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Abstract - In this paper, we study the broadcasting performance of urban Vehicle-to-everything (V2X) communications
at road intersections. In such environments, dense buildings obstruct the radio channel between vehicles in adjacent road
segments and Non-Line-Of-Sight (NLOS) signal propagation reduces the received power level. Therefore, messages that origi-
nate from adjacent roads traveling in a non-parallel directions usually have weaker signals than those from the road segment
traveling in parallel opposite direction. Besides, the high vehicular density leads to insufficient orthogonal channel resources
and high level of interference. We propose to apply Non-Orthogonal Multiple Access (NOMA) to V2X communications at ur-
ban road intersections to enhance the spectrum efficiency and improve the Package Delivery Ratio (PDR) performance. With
NOMA, signals from multiple transmitters are decoded together and the interference from undesired users can be canceled
if these messages are retrieved. Specifically, we study two NOMA-based V2X communication schemes, namely, NOMA-V2X
decoded by Successive Interference Cancellation (SIC-V2X) and NOMA-V2X decoded by Joint Decoding (JD-V2X). Based on the
tools developed in stochastic geometry, we derive and compare the PDR expressions for both NOMA schemes and the Or-
thogonal Multiple Access (OMA) scheme. Our results indicate that 1) both NOMA schemes outperform the conventional OMA
scheme and the PDR of LOS/NLOS communications with two-user access increases by 51%/369%; 2) for four-user access,
the proposed NOMA scheme shows 375% goodput enhancement as compared with the OMA scheme; and 3) JD-V2X provides
significant PDR enhancement compared with SIC-V2X in the high data rate regime. Finally, we also demonstrate that the
random access based NOMA schemes can achieve lower transmission latency than collision-free scheduling schemes when
the road is over 56% jammed.

Keywords - Joint decoding (JD), non-orthogonal multiple access (NOMA), stochastic analysis, successive interference
cancellation (SIC), vehicle-to-everything (V2X)

However, as the number of on-road wireless users keeps
growing, it leads to serious aggregated interference. This

1. INTRODUCTION

! Today vehicles are smarter than ever to cooperate with

each other to offer a safe and high-quality driving ex-
perience, and together they form a Cooperative Intelli-
gent Transportation System (C-ITS) to provide various
services. Vehicle-to-everything (V2X) communications,
as the cornerstone of C-ITS, is expected to provide low-
latency and reliable communications in a high-dense dy-
namic environment for high-level applications. Dedi-
cated Short-Range Communications (DSRC) and Cellular
Vehicle-to-everything (C-V2X) are two distinct regimes in
V2X communications. DSRC is regarded as the beginning
of V2X and supports direct communications via the IEEE
802.11p standard. The C-V2X was released by the Third
Generation Partnership Project (3GPP) group to enable
support from the widely deployed Long Term Evolution
(LTE) or 5G networks for V2X [1]. DSRC only supports
decentralized resource allocations while C-V2X can allo-
cate resources in both centralized and distributed man-
ners, referred to as modes 3 and 4 respectively.
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No. 15201118) established under the University Grant Committee
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and by The Hong Kong Polytechnic University (Project No. 1-ZVT]).

may significantly degrade the communication quality and
lead to high transmission latency. The problem dete-
riorates further when the Line-Of-Sight (LOS) path be-
tween the transmitter and receiver is obstructed by build-
ings or other obstacles, which is common in dense urban
areas. To mitigate the problem by harnessing interfer-
ence, Non-Orthogonal Multiple Access (NOMA) is recently
considered for V2X communications [2]. Compared with
conventional Orthogonal Multiple Access (OMA) where
radio resources are assigned in an orthogonal manner,
NOMA allows multiple users to exploit the spectrum re-
sources concurrently, thus achieving high spectral effi-
ciency and low transmission latency [3]. In addition, co-
operative NOMA is verified to have better outage per-
formance for multi-pair information exchange compared
with existing OMA schemes [4]. It can also interplay with
other emerging technologies, such as massive Multiple-
Input Multiple-Output (MIMO), cooperative communica-
tions, and energy harvesting, to enhance driving safety [5].
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Successive Interference Cancellation (SIC) is a Multiuser
Decoder (MUD) technology that was widely considered in
NOMA systems. It decodes multiple users in sequence ac-
cording to their received signal strengths. The strongest
user who has the highest received power level is decoded
first while other users are regarded as interference. After
auser is successfully decoded, the corresponding signal is
subtracted from the superimposed signal for decoding the
subsequent users. In addition to SIC, another well-known
MUD is Joint Decoding (JD). In ]JD, the overlapping sig-
nals of all transmitters are jointly decoded. Fig. 1 shows
the power regions of the two-user uplink Additive White
Gaussian Noise (AWGN) channel, within which SIC and JD
can decode successfully [6].
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Fig. 1 - Power region of the two-user uplink AWGN channel that are de-
codable by SIC and ]D, respectively. The notations are elaborated in Ta-
ble 1.

The power region that the two users can be successfully
decoded with SIC is divided into two parts. The upper-left
region indicates that user 2 is the strong user while the
lower-right region indicates that user 1 is the strong user.
We can observe from Fig. 1 that the power region of ]D is
larger than that of SIC. By allowing the power levels of the
two users to be balanced, ]D provides a larger power re-
gion and higher probability to decode the two users. Since
SIC decodes one user at one time, the complexity of SIC ap-
proximately scales linearly with the number of users. On
the other hand, the complexity of ]D grows exponentially
with the number of users [7]. Therefore, ]D provides bet-
ter performance than SIC at the cost of higher complexity.
Network-Coded Multiple Access (NCMA) is an example
of JD-based NOMA scheme that employs Physical-layer
Network Coding (PNC) to boost the throughput [8][9].
Focusing on message exchange among multiple vehicles,
our previous work showed that NCMA provided higher
throughput performance as compared with SIC and the
complexity can be reduced by exploiting the side informa-
tion [10][11].

For SIC, certain power difference is required among the
interfering users to ensure that the interference from the
weak users does not fail the signal decoding of the strong
user. There is a rich body of papers on resource alloca-
tion and power control algorithms for SIC-based NOMA

to guarantee the power difference [12, 13, 14]. Several
recent pieces of work on NOMA in V2X communications
also considered SIC-based NOMA [2, 13, 15]. They stud-
ied the power difference problem and proposed several
centralized resource allocation algorithms to address the
issue.

However, centralized resource allocation and power con-
trol are not always available in V2X communications. For
example, it is infeasible in areas without the coverage
of base stations. Besides, centralized control requires
additional signaling overheads, which may be fatal for
time-critical applications. For the delivery of relatively
small-sized packages, centralized control may seriously
degrade the transmission efficiency. In such cases, de-
centralized resource allocation is a better choice. How-
ever, the performance of NOMA operation in an uncoor-
dinated network is unclear. To fill the gap, this paper aims
to apply NOMA to V2X operating in an uncoordinated net-
work and evaluate the performance. Stochastic geometry
is exploited to capture critical performance metrics of the
vehicular networks, such as the distribution of interfer-
ing vehicles, the shadow fading, and Package Delivery Ra-
tio (PDR), by taking the potential geometrical patterns of
on-road units into consideration. To this end, this paper
provides a tractable network model for applying NOMA to
V2Xinanurban area, and proposes optimization methods
to maximize the overall network goodput. Our main con-
tributions are summarized as follows:

1. We develop a comprehensive network model with
three Multiuser Access (MUA) schemes, including
OMA, SIC-based NOMA, and ]JD-based NOMA, for
V2X communications at a road intersection. This
model characterizes the practical vehicular channel
by considering the impact of obstacles. It enables
tractable analysis for applying NOMA to V2X effi-
ciently without requiring the time-consuming Monte
Carlo method.

2. The analytical results obtained from the network
model are validated by extensive simulations, with
practical settings. The results illustrate that the two
NOMA schemes outperform the OMA scheme when
the target user suffers with a poor radio channel,
which might be caused by NLOS and long-distance
transmission. The PDR, which is lower than 0.2 with
the use of OMA, increases up to 0.55 and 0.75 with
the use of SIC and ]D, respectively. For the strong
user with a good radio channel, JD provides up to
20% and 30% PDR enhancement compared with SIC
and OMA, respectively. Overall, both analytical and
simulation results reveal that NOMA can significantly
improve the communication quality when the target
radio channel is poor.

3. Based on our analytical results, we propose a data
rate optimization scheme to maximize the overall
goodput by balancing the data rate and PDR. The for-
mulated optimization algorithm can be implemented
very efficiently, which is feasible for time-critical V2X
applications.
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4. The proposed random access schemes are compared
with the benchmark with Collision-Free Scheduled
Access (CFSA). The simulation results reveal that the
NOMA schemes can achieve lower transmission la-
tency than CFSA when the road is over 56% jammed.

The rest of this paper is organized as follows. Section 2 re-
views related work on NOMA and V2X communications.
The network model, channel model, and receiver design
are described in Section 3. In Section 4, the analytical ex-
pressions of PDR are derived and analyzed using stochas-
tic geometry. A data rate optimization algorithm to maxi-
mize the goodput is also proposed in Section 4. Section 5
provides numerical results to validate the network model
and evaluate the proposed algorithm. Finally, we con-
clude this paper in Section 6.

2. RELATED WORK

This paper focuses on applying NOMA to V2X communi-
cations, in which the network is uncoordinated and ve-
hicles independently select radio resources based on ran-
dom channel access. The performance of NOMA with ran-
dom access was studied in several recent pieces of work
[16,17, 18, 19]. Choi [16] applied NOMA to multichannel
ALOHA with multiple subchannels and multiple power
levels, and proved that the proposed scheme achieved
higher goodput than the conventional OMA-based multi-
channel ALOHA. Seo et al. [17] studied NOMA random ac-
cess with multiple levels of target power based on chan-
nel inversion. Compared with conventional random ac-
cess without power control, the proposed scheme im-
proved the maximum goodput from 0.368 to 0.7. NOMA
random channel access with Rayleigh fading channel was
investigated in [18], where a backlogged UE randomly
aims at one of the received powers at the base station
with channel inversion. The authors applied SIC with
multilevel target powers, and both the lower bound on
the throughput and the upper bound on the mean ac-
cess delay were improved. [19] considered not only SIC
but also JD for random access. The simulation revealed
that the two techniques showed similar performance over
frequency-flat Block-Fading Multiple Access Channel (BF-
MAC), but ]JD provided higher outage-limited maximum
goodput than SIC. Since NOMA was mainly studied for cel-
lular networks, [16, 17, 18, 19] focused on unicast com-
munication with a single receiver. However, one of the
main applications of V2X communications is safety mes-
sage broadcasting, in which the performance of multiple
users within a certain region should be considered.

When applying NOMA to V2X communications, the char-
acteristics of vehicles need to be captured and studied
to ensure the feasibility of NOMA in vehicular networks.
Di et al. [20, 2] applied NOMA to alleviate the perfor-
mance degradation in terms of latency and packet recep-
tion probability caused by the high density of vehicles. Fo-

cusing on SIC-based NOMA, they proposed a scheme in-
cluding both centralized subchannel allocation and dis-
tributed transmission power adjustment for V2X broad-
casting to minimize the latency and maximize the packet
reception probability. The proposed algorithm, was sub-
optimal since the formulated problem was NP-hard, and
only simulation results were provided to evaluate the per-
formance. The authors in [15] studied the dynamic cell
association caused by the high vehicle mobility and dy-
namic communication environment. They deployed SIC-
based NOMA and proposed an algorithm to jointly opti-
mize the cell association and power control to maximize
the long-term system utility. In [21], the authors con-
sidered the strong user as a relay for the weak user via
exploiting the side information for interference cancella-
tion. A similar concept was extended in [22] by consid-
ering MIMO Spatial Modulation (MIMO-SM) and Vehicle-
to-Vehicle (V2V) networks. In [13], the authors consid-
ered heterogeneous vehicular communications consist-
ing of V2V, Vehicle-to-Infrastructure (V2I), and femto-
user to femto-station (F2FS) links. SIC-based NOMA was
exploited in vehicular networks and an optimized power
allocation scheme was proposed to improve the goodput
and reliability. However, most of this prior work relied
on centralized control and did not consider any math-
ematically tractable network model; the proposed algo-
rithms can only be evaluated via time-consuming simu-
lation. Besides, they primarily focused on SIC receivers
without much discussion on JD-based NOMA.

In light of the inadequacy, it is important to obtain a
tractable network model to study the feasibility and per-
formance of NOMA in V2X communications. To this end,
we conduct a comprehensive study that considers NOMA
in V2X communications with not only the SIC decoder,
which is widely assumed in NOMA systems, but also the
JD decoder.

3. SYSTEM MODELS

The notations in this paper are summarized in Table 1.

3.1 Network model

To accurately capture the characteristic of V2X commu-
nications in urban areas, this paper analyzes the perfor-
mance of the proposed scheme using stochastic geometry
[23]. This tool had been widely used to model V2X com-
munications [24, 25]. We consider a V2X communication
scenario at a road intersection as illustrated in Fig. 2.

All vehicles on the road intersection want to broadcast
messages, which are either Basic Safety Messages (BSMs)
to share the local information such as position, heading,
and speed [26] or multimedia content for infotainment
services. We study the PDR of messages from transmit-
ters within the communication Range of Interest (ROI)
with radius r. Without loss of generality, the receiver is
considered to be located on road segment E. The maxi-
mum distance between the receiver and the center point
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Table 1 - Notations

Notations Definition
x, Distance between the receiver and the center point of the road intersection
T Distance between the receiver and transmitter 7;
r Communication range of interest
K Number of users to decode for MUD
Q; Set of target transmitters on street EW or NS (j = 1 or 2)
Q Set of target transmitters, 2 = ; U Q)
Q%’C Set of possible transmitter combinations to decode user T} with SIC
Q%D Set of possible transmitter combinations to decode user T} with JD
A Density of interfering vehicles on each street (one sub-channel)
P, Set of interfering vehicles on street EW or NS (j = 1 or 2)
T The set of distances between transmitters and receiver
Qj; Path loss exponent for vehicles on street EW or NS (j = 1 or 2)
p; Path loss for vehicles on street EW or NS (5 = 1 or 2)
hp Rayleigh fading for vehicle T} on either street EW or NS
P, Transmitter power
Pr. Received power of transmitter 7;
J; Aggregated interference from vehicles on street EW or NS (j = 1 or 2) apart from target transmitters
ﬂi,”?i“ Maximum achievable data rate of transmitter 7}
Br, Minimum SINR to decode signal from transmitter 7;
N, Power level of thermal noise
N per focuses on V2X communications in dense networks,
thus ALOHA is assumed in the following analysis. Since
the transmission range of the vehicles is much larger than
s the width of the road, vehicles on the two streets EW and
i Segring NS can be modeled by two one dimensional (1-D) homo-
geneous Poisson Point Processes (PPPs) with density (in-
( R tensity) A on each subchannel. Besides the set of target
b ® . 1 @ transmitters Q2 = {2, U(),, the sets of interference sources
Segment 2 & on the two sFreets are denoted by ®, and (I.>2, respectively.
iTZ Let the Euclidean distances from the receiver to the cen-
ter of the intersection and transmitter 7 be z, and z
@ Receiver respectively. We assume that all nodes are uniformly dis-

? . Transmitter
S . Interference source
Fig. 2 - V2X communications at a road intersection.

of the road intersection is assumed as z***. We focus
on the case that the ROI involves two users from the two
streets NS and EW, which means » > z7'*", and evaluate
the PDR of messages on the two segments. This paper de-
rives the PDR for MUD given an arbitrary number of tar-
get transmitters, based on which we can study the perfor-
mance of MUD under different access scenarios. Let 2,
and ), denote the sets of target transmitters on streets
EW and NS, respectively.

When the vehicular density is high 2, the MAC protocol can
be approximated as ALOHA according to [24]. This pa-

2The high density scenario is the most concerning since the PDR usually
meets the requirement when the density is low.

tributed on the road segments, and the Cumulative Dis-
tributive Functions (CDFs) of z, and z;, are as follows:

'rO
Fazn (‘To) = mg,(mv (1)
T Teq
FzTi |z, (xTi |xo) = L%L —x3 T 0 [2)
ez 1€

Hence, the corresponding Probability Density Functions
(PDFs) can be written as

o @0) = —, 3

o

The PDF of transmitters on street NS (e.g.,, T; € §2,) de-
pends on the location of the receiver. Let Ty, and Ty g be

fmTi |z, (‘rTi
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two transmitters on streets EW and NS respectively (e.g.,
Ty € Q and T'yg € €2,). When the receiver is located
at the center point of the intersection, the PDFs of z,_
and zp _ become equivalent. Since the variables z,_
and zp__ are independent, the probability that z,, =~ >
Ty, canbe written as

T(@r,, > Ty ]To)

/ / e ke

X f”UTNs'% (xTNS|xo)meNdeTEW (%)
1 a2

x
-+ In o )
2 2ry/r2 — a2 (r+ \/7“2739(2,)

Monotonically decreasing and negative

Given z, € (0,z]**"), the second component of the re-
sult is negative and monotonically decreasing. For cases
that z, = 0 and z, = z'*%, the probabilities of the event
LTy >_ITNS are 0.5 ar.'ld 0, respectively. Generallly, it
is more likely that z, is smaller than x;__, especially
. EW NS :
when the distance between the center of the intersection
and the receiver is large. It means that vehicles on the per-
pendicular street suffer longer transmission distance.

3.2 Channel and interference models

The transmitted signals from the target vehicles undergo
path loss and fast fading, the received power is denoted
as Pr

- h, Pmpﬁ;ala T, ety
Pr, = he Pr, = {hT Pyopoxr, 2 T e )

where P, is the transmitter power, a;, j € {1,2} is the
path loss exponent related to the propagation environ-
ment, and p; denotes the path loss at the reference dis-
tance one meter away. h;, is caused by Rayleigh fading
with unitmean E(hr ) =1, and it follows the exponential

distribution Pr(hy ) = e "7i. P; denotes the average
received power level. When obstruction exists between
the two streets, the received signal on the other street
suffers higher aj, and the previous subsection shows that
the transmission distance for 7; € €2, is usually smaller
than that of 7; € . Therefore P, forT € 1 is very
likely larger than PT , for T; € €. In this paper, con-
ventional receivers decodlng the message from 7); and re-
gards the signal from 7} as noise are defined as OMA re-
ceivers. When the orthogonality cannot be guaranteed
in V2X communications, OMA receivers suffer from low
SINR and PDR [27].

In addition to the signals from the NOMA group (2, the
signals from other transmitters lead to interference. Let
us focus on one subchannel, the aggregated interferences
from vehicles on the two streets are

Jj= {ZT’LE% hTiPmplmial’ j=1
Jj—

= . 7
ZT,»E@Q hTiPtmp2xT:yzv J= )

The signals from interference sources have the same path
loss exponents and reference power as the desired signals
given in (6).

3.3 Receiver design

The current LTE-V applies OMA for V2X communica-
tions, most research work on broadcasting either assume
interference-free or regards the interference from other
transmitters as noise. However, the interference-free as-
sumption is not reasonable when the density of vehicles
is high. When we decode T); € €, in Fig. 2, the interfer-
ence from T; € 2, has a large impact on the PDR, which
will be elaborated on later. To exploit the collided signals
on the same subchannel, NOMA is a potential technique
to decode not only the strong user with a higher power
level but also the weak user with a lower power level.
Two types of NOMA receivers are considered in this work,
which are based on SIC and ]D respectively. To study a
general case, we consider decoding a set of users (2 con-
taining K transmitters (i.e., |2 = K). The set of dis-
tances between the receiver and the transmitters in €2 is
denoted by Y. Let us denote Q2/“ and Q7" as the sets
of possible combinations of transmitters 1nc1ud1ng user
T; that are successfully decoded by SIC and ]D receivers,
respectively. Specifically, the elements in QSI ¢ are vec-
tors w with a specific order such as w = (T Ty ooy T;).
The vector w includes all transmitters decoded before T}
and T; itself. Let w™!(T}) be the index of transmitter 7
in w. The elements in w belong to ) and the last element
is always T;. Q7" is similar to QF'“, but the difference is
that elements in QJD are subsets without a specific order,
since decoding order is not important in JD.

3.3.1 OMA receiver

For the conventional OMA receiver, it decodes the mes-
sage from one vehicle and regards the aggregated signals
from other transmitters as noise. The maximum achiev-
able rate from the transmitter 7} is

Pr

R =log, (1 + c ), (8)
T, 2 ZTJeQ\Ti PT] + N, +7,+7,

where N, is the noise power, and Q\7; denotes the set
of target transmitters apart from 7. Given the minimum
Signal-to-Interference-plus-Noise Ratio (SINR), 8., for
successfully decoding user T}, messages from transmitter
T, can be decoded when the following constraint is satis-
fied.

Lemma 1 (constraint of OMA receiver): Transmitter T}, can
be successfully decoded by the OMA receiver when event
S%MA occurs, which is defined as

PTz‘

c(:O]V[A
ZTEQ\T PT +N +‘71+‘72

> Py, 9)

In this paper, the minimum SINR is assumed to be not less
than 0 dB, i.e, 7, > 1. This is because practical V2X
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communications normally require a high data rate, which
means a high SINR requirement to guarantee that data is
sent within a short contact duration. In addition, the as-
sumption helps simplify the derivation. In this case, at
most one transmitter in the set {2 can satisfy constraint
(9) when there are multiple transmitters, i.e., || > 1. Ac-
cording to the discussion above, the PDR from T]- € Q,is
likely lower than that of T € €2;. Therefore, the PDR from
T; € €y is lower than 0.5 even in the absence of interfer-
ence and noise.

3.3.2 SIC receiver

SIC is widely studied and applied in NOMA due to its low
complexity. It decodes the user with the highest received
power first, which is known as the strongest user, and
other users are regarded as interference sources. When
the strong user is successfully decoded, the correspond-
ing signal is removed via subtraction, then the weak users
can be decoded in the absence of the strong user.

Lemma 2 (constraint of SIC receiver): Transmitter 7 can
be successfully decoded by SIC receiver when 3w € Q*;IC

with a specific order such that event £37¢ is satisfied.

Py
E e Pry N T147;

P2
ZT]-esz\wu:Q) PTj +N,+71+7,

2 B

((:SIC' . = 6‘*’(2)7 (10)
PTi
P +No+T1+75 Z 5TL

ZTjESZ\w

Generally, a SIC receiver decides the decoding order based
on the power levels. For the strongest user, the SIC re-
ceiver decodes it in the same manner as the OMA receiver.
According to (10), the strongest user is decoded first and
user 7} is decoded as the last one (w(Jw|) = T;). Com-
pared with the OMA receiver, the SIC receiver improves
the PDR of the weak user and provides exactly the same
performance for the strongest user as the OMA receiver.

3.3.3 JD receiver

Besides SIC, another well-known NOMA receiver is a
joint-decoding receiver, which decodes multiple users si-
multaneously. For the JD receiver, the constraint to de-
code T is as follows.

Lemma 3 (constraint of JD receiver): Transmitter T, can be
successfully decoded by the JD receiver when 3w € Qi7"

so that event £’ occurs.

P
w(1)
S PN, 7, 2 Pe)
TJeQ\u j

(ng: Pr, > 3
ZT]-EQ\W Pp AN, +7,+7, = Ty

(11

Tmew ™ Tm >
ZTjeQ\w PTj +N,+71+7 = Bw'

The last constraint corresponds to the decoding of the
joint signal, where 3, = [, _ (1 + 87 ) — 1 denotes the
j J

minimum SINR of the sum rate. Other constraints in (11)
correspond to the SINR requirements for each individual
user in the presence of interference from other transmit-
ters in (2 that do not belong to w. The SIC receiver re-
quires the same SINR for the sum rate by adding up all
the constraints in (10). However, the independent power
requirements of the JD receiver are looser than that of the
SIC receiver. Therefore, the JD receiver allows the power
levels of multiple transmitters to be balanced and pro-
vides a higher PDR than the SIC receiver.

One of the major research topics in NOMA is to guarantee
the power difference between the strong and weak users,
but it requires additional signaling and overheads, which
leads to a higher delay in V2X communications. Grant-
free transmission is assumed in this work and the com-
parison between the two NOMA receivers is conducted.
The performance of the three kinds of receivers men-
tioned above, i.e.,, OMA, SIC and ]D receivers, will be an-
alyzed rigorously in the following sections.

4. PDR ANALYSIS

Based on the system models introduced in the previous
section, three schemes for V2X communications at a road
intersection are studied in this paper: 1) OMA-V2X; 2)
SIC-V2X; and 3) JD-V2X. The PDR of these three schemes
is investigated in this section.

4.1 OMA-V2X

According to the OMA receiver described in the previous
section, the PDR of transmitter 7, given the location in-
formation T when OMA-V2X is applied can be written as
follows.

Corollary 1 (PDR of OMA receiver): The probability of suc-
cessful decoding of the signal from transmitter 7; with the
OMA receiver is

Powar, (T, 2,) = E[Pr(EZMA)]
Pr

=E[Pr( :
ZTJQQ\TL_ Pr +No+7,+ 7,

<ZTjEQ\Ti PTJ + No + ‘71 + ‘72)6Ti

> Br)]

(a)

=Efexp(— 5
T;
b, . Br. . B Py, fr,
:exp(_NO§>£71(ﬁl)£72(ﬁl ) H ’59(?7
T; T; Ty T;eQ\T; T;
Br, Pr B,
Ty T;eQ\T, T;

(12)

where (a) follows the fact that hy, ~ exp(1). £ (s) =
E(e™®9), £5 (s) = E(e=s71), and Ly (s) = E(es72)
are Laplace transforms of the random fading component
and random sum interference from the two streets. For
simplification, C(s) = exp(—N,s)L; ()L (s) is used
to represent the product of the three components. For
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the fading component, the Laplace transform can be com-
puted as

oo
—S8 —S8 - 1
/Cg(s) :IE(e g>:‘é eI xe gdg:m (13)

For the interference from street EW, the Laplace trans-
form is

Ly, (s) = Elexp(—s Z thPtxpﬁ;jal]
T;€d,

=E| H exp(_SthPtzplx;;ll)}
T,;€®,

(b) * o,
exp(h [ (Elexp(—shy, Pruprar™)] — Dd(2er,)
0

e[ By
= o €T )
o 1+ (SPtxP1)71xr: &

@ 2mA(sPipy) T

= exp( )

alsin(all)
(14)

where (b) is obtained from the Probability Generating
Function (PGF) of PPP, (¢) follows the Laplace transform
of random variable with exponential distribution in (13)
and (d) is directly from [28].

The Laplace transform of the sum interference from street
NS depends on the location of the receiver. Given the dis-
tance z, between the receiver and the center point, the
Laplace transform can be computed as

£72(3) = Efexp(—s Z thPta:pr;jQ]
T,€®,

—exp(r [ (Elexp(—sh, Propyah, + ) %)
0 .

— 1)d(207,))

(15)

—exp ( > —2)\
—exp 1+ (sP,,py) 1 (22 +22) %
0 taP2 T; o

dej)v

which is monotonically increasing with x,. This is intu-
itively correct that the aggregated interference decreases
as the distance between the receiver and the street NS in-
creases, thus improving the PDR. A lower bound (15) can
be obtained when z, becomes zero:

1
o

_27r/\(stp2) 2

agsm(,%)

£y,(5) < £575(s) = exp( ). (16)

For the special case when the number of transmitters to
be decoded is 2, i.e, K = 2with T} € Q;,T, € §,, we
have the PDR of 7} as follows.

SDOMA,Tl(T7xo) :#8(
PTl + ﬁTlpTz

Br,

)- (17)

4.2 SIC-V2X

When the SIC decoder is applied, the strongest user is
decoded in the same way as that of the OMA decoder,
thus the same PDR is obtained. For the weak users, SIC
eliminates the signal from the strongest user, and thus in-
creases the PDR. For the SIC decoder, we have the follow-
ing corollary.

Corollary 2 (PDR of SIC receiver): The probability of suc-
cessful decoding of the signal from transmitter 7; with the
SIC receiver is illustrated by (18) and (19).

Psicr, (T, z,) = Z [H (FTJQTJ>71} x| H (1

weQ%’C Tjew T;e\w
+?Tj Z BTMQTm)_l]@(Z 6TJQTj)a
T, €w T;ew
(18)
with
. w(w’l(TJ)fl)
qr, = Pr, + Z Br, ar, - (19)
' ' T =w(1)
Proof. Please refer to Appendix A. O
Considering the special case that K = 2 with T} €
Q,,T, € Q,, we have the PDR of T} as follows.
Pr, Br
Psicr, (T, 2,) =5——=—C(5+)
Pr + B P, Pp
P 1+
oo Pn g fn, Bn(in)
6T2 PTI + PT2 PTI PTz
(20)

The first component on the Right-Hand-Side (RHS) de-
notes decoding 77 as the strong user, which is the same
as (17). The second component denotes decoding 7} as
the weak user, in which T, is first decoded as the strong
user and then is canceled. After that, 7} is decoded with-
out the interference from 75,.

43 JD-V2X

Based on (11), we have the following corollary for the JD
receiver.

Corollary 3 (PDR of |D receiver): The probability of suc-
cessful decoding of the signal from transmitter 7; with the
JD receiver is shown in (21) and (22).

"’D]D,Ti(Ta 1‘0)

4P|

— s—1

D D D) Ll SR S

s=1 wl:seﬂ%? leiwll T; €wr,
w'm:}éwn wll_wl wIS:ws\ws—l
i [<|w, |
m<n

21
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with
Jw,, L w,, m<n
C(“’l:a) = ( L1 T ) .
1‘[T"L€Q\qu 1+PT7an_ ) Otherwise
—1
Pr
ale:TJS = {( j—] = )
m=1 T, cwy PT +bT T.
J1 T Im—1
1
P, +bp 1
x Lt ),
TLGWIM\TJ' PTl - Pij
S
bTh:TJ‘s B Z[ﬁwlm (PTJm + bTh: im 1)
m=1
+ Z BT PT]rn)]
T, EWT,,
(22)
Proof. Please refer to Appendix B. O

For the special case that K = 2 with T} € Q;,T, € §,,
we have the PDR of 7} as illustrated in (23).

‘?JD,TI(T’xo>

Pr, Br,
S R 1118
Pp + By P, P P,

B P B Br,(1+ 5
oy T eln 1, (1+ Br,)
PT Pp, —Pg Pr Py,
B ?Tl <BT1< + Br,) 6T2)
P + B, Pr, Pr, PT

2

?Tl (5T1( + Br,)
— Py, Pr

1

)

(23)

4.4 Average PDR at the intersection region

According to the individual analysis of the three receivers,
the average PDR is obtained as follows.

Corollary 4 (Average PDR): For each kind of receiver, the
average probability of successful decoding of the signal
from transmitter 7} at the road intersection can be ob-
tained from the individual PDR as

2 pmaz
T T
recelver T; . ?receiver,Ti (Tv xo)
'm'nw, wm,in
T

fmTl (le )"'szK (xTK)fmo <x0>de1 "'medeov
4

where the integral interval depends on the network topol-
ogy. For the road intersection considered in this paper,
the integral interval of a transmitter depends on which
street it belongs to and the distance between the receiver
and the center point. For instance, the integral intervals of
rp,, T; € Qandag, T; € Q, are [0,7] and [z,, ], respec-
tlvely In the next section regarding simulation studies,
we consider different scenarios and analyze the perfor-
mance of the three schemes.

4.5 Optimization of the data rate

In practice, a wireless communication system detects the
power level of noise plus interference in the background
and prefers an appropriate data rate so that the good-
put can be maximized. For conventional OMA schemes,
the optimization aims to maximize the goodput for a sin-
gle broadcaster. However, NOMA-based systems decode
multiple users simultaneously, and thus the optimization
needs to jointly satisfy the minimum SINR for multiple
transmitters. To optimize the PDR and common data
rate so that the overall goodput is maximized for multiple
users, we propose a data rate selection algorithm for the
three V2X schemes. The optimization problem is charac-
terized as follows:

RePt = arg max Z Pr)R
T,eQ (25)

st,Re[R R

min’ maT]

where P can be Poya 1, Psicr,, OF Pjp 1, depending on
the decoder design.

The PDR expressions for the three V2X schemes are ex-
pressed in (12), (18), and (21), respectively. The average
PDR is difficult to obtain as it involves multiple integrals.
However, the optimization problem in (25) only involves
one design variable with a fixed interval, hence we can
solve the problem via the single-variable optimization al-
gorithm [29]. In this paper, golden section search and
parabolic interpolation are applied to identify the optimal
data rate.

5. NUMERICAL RESULTS

This section discusses the numerical results for the three
V2X schemes, and the analytical results are validated
through simulation based on MATLAB. In particular, the
PDR performance at an intersection under diverse config-
urations is investigated, and the performance of the pro-
posed data rate optimization is evaluated and its impact
is studied. We consider the ROI with radius » = 200 m,
vehicles with maximum distance z'** = 100 m away
from the center point of the road intersection are studied.
All transmitters broadcast with the same transmission
power at 10 dBW with a bandwidth of 10 MHz. The refer-
ence path loss is 54.85 dB for LOS propagation and 54.55
dB for NLOS propagation. The path loss exponent is 1.67
for the LOS case and 1.90 for the NLOS case as suggested
in [30]. The noise power spectral density is assumed to
be —93 dBm/Hz. We define the reference SNR [31] as the
average received SNR from the transmitter located at the
cell edge. For LOS and NLOS cases, the reference SNRs
are 10 dB and 5 dB, respectively. The number of users to
decode, K, is first fixed as two with 7} € Q;,7T;, € €,
and scenarios with more numbers of transmitters follow.
Without loss of generality, T} is considered as the LOS
user while T, is regarded as the NLOS user. The simu-
lation parameters are summarized in Table 2. The three
V2X schemes are evaluated via PDR, goodput, and data
rate performance.
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Table 2 - Simulation parameters

Parameter Value
r 200 m
e 100 m
P, 10 dBW
Bandwidth 10 MHz
Q; 1.67/1.90 for LOS/NLOS
Pj 54.85 dB/54.55 dB for LOS/NLOS
N, —93 dBm/Hz
Reference SNRs 10 dB/5 dB for LOS/NLOS
B 1to 10
A 1 to 215 cars per km

5.1 Impact of interfering vehicular density

In addition to the noise, interference from other transmit-
ters degrades the PDR performance. To study the impact
of interference, we vary the density of transmitters in a
single subchannel and obtain the analytical and simula-
tion results as shown in Fig. 3. Specifically, we consider
the C-V2X resource blocks with 10 MHz bandwidth and
100 ms scheduling period according to the standard [32],
and assume 100 subchannels per scheduling period. By
fixing the data rate at 1.6 bps/Hz (8 = 2 according to (8)),
each user can transmit % = 2000 bytes packet
give one subchannel. This is sufficient for not only 344
bytes BSM broadcasting [33] but also the HD 720 video
streaming when the transmitter is assigned with 25 sub-
channels. The interfering vehicular density on each street
varies from one car to 215 cars per km (e.g., 0.01 car per
km per subchannel to 2.15 cars per km per subchannel).
This range is sufficient to study the practical density of in-
terfering vehicles.

PDR

1 2 5 10 22 46 100 215
Vehicular density (cars/km)

Fig. 3 - PDR under different interfering vehicular density.

Forboth LOS and NLOS users, the simulation results of the
three schemes match with the analytical results. This vali-
dates the theoretical analysis in the previous section. The
gap in the three schemes decreases as the interfering ve-
hicular density increases. Compared with the NLOS user,
the PDR curves of the LOS user are relatively close under
the three schemes. In the low interference regime (inter-
fering vehicular density is one car per km), JD provides
the highest PDR at 0.9, followed by SIC that shows PDR
at 0.7. Compared with the two NOMA schemes, the OMA
decoder gives the lowest PDR at around 0.6. When the in-
terfering vehicular density reaches 100 cars per km, the
three schemes provide a similar PDR at around 0.34. For
the NLOS user, the gap in the three schemes is quite large.
The PDR of OMA is lower than 0.2 even in the low inter-
ference regime. The two NOMA schemes provide better
performance. SIC shows 0.55 PDR in the low interference
regime, and JD provides additional 0.2 PDR improvement.
Fig. 3 verifies that NOMA can significantly improve the
PDR of transmitters suffering from NLOS propagation.

5.2 Impact of data rate

This subsection studies the impact of data rate. For the
sake of brevity, the data rate is denoted in unit Mbps give
the 10 MHz bandwidth. For instance, the data rate is
equivalent to 16 Mbps when § = 2. We consider interfer-
ing vehicular density at 10 cars per km and vary the data
rate from 10 to 35 Mbps (i.e,, 8 € [1, 10]). Fig. 4 compares
the PDR performance of the three schemes.

0.9 T T T -
£ -e-0MA, LOS user
08} -8 -SIC, LOS user
Ty 8, e
S, ——JD, LOS user
Ts —%-OMA, NLOS user| |
07 B8 L - +=SIC, NLOS user
- —6—JD, NLOS user
0.6r o
as 057
a
P04t
0.3f
Fens,
0.2
01r
0 | ‘ | !
10 15 20 25 30 35

Data rate (Mbps)

Fig. 4 - PDR under different data rate.

Similar to the study on interfering vehicular density, the
OMA scheme shows a low PDR for the NLOS user due to a
relatively low received signal strength as compared with
the LOS user. The maximum PDR of OMA is lower than
0.23 when the data rate is equal to 10 Mbps. In contrast,
the two NOMA schemes have a PDR higher than 0.7 given
the same data rate. Since the LOS user can be decoded
with a high probability given a low data rate, the PDR of
the NLOS user can be improved with either SIC or |D
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Goodput with OMA (Mbps)

Goodput with SIC (Mbps)

Goodput with JD (Mbps)
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(a) Goodput with OMA.
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(b) Goodput with SIC.
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(c) Goodput with JD.

Fig. 5 - Goodput performance under different number of transmitters. The analytical results are denoted by the red text with an underscore and the
simulation results are denoted by the blue text without underscore. The maximal goodput results are highlighted with bold text.

receivers. For a high data rate (e.g, 35 Mbps), the three
schemes achieve similarly low PDR for the LOS user, thus
both the SIC and D receivers provide not much advantage
for the NLOS user. Compared with the SIC scheme, the JD
scheme shows around 0.4 and 0.2 PDR enhancements for
the LOS and NLOS users, respectively. However, the per-
formance gap between the two NOMA schemes is minor
when the data rate is low (e.g., 10 Mbps). The results im-
ply that the JD decoder is preferred for a higher PDR, but
the SIC decoder could be a better choice when the data
rate is low due to a similar performance and lower com-
plexity.

5.3 Impact of the number of users

After studying the two-user scenario, this subsection
evaluates the goodput performance with multiple users.
We consider the case with 10 cars per km and 5 = 2. The
number of transmitters can be set to an arbitrary number
according to (18) and (21). A road intersection with four
segments is the fundamental unit in vehicular networks,
thus we focus on the four users’ case in this section. The
number of transmitters to decode on each street varies
from zero to two, and the results up to four users are il-
lustrated in Fig. 5.

The analytical results are denoted by the red text with
an underscore while the simulation results are denoted
by the blue text without underscore. Nyg = |, and
Npgw = || denote the number of access users on streets
NS (e.g., NLOS users) and EW (e.g., LOS users), respec-
tively. This further conirms that our model is feasible for
multiple transmitters. For the three schemes, ]D achieves
the maximum goodput at 33.1 Mbps in the three-user
case, SIC obtains the maximum goodputat 14.7 Mbps with
two-user access, and OMA gets the maximum goodput at
13.5 Mbps with single-user access. As a result, JD is the
best solution when the number of users is larger than two.

5.4 Optimal data rate and maximum goodput

This subsection is to evaluate the proposed data rate op-
timization algorithm. We irst consider the two-user case,

the optimal data rate and the corresponding maximum
goodput are illustrated in Fig. 6 and Fig. 7 respectively.
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Fig. 6 - Optimal data rate under different interfering vehicular densities.
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Fig. 7 - Maximum goodput under different interfering vehicular densi-
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To maximize the total goodput, we can see that the opti-
mal data rate for the three schemes are ROO”&A > 52‘}% >

R Applying the optimal data rate, the two NOMA
schemes show significant improvement compared with
the OMA scheme, especially in the low density regime.
When the interfering vehicular density is lower than 10
cars per km, the |D scheme provides more than 100%
goodput enhancement compared with the OMA scheme.
In the same regime, the SIC scheme shows around 50%
improvement. When the interfering vehicular density is
equal to 10 cars per km, the goodput distribution of the
two-user case under different data rate is shown in Fig. 8.
Via exhaustive search, we can observe that the maximum

25 I OMA, NLOS user|

N
o

D, LOS user

=y
o

o
o

Googhput (Mbps)

(3}

10 12 14 16 18 21 23 26 29 32 35
Data rate (Mbps)

Fig. 8 - Goodput performance under different data rates.

goodput and the corresponding optimal data rate match
the results provided by the optimization algorithm. It can
be seen that the aggregated goodput first increases as the
data rate increases. This means that the interference plus
noise is acceptable due to the low data rate, namely low
minimum SINR requirement, thus the increasing data rate
leads to better goodput performance. After achieving the
maximum value, the goodput begins to decreases as the
high data rate transmission is sensitive to interference. In
this case, a higher data rate leads to lower PDR and worse
goodput performance. The distribution of the maximized
goodput in Fig. 7 is illustrated in Fig. 9.
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Fig. 9 - Goodput distribution under different interfering vehicular den-
sities.

We have the following observations: 1) the goodput of
the NLOS user with OMA receiver is much smaller than
others. This is because the OMA scheme applies the high-
est data rate to maximize the goodput as shown in Fig. 6.
In this case, the majority of the goodput comes from the
LOS user, and thus the goodput of the NLOS user is rela-
tively low; 2) for both the SIC and ]D schemes, it can be
observed that the goodput of the LOS and NLOS users is
close, especially in the low density regime. It implies that
the two NOMA schemes provide better fairness compared
with the OMA scheme; 3) in the high density regime, the
overall goodput of the three schemes becomes similar,
and the goodput mainly comes from the LOS user (the
strong user); 4) points 1) to 3) indicate that the develop-
ment of a hybrid protocol can potentially enhance NOMA-
based V2X communications for different communication
scenarios.

We then fix the interfering vehicular density at 10 cars per
km and study the impact of the number of users. The max-
imum goodput is shown in Fig. 10. For the OMA scheme,
the maximum goodputis achieved with single-user access
from street EW. An interesting point is that the maximum
goodput of the SIC scheme is the same as that of the OMA
scheme, but it can be obtained via not only single-user ac-
cess but also three-user access (two users from street EW
and one user from street NS). It further proves that SIC
provides better fairness than OMA. Compared with OMA
and SIC, the |D scheme offers much higher goodput, es-
pecially for a large number of access users. We can ob-
serve that the maximum goodput of ]D is achieved in the
four-user scenario. For the other two schemes, the maxi-
mum goodput is obtained with a smaller number of users.
Therefore, it again verifies that the JD scheme is the best
choice given a large number of transmitters. For four-user
access, the goodput improvementis 375% and 84% when
compared with OMA and SIC, respectively. For large-scale
vehicular networks, user-grouping with JD enhances the
spectrum efficiency by increasing the number of users per
group. Due to space limit, the study of user-grouping is
left as future work.

5.5 Random access versus collision-free
scheduling

So far, the performance is analyzed under the assump-
tion of ALOHA. This subsection considers Collision-Free
Scheduled Access (CFSA) that guarantees all users are
assigned with the same amount of time-frequency re-
sources with no collision. To avoid collision, CFSA assigns
subchannels of the next 100 ms scheduling period when
the number of users is larger than 100 (i.e., the number
of available subchannels). The CFSA scheme is expected
to provide the upper bound of PDR by guaranteeing the
orthogonality, and the latency increases linearly with the
number of users. The ALOHA-based OMA and CFSA pro-
tocols characterize respectively two extreme orthogonal
multiple access situations: fully-distributed random ac-
cess and centralized coordinated control. Fig. 11 to Fig. 14
show the PDR and transmission latency results under LOS
and NLOS conditions.
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Maximum goodput with OMA (Mbps)

Maximum goodput with SIC (Mbps)

Maximum goodput with JD (Mbps)
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(a) Maximum goodput with OMA.

(b) Maximum goodput with SIC.

(c) Maximum goodput with JD.

Fig. 10 - Maximum goodput under different numbers of transmitters with the optimal data rate.
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Fig. 11 - PDR against interfering vehicular density under LOS condition.

We can see from Fig. 11 and Fig. 12 that the PDR of the
JD scheme is close to the CFSA scheme when the vehicu-
lar density is low, and the gap is only around 0.2 even un-
der the jamming condition (with vehicular density = 250
cars/km) for the LOS case. CFSA shows the lowest trans-
mission latency given low vehicular density for both the
LOS and NLOS cases (Fig. 13, 14), since there are suffi-
cient resource channels to be assigned orthogonally. As
the vehicular density increases, CFSA allocates the sub-
channels of the next 100 ms scheduling period, while the
two NOMA schemes allow users to share the same sub-
channel to reduce the latency. For the LOS case in Fig. 13,
it turns out that the transmission latency of the JD scheme
is lower than CFSA when the vehicular density is beyond
140 cars/km. Thatis, when the road is over 56% jammed.

6. CONCLUSION

This paper presents a tractable network model to ana-
lyze V2X broadcast performance operating in an uncoor-
dinated network. Speci ically, the road intersection sce-
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0.01 —o—SIC, NLOS user
| |-« JD, NLOS user G
CFSA, NLOS user
0 I | |
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Vehicular density (cars/km)
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Fig. 12 - PDR against interfering vehicular density under NLOS condi-
tion.

nario is considered and the communications can be di-
vided into two categories: 1) LOS communications be-
tween vehicles on the same street; 2) NLOS communica-
tions between vehicles on different streets. We have de-
rived the PDR expressions of these two types of communi-
cations for various receiving techniques, i.e., the conven-
tional OMA receiver, SIC receiver, and ]JD receiver. The
analytical and simulation results reveal that the NOMA
schemes generally outperform the OMA scheme, espe-
cially for users suffering from NLOS propagation and long
transmission distance. Besides the performance analysis,
we have also proposed a data rate optimization scheme
to maximize the aggregated goodput. The goodput distri-
bution among the users implies that both the SIC and |JD
schemes offer good fairness among multiple users, which
cannot be achieved by the OMA scheme due to the low
PDR of weak users.

Overall, several interesting points are obtained from the
results: 1) for applications requiring a high data rate, the
JD scheme is always the best choice; 2) for low data rate
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applications, the SIC scheme requires relatively low com-
plexity and has similar performance compared with the
JD scheme; 3) in the extremely low SINR regime, all the
three receiving schemes have similar performance and
thus the OMA receiver should be applied due to the low-
est complexity; 4) when there are a large number of users
(e.g, K > 2),]D is the best solution to provide high good-
put; 5) as implied from points (1) to (4), we note that the
development of a hybrid protocol for NOMA-based V2X
communications is critical to meet the requirements of di-
verse scenarios; and 6) the random access-based NOMA
schemes can achieve lower transmission latency than the
Collision-Free Scheduled Access (CFSA) scheme in dense
vehicular networks. These findings will provide insights
into the further development of existing V2X multiple ac-

cess protocols, and are expected to open up a whole new
dimension in real-time vehicular networking for enhanc-
ing safety and efficiency in future autonomous coopera-
tive driving.

A. PROOF OF COROLLARY 2
The appendices can be found in [34].

B. PROOF OF COROLLARY 3
The appendices can be found in [34].
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