical roads Iy, and
the interference from the vehicles on the other roads Iy ;. Thus,
when the typical vehicle is associated with MBS or SBS in DL,
the measured signal-to-noise-and-interference-ratio (SINR) is

P (X3)

SINR - , 9
M/S,D IM+IS,0+IS,1 +0123 ©))
where
In = Z PyrGarHyg |||~
quh\/{
_ [®!,\X;, DL=MBS,d=M
®= {qwgw, DL = SBS, (10)
Iso =Y PsGsoHsollzl| **;
TEE
_ =5 DL = MBS,
= = _§7t % (11)
=,"\X;, DL=SBS,d= 85,0,
Isi= Y PsGsiHsx| ™. (12)
zeOt, EfO't
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—> Downlink (Decoupled)
—» Uplink  (Decoupled)
----»  Downlink (Coupled)
----» Uplink  (Coupled)

LV
!,oupled

)
¢ MBS area

(1]
Coupled A SBS area

Fig. 1. Ilustration of UL/DL decoupled access in C-V2X networks.

Here, the X7 is the distance between the typical vehicle and the
associated BS. When the typical vehicle connects to the MBS or
SBS, the d = M, d = S, 0, respectively. ®,\ X}, denotes that
the interference I3, is from the MBSs except for the connected
MBS when DL = M BS. E;%t\X 5.0 denotes that the interfer-
ence Ig o is from the SBSs except for the connected SBS when
DL = SBS. The SINR measured in UL is

P(X")

SINR R 1 . 13
M/su Ivo + Ivy + of (13)
where
Iy = Z PVGV,qHV,q||x||7akv
wEEL‘g’t\X*
_ [DL=MBS:k=Mq=1

{k.q} = {DL:SBS k=S,q=0. (14)
IS,l = Z PvaﬁlHVJHJJH_ak. (15)

t \zVit
mG@V\._LO

Here, since the vehicles use directional antenna and the MBSs
are not along the road, when the vehicle accesses an MBS in UL,
the o), = aar, Gv,q = Gv,1, when the vehicle accesses a SBS in
UL, the o, = g, Gv,q = Gyo. Since the noise is much smaller
than the interference and the system is interference limited,
the thermal noise can be neglected for the sake of convenient
analysis, therefore, o7 = 0%, = 0 [18], [23].

III. PERFORMANCE ANALYSIS AND THEORETICAL RESULTS

With the help of stochastic geometry, we first derive the
association probabilities and the distributions of distance for all
UL/DL joint association cases. Then, based on the above results,
the SE of each UL/DL link in each case, and the CP of UL/DL
for MBS/SBS are derived.

A. Association Probability
According to the null probability of 1D and 2D PPP [39], the
cumulative distribution functions (CDF) of x g, x; are

Fs(zs) =1 —exp(—2As7ws), (16)

Fyr (zpr) =1 —exp (—)\Mﬂ'l‘?w) . (17)
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Hence, the PDFs of xg, x5, are

fs(xs) =2Asexp(—2Aszs),

f]y[ (:L’M) = 2’/T1’M>\M exp (—)\M’]T.’E%w) .

(18)
19)

According to the association policy given by (7) and (8), we
derive the joint association probability as follows:

1) Case 1 (UL = MBS 1, DL = MBS 2): The probability that
the typical vehicle is associated to MBS both in DL and UL is

Pr(Casel) = Pr (AM,SX;\;M > Xg'°;

BusXy" > Xs ). Q0)

Based on the considerationof Ays ¢ > By g, the above formula
can be written as

Pr(Casel) =Pr (BM,SX;\;M > X;S)

as
—Pr (XM < BMA{.;X“M> Q1)

Lemma 1: The joint association probability of Case 1 can be
formulated as

Pr(Case1)

2ag

=1 7/ |:2)\5 exp ( )\MWBZ(CIA%I;M - 2/\5I5):|dl's.
0
(22)

When ag = ajy, Pr(Case 1) in closed form can be formulated
as

Pr(Casel) =
2 PY A
1-— Sz exp Sg erfc 752
/\MB]‘\’LS /\1\47TBJ<\’4’S '/AMWBKZJ,S

(23)

Proof: The proof of joint association probability of Case 1
(UL =MBS 1, DL = MBS 2) is

Pr (Case 1)

= Pr(BysXy " > Xg)

1 25
— Ex, [Pr (XM < Byfag” |Xs>}

o0 1 ag
:/ FM (B]V[st )fs(l‘s)dl‘s
0

2ag

@ 17/ {QAseXp( AMij%x;M 2)\5zs>}dx5,
0

(24)

where (a) follows from the substituting Fi;(-) and fg(-) from

(17) and (18) in the previous steps. [ |
2) Case 2 (UL = SBS, DL = MBS): The probability that the

typical vehicle is associated to MBS in DL and SBS in UL is

Pr (Case 2)
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— Pr (AM,SX]};‘M > X Bus Xy < X;‘S)
—Pr (BMA,SX];;M <X < AM)SX;V‘;M) . (25)

Lemma 2: The joint association probability of Case 2 can be
formulated as

Pr (Case 2)

00 205
= / [2/\5 exp ( )\MﬂBM Sa:gM — 2)\sxs>} drg

0
00 2a5
— / |:2/\S exp ( >\JV17TA]\4 Sl‘gM 2)\51’5>:| dxs.
0
(26)

When ag = ajy, Pr(Case 2) in closed form is:

Pr(Case2) =
A2 M A
e | — 25 erfe | 2
AmBjy ¢ AMTBfy g AumBj g
M DY A
- 52 exp Sg erfc S >
AvAfy s AuTAfy s \/m

27)

Proof: The proof of joint association probability of Case 2
(UL = SBS, DL = MBS) is

Pr (Case 2)

(@ B ]
= Pr{ Xy < A3} Xg

1 ag
—Pr (XM < B;ﬁgXS“M>
() a7 e
EXS Pr{ Xy < AJV[ sTg ‘XS
1 ag
— Bx. [Pr (XM < ByikagM |XS>}

20 1 as
=/ Fu <AM{§$§M)JCS (z5)drs
0

0 1 ag
*/ Fr <Bj}Mg$S )fs (rs)dxs
0

00 _2 2045
:/ [2)\5 exp( )\MWB st —2)\st>}dx5
0
o0 2ag
- / {2/\5 exp ( )\Mﬂ'AM sxg™ — 2)\Sa:s>} dxg,
0
(28)

where Pr(Case 2) can be converted to (a). Then in (b), the result
is converted to derive the expectations for X. The remaining
derivations are similar in Lemma 1. |
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3) Case 3 (UL = MBS, DL = SBS): The probability that the
typical vehicle is associated to MBS in UL and SBS in DL is

Pr(Case3) = Pr (AM’SX;\;M < X5
BusXy" > Xs ™), (29)
Since Ay g is larger than B)y g, there is no region that satisfies
(29). Hence, Pr(Case 3) = 0.
4) Case 4 (UL = SBS 1, DL = SBS 2): The probability that
the typical vehicle is associated to SBS both in UL and DL is:
Pr (Case4) = Pr (AM XM < XS
BusXy' < Xs_as)
=Pr (A]u,sXJK;M < X;«as)
1 am
=Pr (XS < Ag)SMXA‘;S ) . (30)

Lemma 3: The joint association probability of Case 4 can be
formulated as

Pr (Case4)

[e'e] 2ag
= / {2)\5 exp ( /\]\47TAM ngM — 2)\55(}5):| dxg,
0

(€29)
When ag = aypy, Pr(Case 4) in closed form is
Pr (Case 4)
A2 A2 A
= Sg exp Sz erfc -5 =
AMAfy s AMTAR o VAMTAR, o
(32)

Proof: The proof of joint association probability of Case 4
(UL =SBS 1,DL =SBS 2)is

Pr(Case4)

— Pr (X;‘S >AM75X;\;M)

5621

2ag

@ / [2)\5 exp <)\M7TA;}%I§M 2/\ng> ] drg,
0
(33)

where because the original form is hard to derive, we change
to calculate the probability of its complement in (a). (b) can be
derived by following the steps as adopted in Lemma 1. |

B. Distribution of Distance to BSs

In this subsection, we derive the distance distributions of
typical vehicle to its serving BSs for all feasible cases.
Lemma 4: The distance distribution of Case 1 is

= oM
exp <_)‘57TQB§5\137 o8 ) IXu (JJ)
Pr (Case1)

fXM|Case1 = (34)

Proof: To derive the distance distribution of Case 1, we need
to compute the CCDF as

c

X pp|Case 1
—Pr (XM >z ’BMSX{VIM > XS )

PI' (X]u > x; BMSXJVI
N Pr(Casel)

> X5")

1 M

Pr(Xy > 2;Xs > B35, X,p°)
Pr (Case 1)

f;o |:eXp ( /\571'235 MxM ) fXM (.%‘M):l d.r]u

B Pr(Case) , (39)

then the CDF is F, . . 1—FXM‘W1 At last, we

can achieve the PDF by differentiating CDF: fx,,|case1 =

dr X pplCasel /dx
Similarly, the proofs of Lemmas 4, 5, and 6 can be derived by
following the steps as adopted here. |

Lemma 5: The distance distributions of Case 2 are formulated
as given in (36) and (37) shown at the bottom of this page.

Proof: Similar to the proof of Lemma 4. |

Lemma 6: The distance distribution of Case 4 is formulated
as

exp </\M7TAJOVKIM aM)fXS( )

a L a5 f ased = (38)
(:) 1— PI"(X]M < AJLCIA.{S’X;M ) Xg|Case4 Pr (Case 4)
1 an L ay
Joxp (-asm2aZi,e ) - exp( -Asm28350H )] f o)
fxa|cases = Pr (Case2) ’
(36)
2 g 2 g
[exp <—)\M7TB](CII,V{S‘$QM> — €xp (‘AMWAJCCIIEI oM )} fxs(@)
sz|Case2 = ’ oD

Pr (Case2)
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Proof: Similar to the proof of Lemma 4. |

C. Spectral Efficiency

SE refers to the amount of data transmitted per unit of band-
width. In this subsection, with results of Lemma 1 to 6, we derive
the SE of each case by leveraging stochastic geometry [40].

The average system SE is

4 {U,D}

SE = Z Z Té:m Pr(Caset),
i=1 L

where 7; is the average SE of Case i.

To make the statement clearer, we first derive the SE of UL
for Case 2.

Theorem 1: The SE of UL for Case 2 is formulated as

TQU:/ fsp/ Pr[Hy, > fs0lurs’|dtdrs, (40)
0 0

(39)

where (g = (et — 1)/(PvGV’0), Iys =1yvo+1Iv,. The
PI"[HV’O > BS’OIU’Ql‘gS] is
Pr[Hv, > Bs0lu2x$%]
mg—1 ag k
(—msﬂsol’s ) |:6
— ATt s B ¢ () , (41
;) k! (;jk v j=msBs,org®
where CIU.,2 (]) = CIV‘O (j)CIV?1 (J)’
Py G —as
Caol) =K (Avizg —200 —mgi1), @)
mg
. PyGyix— s
(s, () =K (wAv“;O;V”;ms,l;a:). (43)
ms1
Proof: The SE of Case 2 UL is
7'2 = [hl (1 + SINRU S)]
(o) o0 P H —Qag
— / fop / Pr {m (1 4 BrGvoHvors > > t} dtdzs
Iy
(e =1 Iyp
Pr|H %S | dtd
/ fsu/ r[ V0 > PG xg Tg
(a) o
:/ fS\z/ Pr[Hv, >557()IU_’2xSS]dtdxs, (44)
0 0

where Bso = (e! —1)/(PvGvyp) in (a). The proof of
PI"[HV’O > 6570[&21}%5] is

Pr[Hy, > Bs,0lu203°]

= Ers {Pr[Hv,o > Bsolv225°]}
@ o {F(m57mSﬁSOIU2«TS }
Y By,

r

1

(msBs, oIU 275%) emsﬁs,olsw‘s‘sl

-1
"L (—msBsores)”

=y omsBsors®) 10 2()} . 43)
k=0 k! |:6‘7k v Jj= msﬁsoﬁfs
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where (a) follows from the CCDF of gamma random variable
Hy, and (b) follows from the definition of incomplete gamma
function for integer values of mg. The aggregate interference
can be divided into two independent components Iy, Iy,1, the
Laplace transform of interference can be computed as product of
the Laplace transforms of the two components, thus, (7, ,(j) =
Crvo (j)(lv’1 (7). Similar to the proof of Lemma 5 in [23], the
Laplace transforms of Iy and Iy, are

CIv,o(j)
= Er,, [exp (—jlv,)]

= Efv,o exp | —j Z PvGV,()HV70:L’7aS
fsEuz A\[-zs,25]
(i) E,—‘Vt\X* EHVO H *jPVGV,oHVYOx*aS
ISEHZ A\[-zs,ms]
b o8] P G —ag \ —Mms
(Z)exp —2)\V/ 1— (1+”W> dr
Ts mg

PvG\/;ol‘fas

ms

Ok (Av, ms; 1) , (46)
where (a) follows from the independence of Z, * we convert the
accumulative form into accumulative multiplication. (b) follows
from the Nakagami-m fading assumption and the PGFL of a
1D PPP [41]. The proofs above are typical steps of stochastic
geometry. We define a function K (a; b, ¢; d; e) to simplify (b) in
(c), where a is the term before the integral except the constant,
b is the lower limit of integration and the upper limit is always
00, ¢ is the fractional term in the integral except j, d is the index
term, e € {x,1} is the last integral term (z if there is, or 1 if
not).

CIV,l (J)
= Er,, [exp(—jlv,)]

= EIv,l exp —j Z PvGV71HV,1l‘7aS
zedl, ',Vf
zeOl \Z, "
a o Py G Tas TS
W exp —277/\Va/ 1-— 1+M rdx
0 ms1
Py G s
=K <7r)\Va;0; %;ms,um) ) (47
where (a) follows from the PGFL of a 2D PPP. |

Theorem 2: The SE of DL for Case 2 is formulated as

) */ fM\Q/ Pr[Hy > Bulpoxy)’]dtdey, (48)
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where By = (! — 1)/(PMGM),
The PF[HM > BMID 21’ ] 18

ID12 =1Iy +IS,0 +Is’1.

PI‘[HM > BMID 2$M ]

RS (CmaBuay)* [ o
= > Crbeni) [, ,
k=0 : j:mMBMILM
49)
where the CID 2( ) = CIM (j)CISYO (j)CISJ (.]) The
PI[HM > BMID 137M ] are
. Py G M
() =K (WAM;@“M; MM;mM;SU> , (50)
myr

1 a}\l ) PSGS)OJ/.—(IS ) '
CIS,O( Jj) = ()\S»AS M 7m7570’ ms,o; 1) )
(51D
. PyGgix™as
(s, (1) =K <m5a;0; V“;ms,l;x) NS
’ ms1

Proof: Follows by the same arguments as in the proof of
Theorem 1. |
Theorem 3: The SE of UL for Case 1 is formulated as

TlU = / f]ml / Pr [HV,l > BMIU,l.’I?aM]dtd.’lﬁM7 (53)
0 0
where Sy = (e — 1)/(PyGva), Iu1 = Iv,o + Iv,1. For the

convenience of writing, we use fjs:(-) to substitute
Jxr|case1(+) and the following PDFs reduce to the same form.

And the Pr[Hps > By Iy} in 7 is
Pr[Hy > fuluax})]
mar—1 a
RS (—mu Byt [ o
=S G [ ) 7
k=0 j=maBuayM
(54)
where ¢, _ (7) is the Laplace transform of /1 1. From stochastic

geometry, the accumulation becomes a multiplication relation-
ship that greatly simplifies the calculation. Thus, Cfm (j) =

Cry o U)Cr,, (). The G, (j) and ¢, (j) are

) Py Gy~ M

Co) =K ()\v;IM; %;WM; 1) . (55)
. PyGyx—oM

Gy, (1) =K <7T>\Va;0;‘/;’]1w;mM;x)- (56)

Proof: The proof of Theorem 3 is similar to the proof of Case
2 in Theorem 1. |
Theorem 4: The SE of DL for Case 1 is formulated as

71 —/ fMu/ Pr[Hy > Bulpaxhy)’|dtdey, (57)

where Sar = (' —1)/PyGur, Ip = Ing + Iso + Is1. The
Pr[Hy > Barlp iy ] are

PI‘[HM >BMID 1‘TM ]

5623

mar—1
I (—marBuay)E [5k }
— e Crp o (4) ;
=0 k' 5jk ! j:n”uﬁ]vjl‘;;w
(58)
where the ¢, (j)= (,M(’)Cfsvo(j)@s)l(j), the ¢, (j).

Crg,(J) and CIS (J)

PrG =M

G, ) =K (W)\M;HUM;mM;mM;!E ;o (59)

. L M Po(Gg xS
=K [ Ne: AZS g 05 . ) . 1
Cls,o(-]) ( S;As T s mso 1Ms.0; ),
(60)

PsG as

() =K (wA5a,0 L5t ms,l;m). 61)

’ ms.1

Proof: Follows by the same arguments as in the proof of
Theorem 1. u
Theorem 5: The SE of UL for Case 4 is formulated as

Tf:/ fS|4/ Pr [HV70>551U,4$gS]dtd$S, (62)
0 0

where 55 = (et — 1)/(PvGV70), IU)4 = IV70 + IV71' The
PI"[HS > BstAJZgS] is
Pr [HS > 551[]7433?5]
mg—1 ag\k k
-m T 1) .
= Z % |:MCIU,4 (J)} ; (63)
k=0 : J j=msBszy®

whereCI 4( ) CIVO( )CIVl( ) theCIvo( )andCIv1( )are
the same as that in UL of Case 2.

Proof: The proof of Theorem 5 is similar to the proof of Case
2 in Theorem 1. |
Theorem 6: The SE of DL for Case 4 is formulated as

Tf:/ fs|4/ Pr[Hg > Bslpawg®ldtdrs, — (64)
0 0

where (s = (e —1)/(PsGs,0),
The Pr[Hg > BsIp 4xe®] is

Pr[Hg > fsIpaxs®]

msﬁsxs )" {6:@[)4( )

Ipa=1Iy+Iso+Is:.

mgl

—Z

where ¢, ()

] , (65)
j=msBszy®

=Gy, (1S, (4)C,,, (7). The Laplace trans-

forms are
. Py G oM
¢, U)=K (W)\M;O; VM;mM;m) . (66)
mar
. PG gor~ s
(rs,(j) =K (As;ms;ss"’;ms,o;l), (67)
ms.o
PsG as
£15,1(j) =K <7T)\Sa,0 st msyl;x) . (68)
mg,1

Proof: The proof of Theorem 6 is similar to the proof of Case
2 in Theorem 1. |
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Corollary 1: The coupled access has two association cases
as shown in Fig. 1 and the SE of coupled access for the two
association cases is similar to the SE of UL/DL decoupled
access. The proof follows the same steps as in Theorem 1.
Specifically, when the typical vehicle is associated with SBS, the
case is equivalent to Case 4 of decoupled access [18]. Therefore,
the SE of UL and DL in coupled access with SBS 7§ and 72
are equal to 7/ and 7P, respectively. When the typical vehicle
connects to MBS, the SE of DL is

7']\[} = /0 fM|MBS /0 Pr [HM > BMID7M.%‘(])\?I]dtd$M,
(69)
(et — 1)/(P]\4GM), and

Pr[Hy > Bulp, vy}

where the 5y, =

mar—1 ang 5k
Z (—marBaragy)* [@kchM()

:| j=maBuzyM

k! ’
k=0
(70)
o= oM

exp (—/\SWZA&SMQC as ) fxu (@)

IxpmBs = Pr(M) ) (71)
where

Pr(M) = Pr (AM,SX{;M > X;‘S)

=1—Pr(Cased), (72)

where Pr(Case4) is derived in Lemma 3. The (1, ,,(j) =

Croy (1€, )Gy, () and ¢, (), Gy () Gy, (7) are the
same with (50) to (52) in DL of Case 2.
The SE of UL is

i :/ fM\MBS/ Pr[Hy > By lu ey Jdtda
0 0
(73)
where (s

=(e! = 1)/(PyGy), and

Pr[Hyr > Bulu vy’

mar—1
M ﬂ an 5k
_ Z (ka]'Wx){ ]kCIUM()

M
:| J=muyBuay}

(74)

The(,,  (j) = ¢y, ()G, ()-And G, (5).€,, , (j) areequal
to (55) and (56) in UL of Case 1.

k=0

D. Coverage Probability

The CP is defined as the probability that SINR exceeds a
predetermined threshold ¢ [42]. Based on the above results from
(16) to (74), we derive the CP of UL/DL for MBS/SBS in this
subsection.

Theorem 7: The CP of DL for MBS is

Pr(SIRY > t)
= P(Case 1)P(SIRY > t|1) + P(Case2)P(SIRY > t|2)

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 23, NO. 5, MAY 2024

mMpar— 1

P(Case1) Z /

(Sk:
|:5jk CID M( )] X fM\ldt + P(Case2)><
J

mar— 1/
where j:mMBij‘/}”, ﬂMZt/PMGM CID,M(j):
CIIW (j)CIs,o (j)cfs1(]) and the CISYO (])’ Cls,1 (.7) are the
same with (59) to (61) in DL of Case 1.

Proof: The proof of Theorem 7 is similar to the proof of Case

2 in Theorem 1. | |
Theorem 8: The CP of UL for MBS is

mMﬂMmM )k

mMB]LLTaM) sk

MMM { 577G )] Farpdt, (75)

Pr(SIRY > t)
= P(Casel)P(S[R]‘U/[ > t[1)

mMﬁMﬂfM )k

X fapdt, (76)

5]@
|:(5 kCIUJW( )

] L aM
Jj=muaBuTy;

6M:t/PMGM' CTU,M(j):
(@) G, (j) are the same with

where j = mMﬁM:z: T

Cfvo( )CIV , and the €I

(55) to (56) in UL of Case 1
Proof: The proof of Theorem 8 is similar to the proof of Case

2 in Theorem 1. ]
Theorem 9: The CP of DL for SBS is

Pr(SIR}, > t)
= P(Case4)P(SIR?, > t|1)

mil msﬁsl‘s )
P(Case4d / ~ 2o 7
(5k
|:§ kCID S( ):l X fS\4dta (77)
j=msBszy®

where (g = t/PSGS CID s( ) CIM( b)cfs 0( '>CIS 1( ) and
¢, (9)s CIS,O( 7)s Crg (7) are the same with (66) to (68) in DL
of Case 4.
Proof: The proof of Theorem 9 is similar to the proof of Case
2 in Theorem 1. ]
Theorem 10: The CP of UL for SBS is

Pr(SIR;, > t)
= P(Case 2)P(51R§ > t|2) + P(Case4) P(SIR;, > t|4)

msﬁsffs )
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Simulation 1: Simulation for UL/DL Decoupled Access
C-V2X.

5625

TABLE II
SYSTEM PARAMETERS

Input: simulation number n, vehicle number V', SBS
number s, MBS number m, road number L,
simulation radius 7, threshold ¢, tc p, maximum
vehicle speed vy ax, maximum vehicle density
)\max;

Output: Association probability p € R**4, SE 7, CP;

1 Initialize P < 0,,x v, T < Onxvi, CP < 0, %y, v;
2 fori=1;7 <n;i+ + do

3 Generate MBSs locations m follow PPP, road
locations 1 follow PLP, SBSs locations s and
vehicles locations V follow PPP on road [; ;

4 forl =1;1 < L;l+ + do

5 forv=1;0 <V(l);v++ do
6 According to (5) and (6), select Case
plio+ Y2 V() ={1,2, 3, 4);
7 Calculate SIR of UL/DL according (9);
8 (v 4+ Y21 V(@) = In(1 + SIR),
CP(i,v + Y \21 V(i) = SIR;
9 end
10 end

1 Po = Z(p(la) == {1727?)’4})/2‘/)’

12 To = Y (7@, find(7 (i, )> t:)> t ) V);
13 | CP,=3(CP(i,)>tcp)Q V)

14 end

15 Return p = > po/n, 7 = > 7,/n, CP =3 CP,/n;

mg—1 k k
0
Z / msﬁsxs ) {Wclu,s(j)} X fsadt,  (78)
where Jj=msfsrs®, Bs =t/PyGy. Cros(j) =

Crv.0(J)Cry, (j) and the Cfv,o(j)’ CIV,l(j) are the same with
(55) to (56) in UL of Case 4.

Proof: The proof of Theorem 10 is similar to the proof of
Case 2 in Theorem 1. |

IV. SIMULATION RESULTS

In this section, simulation results are presented. We consider
a circular area of a 3 kilometers (km) radius with a two-tier
network. The simulation setup follows 3GPP TR 36.885 [43]
and the existing work [17], [22], [26], [44] and the values of
parameters are listed in Table II. Over 100,000 independent
Monte Carlo simulations are conducted in UL/DL decoupled
access and coupled access scenarios, respectively, to validate the
accuracy of the proposed analytical framework and theoretical
results. The detailed steps of the simulation are in Simulation 1.

A. Joint Association Probabilities

In Fig. 2(a) and (b), the joint association probabilities from
both analytical model and simulations for LOS and NLOS sce-
narios are shown. We can find that the analytical and simulation
results match well, thereby demonstrating the accuracy of the
proposed analytical model. Further, more details of joint UL/DL
association in decoupled C-V2X can be obtained. In LOS sce-
nario shownin Fig. 2(a), the typical vehicle chooses Case 2 with a

Parameters Value
Macro BS transmit power Py; (dBm) 46
Small BS transmit power Pg (dBm) 20
Vehicle transmit power Py, (dBm) 20
Pathloss exponent for MBS «js 4
Pathloss exponent for SBS avg (NLOS) 4
Pathloss exponent for SBS avg (LOS) 2
Antenna Gain for MBS G, (dBi) 0
Antenna Gain for vehicle in typical line G g (dBi) 0
Antenna Gain for vehicle in other line G g1 (dBi) -20
Noise power a% = 012] 0
Maximum Speed vmax (km/h) 120
Maximum density of vehicle on road Amax (nodes/km) 63
Line density A; (1/km) 10
Mean of log-normal shadowing gain (dB) 0
Std of shadowing gain for MBS (dB) 4
Std of shadowing gain for SBS on typical line (dB) 2
Std of shadowing gain for SBS on other lines (dB) 4
Nakagami-m mg o (LOS/NLOS), mg,1, mar {12}, 1,1
Nakagami-m my,o (LOS/NLOS), my 1 {1,2}, 1
1
®«O‘o jelont) SO s ©o-a o
08l ! Sooao |
é
- - - Analyt 1: UL=DL=MBS
0.6 + Sim 1:UL=DL=MBS

- = = Analyt 2: UL=SBS, DL=MBS
O Sim 2:UL=SBS, DL=MBS

0.4 - = - Analyt 4: UL=DL=SBS

o Sim 4:UL=DL=SBS
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Fig. 2.
scenarios.

Joint association probability of different cases in LOS and NLOS

much higher probability. This is mainly because MBS has higher
transmit power than SBS in DL, while in UL, the location of SBS
is closer to the typical vehicle than MBS, so SBS has smaller
signal path loss and larger antenna gain when receiving from
the vehicle. In addition, since SBSs perform better than MBSs
in UL, the probability of Case 1 decreases rapidly as there are
more SBSs. The probability of Case 4 is gradually increasing
with SBS density, since the distance between SBS and vehicle is
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Fig. 3.

becoming shorter, leading to advantage of SBS’s signal strength
inDL against MBS. In NLOS scenario shown in Fig. 2(b), we can
find the similar trend as LOS when joint association probabilities
change with SBS/MBS density. An obvious difference is that the
probability of Case 4 greatly increases. The main reason is that
SBSs have less obstruction and path loss due to shorter range
to the vehicles, thereby demonstrating the superiority of SBS in
NLOS scenarios. On the whole, decoupling can improve the load
balancing of the C-V2X network as the number of SBS increases.
To better understand the characteristics of SBS and MBS, we
plot the joint association probabilities against different path loss
indices under different SBS/MBS densities, as shown in Fig. 3.
Fig. 3(a) and (b) show the association probabilities under differ-
ent path loss indices ay; of MBS and fixed ag = 3. Fig. 3(c)
and (d) show the association probabilities under different path
loss indices g of SBS and fixed aj; = 3. We can see that
the probability of Case 2 is decreasing as the link quality of
MBS and SBS decreases (i.e., higher values of «) in the four
figures of Fig. 3. The joint association probabilities of the three
cases are nearly constant since the MBS is not sensitive to the
path loss index due to its higher transmit power as shown in
Fig.3(a) and (b). Also, we can see that the probability of Case 4 is
increasing in Fig. 3(c) and (d), because the A\ g transformed by the
displacement theory decreases as a g increases. Therefore, after
taking the transformed A g into the PDF of SBS in (18), the PDF’s
value at the origin location decreases, the value at the distant
point increases, and the overall function increases than before,
which means the SBS’s path loss index has a greater impact
on vehicles close to the SBS, but it increases the association
probability to vehicles far away as the ag increases.

B. Spectral Efficiency

In this section, we plot the SE of each link at first. Then the SE
under different joint association cases is plotted and this figure
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Fig. 4. SE for all decoupled cases in LOS and NLOS scenarios.

The SE of comparison between decoupled access and coupled
access is plotted from 0.1 to 6.5 for the ratio of the density of
SBS and MBS on the z-axis.

Fig. 4 shows the SE of UL/DL for all cases in LOS and NLOS.
We can see that the SE of Case 1’s UL and DL are increasing
both in LOS and NLOS. The reason is that with the increase
of SBS, the closer that the vehicles connected to the MBS, the
better the SE of vehicles connected to the MBS is. While in
Fig. 4(b), the DL’s SE of Case 2, 4 are decreasing because of the
increase of SNR as the number of SBS increases.

Fig. 5(a) and (b) show the average SE of three joint association
cases in LOS and NLOS scenarios, respectively. And it should
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Fig. 5. SE for all decoupled cases in LOS and NLOS scenarios.

vehicle, but a weighted average SE like in (39). We can see that
the SE of Case 1 is decreasing at the cost of increase of SE
of Case | as \;/\,, increases both in LOS and NLOS. This is
because of the improvement of link quality as there are more
SBSs. The SE of Case 2 increases in LOS and decreases in
NLOS. The reason is that most vehicles choose Case 2 in LOS
and MBS still dominates SBS. While in NLOS, the reason of
decreasing in SE of Case 2 is that vehicles originally connected
to MBS are connected to SBS instead, resulting in increased
interference in DL and the UL’s SE doesn’t change a lot when a
vehicle is connected to MBS.

Fig. 6 shows the SE of UL and DL of decoupled and coupled
access in LOS and NLOS scenarios. We can see that the SE is
improved in UL after being decoupled over to coupled access,
while the DL is the same with the SE of coupled access. Since the
DL BS is selected according to the DL reference signal power,
the DL of being decoupled is the same as in coupled. While in
UL, the vehicles get rid of the limitation of UL/DL coupling
through decoupling and can connect to BSs with smaller path
loss and shorter distance, so as to improve the UL SE.

For further comparison between decoupled and coupled ac-
cess, we plot Fig. 7 to show the system average SE by using
(39) and the simulation results verify the effectiveness of the
theoretical results. The performance improvement shows similar
trends as Fig. 6. We can see that the SE of decoupled access
is nearly improved by 50% compared with the SE of coupled
access in LOS scenario. While in NLOS, the SE advantage of
decoupling is not remarkable. The reason is that, in NLOS, most
vehicles follow Case 4, as shown in Fig. 2(b), and Case 4 is
equivalent to the coupled access case in which the typical vehicle
is served by the SBS, the improvement mainly comes from the
UL improvement of other cases. And we find that the decoupled
mode is more beneficial for networks with higher SBS densities.
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C. Coverage Probability

Fig. 8 shows the CP of UL/DL for MBS/SBS with different
SINR thresholds and different MBS/SBS densities. Obviously,
CP decreases with the increase of threshold. It can be found
that the CP of both UL and DL of SBS is increasing as As /Ay
increases, while the CP of both UL and DL of MBS is decreas-
ing. The reason is that as there are more SBSs, the distance
between vehicles and SBSs becomes closer, thus the association
probability of MBS decreases, leading to the decrease in the CP
related with MBS (i.e., Case 1, Case 2). The reason for SBS
is similar. In a small Ag/\ps, we can find that the CP of DL
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for MBS is much larger than other CPs. This phenomenon also
explains the reason why Case 1 and Case 2 are very large as the
As/Aps is small.

D. The Effect of Speed

The vehicle speed influences the vehicle density on the road
[45], and the relationship between vehicle speed v and density A
18U = Umax (1 — A/Amax) according to the Greenshields Model
[46], where v« and A,ax denotes the maximum value of
vehicle speed and density, respectively. Thus, we have \ =
Amax (1 — ¥/Umax). In other words, the speeds of vehicles and
the density of vehicles are correlated, which substantially affect
the UL CP. According to (22), (26), (31), the speed does not
affect the joint association probability. Hence, we plot the CP
and SE with different speeds in Figs. 9 and 10, respectively.

In Fig. 9, the CP of UL is increasing, while the CP of the
DL remains unchanged as the speed increases for both SBS
and MBS. This is because the speed primarily impacts the
density of the vehicle, whereas the CP in DL is related with
the MBS density and the effect of the vehicle speeds in DL
is neglected. According to the relationship between the speed
and the vehicle density, a higher speed indicates lower vehicle
density. Therefore, the interference in UL is reduced, leading to
the increase of CP in UL.

In Fig. 10(a), we can see that the SE of different cases
increases as the speed increases. The reason is that the density
of vehicles is reduced as the speed increases, thereby reducing
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the interference in UL. From Fig. 10(b), we can see that the SE
of DL is not affected, while the SE of UL increases as the speed
increases. The reason is the same as above. Therefore, the SE
gains at different speeds come from UL.

V. CONCLUSION

In this paper, we have done a comprehensive performance
analysis of UL/DL decoupled access in C-V2X networks based
on stochastic geometry. Specifically, we have modeled the
UL/DL decoupled access C-V2X as a Cox process. We have
derived the key results that characterize how a vehicle’s UL/DL
is associated with MBS/SBS from the statistical view, as well
as the performance metrics including the joint association prob-
ability, the distance distribution of vehicle to BS, the SE, and
the CP. With the proposed analytical framework and theoreti-
cal results, an in-depth understanding of the decoupled access
C-V2X network and its superiority against coupled access have
been revealed. The analytical results have been further validated
through extensive Monte Carlo simulations. We hope that the
work in this paper could promote decoupled access C-V2X
network, such that the QoS of various C-V2X applications can
be further improved. In future work, we will focus on mobility
management and dynamic access optimization in UL/DL de-
coupled C-V2X networks.
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