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ABSTRACT Vehicle-to-everything (V2X) communications are regarded as the key technology in future
vehicular networks due to its ability in providing efficient and reliable massive connections, improving
traffic efficiency and safety, and supporting in-vehicle entertainment and working. Recently, non-orthogonal
multiple access (NOMA), as a promising solution in the fifth-generation (5G) mobile communication
systems, has drawn much attention because it can significantly improve the network throughput and lower the
accessing and transmission latency to meet the quality-of-service (QoS) requirements of many 5G-enabled
applications. Noticing these, in this paper, we consider a device-to-device (D2D)-enhanced V2X network,
in which NOMA is introduced to increase the capacity. In our studied NOMA-V2X system, except for the
NOMA-based intra-group resource reuse, the D2D-enabled resource sharing based on spatial reuse among
all the V2X communication groups is also permitted through centralized resource management, leading
to a significantly improved network performance but a more complicated and challenging interference
scenario. In order to efficiently manage the interference and allocate the resource in the NOMA-V2X
network, we create a weighted 3-partite interference hypergraph (IHG) to imitate the complex interference
environment in our studied scenario. Then, with the help of this hypergraph, we make another step to put
forward an IHG-based 3-dimensional matching (IHG-3DM) resource allocation protocol with a greedy
3DM algorithm and an iterative 3DM algorithm. As a consequence, the network throughput is significantly
improved with the help of our proposed IHG-3DM resource allocation protocol for the investigated NOMA-
integrated V2X communications, which is verified by the simulation results.

INDEX TERMS V2X, NOMA, hypergraph, 3D matching, resource allocation.

I. INTRODUCTION

In recent years, the explosive growth of vehicles and heavy
information demands have introduced vehicles into com-
munication networks, and made the demand for communi-
cation services in vehicles increase. The newly emerging
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vehicular communication networks (VCN) has become a
research and industrial, since it promotes the development of
intelligence and cyberized vehicles. The VCN applications
in the fifth generation (5G) mobile communication systems
have ever-increasing quality of service (QoS) requirements
of ultra-high reliability vehicular communications [1],
to make VCN safer, smarter and more efficient. By enabling
vehicles to exchange information with other vehicles
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(i.e., vehicle-to-vehicle, V2V), infrastructures (i.e., vehicle-
to-infrastructure, V2I) and cloud (i.e., vehicle-to-cloud,
V2C), vehicle-to-everything (V2X) communications can
combine many different scenarios to meet different ser-
vice requirements, including modern intelligent transporta-
tion [1]-[3]. V2X communications can be well compatible
with the existing road traffic system and communication
system, and maximize people’s travel efficiency and commu-
nication efficiency under effective management [4], [5].

In all the applications of VCN, the vehicle ad-hoc net-
work (VANET) enables communication in V2V during vehi-
cle movement, as well as in V2I at low speed or at rest.
Some unfavorable factors, including narrow bandwidth, high
mobility, and high node density, have brought great chal-
lenges to the design of VANET transmission control pro-
tocol. But at the same time, the channel state information
(CSI) and vehicle location can be obtained easily in VANET,
which is of great significance to design efficient and reliable
transmission control protocols [6], [7]. In 2010, the IEEE
802.11p was proposed to form the basic protocol framework
for vehicular wireless communications. The IEEE 802.11p
has extended the traditional wireless short-range network
technology and made a number of specific improvements for
vehicular communications, including more advanced hotspot
handoff schemes, better support for new communication
environment, improved the efficiency of communications,
enhanced the user experience, etc. IEEE 802.11p can also
reduce the costs of deployment, increase bandwidth, and
collect traffic information whenever necessary [8].

In order to meet the growing QoS requirements and the
increasing amount of communication data traffic, device-to-
device (D2D) communications has been considered to be an
effective way of cellular data offloading [9]. D2D communi-
cations can increase the cell capacity and spectral efficiency
on condition that the interference generated by all the com-
munication links can be managed through effective wireless
resource allocation scheme [10]. D2D allows resource alloca-
tion under the control of the base station (BS) as well as infor-
mation interaction without the network infrastructure, which
makes it more flexible compared with other pass-through
technologies that do not rely on the basic network facili-
ties. Many studies have conducted remarkable research on
D2D applications. In [11], by optimizing transmit power and
allocating resources effectively, the authors maximized the
sum rate of hybrid mode D2D communication system. They
studied the channel allocation schemes for D2D links and
the optimal power allocation schemes for different modes,
thus the overall network sum rate has been greatly improved
under the predetermined objective. This study pointed out
that mixed mode D2D can help improve the performance
of heterogeneous D2D networks. In addition, centralized
control of the underlying system of D2D can achieve more
efficient and effective deployment of the whole network
resources. In [12], the authors studied the possibility of run-
ning V2V connections when coexisting with V2I links in the
D2D underlay mode, based on the characteristics of the
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D2D communications and the nature of the vehicular net-
works. Several improvement schemes for vehicles, including
interference control mechanism, predictive resource alloca-
tion method and road side unit (RSU) cooperative scheduling
method, have been proposed to improve the overall system
performance in the intelligent transportation systems (ITS).
And it has also indicated that D2D for ITS was still a chal-
lenging area, waiting for innovative and practical solutions.

Power domain non-orthogonal multiple access (NOMA) is
a promising key multiple access technology in 5G to improve
the spectral efficiency significantly, meet the increasing
demand in mobile data traffic, and lower the latency com-
pared with traditional orthogonal multiple access (OMA)
including frequency division multiplexing (FDM), time divi-
sion multiplexing (TDM) and code division multiple (CDM)
[13], [14]. Whereas orthogonal frequency division multi-
plexing (OFDM) is the most basic technology of long term
evolution (LTE) physical layer. NOMA is the technology that
combines successive interference cancellation (SIC) of 3rd-
generation (3G) systems and OFDM of 4th-generation (4G)
systems. NOMA overcomes the near-far effect problem in 3G
systems, as well as solves the co-channel interference prob-
lem in 4G systems. Unlike the previous OMA, NOMA uses
non-orthogonal power domain to differentiate users, so that
the data between users can be transmitted in the same time
slot and at the same frequency [15], [16]. OFDM subchannel
can still be used as the smallest unit of NOMA, maintaining
orthogonality and interference free between subchannels. The
corresponding power of each subchannel is shared by mul-
tiple users, resulting in multiple access interference (MAI).
Therefore, NOMA uses SIC to detect and eliminate multi-
user interference at the receiver to ensure the quality of
communication.

In recent years, it has become popular to adopt NOMA
in vehicular networks. In [17], the authors studied the latent
capacity for NOMA in V2X scenario, as well as the dif-
ficulty in the next generation communications. In [18],
the key issues of interference management and handover in
NOMA-enabled 5G vehicular communication systems were
studied. A layered power control scheme was proposed to
perform joint optimization of cell association and power con-
trol to improve the spectral efficiency of the NOMA-enabled
5G vehicular communication system, as well as to adapt
to the traffic load conditions and the high mobility. And
the authors in [19] studied the power allocation problem
for NOMA-enabled heterogeneous vehicular communica-
tions with imperfect channel estimation. The effect of chan-
nel estimation error caused by high mobility in vehicular
communications on achieving effective power allocation and
link reliability was demonstrated, and then an improved
scheme was proposed. Recently, a spatial-reuse permitted
NOMA-V2X network was proposed in [20] resulting in a
serious interference environment, and thus the authors con-
structed an interference hypergraph to deal with the problem.
However, the interference model in [20] only considered the
conditions that whether the interference exceeded a fixed
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threshold or not, and ignored the influence of the interference
level, which cannot reflect the real interference environment.
Therefore, the effect of the performance optimization for
NOMA-V2X networks based on resource-sharing has been
limited. At present, the issues of resource allocation and inter-
ference management in vehicular communication scenarios
with NOMA applied are still need to be solved efficiently.

Recently, graph theory has been widely used in wireless
resource scheduling [21], and has achieved good perfor-
mance. Therefore, it may provide a reliable solution for the
scenarios studied in this paper by applying graph theory.
In order to solve the resource sharing problem in vehicular
networks including both V2V and V2I communication links
and achieve a good performance in terms of the sum rate,
the authors in [22] proposed two interference graph-based
resource-sharing schemes. By constructing an interference-
aware graph in vehicular networks, the relationships between
the communication links can be expressed clearly, and thus
it makes the resource allocation problem easier to be solved
efficiently.

In this paper, we investigate the resource allocation prob-
lem in NOMA-V2X networks, where both NOMA and spatial
reuse-based resource sharing for V2X communications are
coexisting under the control of the BS or RSU [20]. Then,
we create a weighted 3-partite interference hypergraph (IHG)
to imitate the complex interference environment in our stud-
ied scenario. Then, with the help of this 3-partite hypergraph,
we make another step to put forward a 3-dimensional match-
ing (3DM) resource allocation protocol including a greedy
3DM algorithm and an iterative 3DM algorithm to solve the
resource block (RB) allocation problem, resulting in effec-
tive RB allocation with acceptable computational complexity.
As a consequence, the network throughput is significantly
improved with the help of our proposed IHG-3DM protocol
for the investigated NOMA-V2X communications, which is
verified by the simulation results. The main contributions of
this paper are summarized as follows.

o In order to meet the QoS requirements of future
5G-enabled vehicular applications, this paper proposes
to integrate the NOMA techniques and D2D-enabled
V2X communications to form a novel architecture for
5G-enabled vehicular networks, namely NOMA-V2X,
which can significantly improve the network perfor-
mance. In the NOMA-V2X architecture, three main
types of communication groups co-exist, i.e., the V2I
group, the multi-V2V group, and the uni-V2V group.
Different communication groups can share the spectrum
resources through D2D underlaying based spatial reuse,
while NOMA is employed in both V2I and multi-V2V
groups to increase the intra-group transmission effi-
ciency. The introduced NOMA-V2X architecture can
sufficiently exploit both the advantages of NOMA and
spatial reuse in improving the spectrum efficiency.

o Although the NOMA-V2X architecture has the potential
to obviously improve the network throughput, it is very
challenging for the interference control and resource
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FIGURE 1. An illustrated NOMA-integrated V2X network.

allocation problem in such a scenario with complicated
and dynamic interference relationships among commu-
nication links. To efficiently solve the resource allo-
cation problem in our studied NOMA-V2X systems,
we create a weighted 3-partite interference hypergraph
to imitate the complex interference environment and the
heterogeneous relationships among all the communica-
tion groups. In the 3-partite hypergraph, the vertices
represent the communication groups (i.e., multi-V2V,
uni-V2V, and V2I), the hyperedges represent the inter-
ference among communication groups, and the hyper-
edge weights denote the achieved throughput.

o In addition, we further establish a weighted inter-
ference hypergraph-based 3-dimensional matching
(IHG-3DM) resource allocation protocol, which can
achieve effective RB allocation with acceptable com-
putational complexity. In the proposed protocol, two
RB allocation algorithms, that is, the iterative 3DM
algorithm and the greedy 3DM algorithm are further
provided. The greedy 3DM algorithm achieves subop-
timal network performance with very low complexity,
whereas the iterative 3DM algorithm can lead to much
better network performance with an acceptable increase
in the computational complexity.

The remainder of this paper is organized as follows.
In Section II, we present the system model of the inves-
tigated NOMA-integrated V2X scenario and analyze the
corresponding objective of this paper. Section III gives the
detailed description of the 3-partite hypergraph construction
and proposes the IHG-3DM resource allocation protocol
including an iterative 3DM algorithm and a greedy 3DM
algorithm. In Section IV, the simulation methods, details and
results are introduced and evaluated. We conclude our paper
in Section V.

Il. SYSTEM MODEL AND PROBLEM FORMULATION

A. SYSTEM DESCRIPTION

As illustrated in Fig. 1, there are three types of communica-
tion groups in our investigated NOMA-V2X communication
scenario [20]. The multi-V2V communication groups are
denoted by M = {1,2,---,M}. The uni-V2V commu-
nication groups are denoted by 4 = {1,2,---,U}. And
the downlink V2I communication groups are denoted by
VYV = {1,2,.---,V}. In our studied NOMA-V2X system,
multi-V2V and downlink V2I communication groups apply
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NOMA techniques to improve the spectral efficiency. In addi-
tion, different communication groups are permitted to reuse
the same RB when the QoS guaranteed through effective
interference management. As for multi-V2V communica-
tions, there is one lead vehicle behaving as the transmitter and
broadcasting the superposed messages to all the other vehi-
cles by exploiting NOMA techniques within the same group.
The two vehicles in each uni-V2V communication group can
exchange information with each other as a D2D underlay to
other communication groups. As for V2I communications,
the RSU transmits the superposed signals with NOMA tech-
niques to all the vehicles contained in the same NOMA group.
OFDM is applied in our investigated NOMA-V2X scenario,
where the set of RBs is denoted by R = {1,2,---,R}.
Although the applied NOMA technique and the resource
sharing mode may bring significant improvement in network
spectral efficiency, they will meanwhile make the interfer-
ence scenario in NOMA-V2X networks more complicated
and severer. Hence, whether the caused interference can be
effectively limited determines the performance achieved by
the investigated NOMA-V2X network. In our investigated
NOMA-V2X scenario, we mainly consider two kinds of
interference. The interference caused by the superposition
signals with NOMA namely intra-group interference. The
interference caused by the resource reusing among differ-
ent communication groups namely inter-group interference.
In the studied NOMA-V2X network, multi-V2V and down-
link V2I communications suffer two kinds of interference at
the same time, whereas the uni-V2V communication group
only suffers the inter-group interference. Therefore, in order
to achieve the potential benefits of NOMA-V2X in vehicu-
lar networks, our main objective in this paper is to control
the interference and allocate the resource among different
communication links through low-complexity protocol, and
finally improve the network throughput.

B. SUCCESSIVE INTERFERENCE CANCELLATION

With NOMA, the introduction of overlapped information at
the transmitter may bring higher spectral efficiency, but it
also causes the MAI problem. In the literature, SIC has been
regarded as a promising way to eliminate the MAI [23], [24].
In NOMA systems, SIC can be also implemented at the
receivers for multi-user detection. The basic idea of SIC is
to adopt a step-by-step interference eliminating strategy, and
the messages are detected one by one in the received signal.
After the amplitude recovery, the MAI generated by one
user’s signal is subtracted from the received signal. Then,
the receiver detects the messages again in the remaining
signals and subtracts the MAI generated by another user’s
signal. The receiver will repeat this operation until all the
MALIs are eliminated. The order of the interference elimina-
tion is decided in view of the power of the users’ signals. The
BS allocates different signal power to different users through
power multiplexing techniques to distinguish the users and
obtain the maximum system performance gain.
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FIGURE 2. NOMA with successive interference cancellation.

In a typical NOMA system, as shown in Fig. 2, the
BS sends the superimposed messages to the users with differ-
ent power. To make sure the user with a worse channel condi-
tion (i.e., user A) can decode its own message immediately by
ignoring the other users’ messages as the noise, the BS needs
to allocate more transmit power to user A. Whereas the user
with a better channel condition (i.e., user B) is allocated with
less transmit power, and thus user B has to first decode user
A’s message, and then subtract it from its received signal to
get user B’s own message.

C. PROBLEM FORMULATION

Generally, the number of vehicles included in one NOMA
group is random. A fixed number of vehicles in one
NOMA group can limit the multi-user interference within
the NOMA group and reduce the computational complex-
ity. Without loss of generality, we assume that there are Q
vehicles in each multi-V2V communication group. At the
same time, we assume that there are Q — 1 vehicles in each
V2I communication group. Denote Q@ = {1,2,---, Q} and
Q" ={1,2,---,0 — 1}. In a multi-V2V group m € M,
m transmits the NOMA superposition signals, whereas m;
(i #1,i € Q) receives the signals. In a V2I communication
group v € V, vj(j € Q7) receives the NOMA superposi-
tion signal from the RSU. As for uni-V2V group u € U,
u| transmits signals to the receiver uy. Meanwhile, let m’ €
M denotes another multi-V2V group different from m, and
thus m} will transmit the NOMA superposition signals to
the receivers m; (i # 1,i € Q). Similarly, let ' € U
denotes another uni-V2V group different from u, then, u’l will
transmit the NOMA superposition signals to the receiver u,.
The notations in this paper are set as follows:

o Channel coefficient: H,,;, 'H%Z, H ;- and H;, - denote the
channel gains from my tom; (i # 1), m} tom; (i # 1), u;
tom; (i # 1), and RSU to m; (i # 1), respectively; HVJ.,
H;’;, and HC{, denote the channel gains from RSU to v;,

my to vj, and u; to v;, respectively; Hy,, Hy HZ;, and
*H,,, denote the channel gains from u; to uz, m to uy, U
to up, and RSU to uy, respectively;

o Interference: I,Zf,”” denotes the intra-group interference
atm; (i # 1); I,%/, I,,» and I, denote the interferences

from m) to m; (i # 1), uy tom (@ #1), and RSU to
m; (i # 1), respectively; IV’;,”’“ denotes the intra-group
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interference at vj; Iv’;’ and IV"/, denote the interferences
from m to v; and u; to vj, respectively, I 1% and IV

uz’ “up’ u
denote the interferences from m to uy, ”1 t(i uz,zand RS[zJ
to up, respectively.

In NOMA systems, superposition coding is needed at the
transmitter to superpose all users’ messages together, thus
the NOMA receivers need to apply SIC in order to decode
their own messages. As the transmitter in a multi-V2V group
m € M, m transmits the superposed messages to the NOMA
receivers within the same communication group m € M
under different transmit power. Therefore, the received signal
on RB r € R at m; (i # 1) can be given as

Z Hml-,/ aqumxmq + Cm;

q#1,qeQ

+ e H N Pux Y /P,
ueld , , veV

+ D H P 1)
m'£m

where am = {am,, Amy, -+ » amQ} denote the transmit power
allocation coefficients. x;,, . and Py, are the transmit signal and
transmit power from m; to m; (i # 1,i € Q), respectively.
x, and P, are the transmit signal and transmit power from
u1 to up, respectively. x,, and P, are the transmit signal and
transmit power from the RSU to v;(j € Q7), respectively.
And x,,is the transmit signal from m to m} (i # 1,i € Q).
Cm; 1s the additive white Gaussian noise (AWGN) with the
variance o2. The RB allocation indicator is denoted by the
vector n € N. n;'f = lwhenm € Mandm € M
are working through the same RB r € R simultaneously,
otherwise, r;m =0.

Therefore, the received signal to interference and noise
ratio (SINR) at m; (i # 1) can be given as

2
|Hm,| Prap,
Lintra 4" 4 i 4 Iv + 02

Pm; = @)

Similarly, the received signals at the uni-V2V group u can
be given as

Huzfxu + Z ny H”
+ Y n"‘H’” VPuxm+ Y miHy,/Pux,  (3)

meM veV

Puxy + Cuy

where x;, denotes the transmit signals from u].
The received SINRs at the uni-V2V group u can be given as
2
My | Pu
I8 +1m + 1) + o2

u

Pu = “

Analogously, the rece1ved 51gnals at the V2I group v can
be given as

= Z ,Hv“/ avqpvxvq + Z n\CnH;’;\/Pimxm

qeQ~ meM
+ ) mMHNPx A Gy )
ueld
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The received SINRs at the V2I group v can be given as

|HV/' }ZP vy,

- 6
[ Iy T T o “

(pvJ- =

The ¢, in Eq. (3) and the Sy in Eq. (5) are the AWGN
with variance o2. The vector a, = {ay,,av,, -+, an,l} in
Eq. (5) is the power allocation coefficients. The interferences
appearing in Eq. (2), Eq. (4), and Eq. (6) are:

o Interference:

2
I = Zn P, [Hor |7 1 = Zn;*VP*‘,

*Ll _ *ky *u mtra
I z :nu P*u *mt EH*IVH

*y intra

/} !*V
Vj

)

P*mt iy

where *,, can be replaced by m’, u, or v, which denote the
parameters at multi-V2V group m’, uni-V2V group u, or V2I
group v, respectively. %, can be replaced by m, i/, or v, which
denote the parameters at multi-V2V group m, uni-V2V group
u', or V2I group v, respectively. *, can be replaced by m or u,
which denote the parameters at multi-V2V group m or uni-
V2V group u, respectively. *;,, can be replaced by m; or v;,
which denote the parameters at multi-V2V group m or V2I
group v, respectively. In addition, the nf,,’", nu , and nv' are
the RB allocation indicators in the multi-V2V group m, uni-
V2V group u, and V2I group v, respectively. And all these
indicators have the same meaning as nz/, which is mentioned
above, that is,

_ 1 reuse the same RB,
= 0 otherwise.

Then, based on all the formulas above and the Shannon
formula, we can get the expression for calculating the sum
rate of the whole network, which can be given as

Rsum = Z Z {BWm -log, (1 + ‘Pm[)}

meMi#l,i €Q

+ 22 {BW oz (1+9))

veVjeQ~
+ D {BWa-logy (1 + ¢uy)) %)
ueld

Based on the above analysis, we first fix the power allo-
cation coefficients, so that the RB allocation problem for the
NOMA-V2X system can be expressed as

max  Rum(n) (8a)
s.t. Pmi (ijv Pu, = (7 VmGM,VGV,MEU (Sb)

an 1, Vm,u,v (8c)
reR
Z N <qmax, VreR (8d)
m,u,v

where Eq. (8b) ensures that the received SINR at each vehicle
is greater than the demodulation threshold. Eq. (8c) limits the
number of RB that can be allocated to each communication
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FIGURE 3. An illustration of a weighted graph.

group to 1. Eq. (8d) restricts the number of communication
groups that can reuse the same RB at the same time, so as to
ensure that each communication group in the same RB can
obtain a required QoS.

lll. IHG-3DM RESOURCE ALLOCATION PROTOCOL

In this section, we utilize the weighted 3-partite interference
hypergraph to imitate the complex interference environment
in our studied NOMA-V2X system. Next, with the help of
this 3-partite hypergraph, we make another step to put for-
ward an IHG-3DM RB allocation protocol with two efficient
3DM algorithms, that is, the greedy 3DM algorithm and the
iterative 3DM algorithm.

A. HYPERGRAPH CONSTRUCTION

Similar to D2D communications in cellular networks, here in
our investigated NOMA-V2X network, both multi-V2V and
uni-V2V groups can also behave as an underlay to V2I groups
to enhance the network performance. However, the resulted
interference relationships become much more complicated
than the cellular-D2D scenario. In order to model the com-
plicated interference scenario more efficiently and reduce
the resource allocation complexity, multi-V2V and uni-V2V
groups are first pre-partitioned based on their mutual interfer-
ence to form a spatial reuse cluster.

For the group pre-partition, we first divide the multi-V2V
and uni-V2V groups into different clustersC = {1,2,---, C}
based on their mutual interference. In order to efficiently cal-
culate the interference value between the groups, we exploit
a weighted graph to model the interference relationships
among the multi-V2V and uni-V2V groups. We use Fig. 3 to
express the connection between multi-V2V/uni-V2V groups
and their weights. As illustrated in Fig. 3, each multi-
V2V/uni-V2V group is modeled as a vertex while the con-
nected edge weight oy ;- is set to capture the interference level
from the k’th vertex’s transmitter to the kth vertex’s receiver.

Referring to [27], the procedure of the partition algorithm
is provided in Algorithm 1. First, we assign each cluster
one multi-V2V or uni-V2V in an arbitrary manner. Then,
by checking the intra-cluster interference value, we further
add each remaining multi-V2V and uni-V2V group to a
cluster that resulting in the lowest intra-cluster interference
value.
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Algorithm 1 Partitioning Algorithm
Input: M, U.
Arbitrarily assign one vertex to each of the C clusters.
foreach k € {M, U} and not already in any cluster do
forn=1:Cdo
Calculate the increased intra-cluster interference

using >~ (o kr + s k)

k'ecy,

end
Assign the kth vertex to the n*th cluster with n* =

argmin ) (o + k)
k'ecy

end
Output: Cluster C.

Multi-V2V/Uni-v2V
v2i /
Cluster
H
V2| .
e Multi-V2V/Uni-V2V
. Cluster
V2l .
.
N\
| Multi-v2v/Uni-v2v
V2l
Cluster

FIGURE 4. An illustration of a weighted 3-partite hypergraph.

After all the multi-V2V/uni-V2V groups are partitioned,
the interference environment in the studied NOMA-V2X sys-
tem can be modeled as a hypergraph. As for a hypergraph,
if all the hyperedges have the same number of vertices (like
2), the hypergraph is called a z-uniform hypergraph. If the
vertices of z-uniform hypergraph can be divided into z disjoint
non-empty subsets to make all the vertices of each hyperedge
not in the same subset, then the hypergraph is a z-partite
hypergraph.

Let HG = (HV, HE) be a 3-partite hypergraph, where
HV is the set of vertices representing communication
groups or RBs, and H¢E is the set of hyperedges representing
the matching relationships between vertices. The weight
for the hyperedge is set to be the sum rate achieved via
the denoted RB and communication groups matching. Here,
the RB allocation problem in Eq. (8) can be modeled as an
effective matching in the weighted 3-partite hypergraph HG
shown in Fig. 4. Note that the number of the clusters C is
dynamically set according to the scenario and the number
of communication groups. Here for the convenience of con-
structing the 3-partite hypergraph, we set the number of the
clusters equal to that of V2I groups, i.e., C = V.

It is worth mentioning that, different V2I groups with the
same RSU as the transmitter cannot reuse the same RB at
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the same time in the investigated NOMA-V2X network, due
to significant co-channel interference without NOMA design
crossing different V2I groups. Whereas the V2I groups
belonging to different RSUs can still reuse the same RB based
on our proposed IHG-3DM RB allocation protocol.

Then, the hypergraph matching problem can be formulated
as an integer program:

max Z w(e)t(e) (9a)
ecHE
st. Y He)<1, WweHV (9b)
e€d(v)
t(e) € {0,1}, VeeHE (9¢)

where §(v) denotes the set of hyperedges containing vertex v,
and let 1(F) = )_ r{e} denoting a subset of hyperedges

eeF
F CHE.
Therefore, our objective is to find an optimal #(e), which
satisfies Eq. (9). Then, we get an independent set H) so that
Eq. (8) is satisfied.

B. IHG-3DM RB ALLOCATION PROTOCOL

In this section, with the help of our created weighted hyper-
graph, we put forward the IHG-3DM RB allocation pro-
tocol. The detailed procedure of the proposed IHG-3DM
RB allocation protocol is provided in Fig. 5.

First, the central BS or RSU collects the information of
all the vehicles in the current area, including the location
information and the communication mode (i.e., multi-V2V,
uni-V2V or V2I). Then, the multi-V2V and uni-V2V vehi-
cles are clustered properly to initially limit the intra-group
interference through RB sharing and construct the weighted
3-partite hypergraph.

After that, a greedy 3DM algorithm or an iterative 3DM
algorithm will be processed to allocate RBs according to
different conditions based on the constructed 3-partite hyper-
graph, resulting in an appropriate matching. Note that the
time-varying channel characteristics and the locations of the
vehicles will change along with time. Therefore, we need
to update the graph/hypergraph and reprocess the corre-
sponding algorithms periodically, ensuring the constructed
graph/hypergraph can reflect the current channel state well.
The algorithms proposed in the IHG-3DM RB allocation
protocol (i.e., the greedy 3DM algorithm and the iterative
3DM algorithm) are described in the following sections.

C. GREEDY 3DM ALGORITHM

The greedy 3DM algorithm can find a suboptimal result
of t(e) in a greedy manner with low complexity, in which
we search all the vertices to choose an independent set of
hyperedges with the highest weight in the 3-partite hyper-
graph HG [25]. In the proposed greedy 3DM algorithm,
the matching that maximizes the current sum rate is selected
at each step. We first sort all the hyperedges in the descend-
ing order according to their weights. Then, we select the
hyperedge with the maximum weight as part of the output
matching sequentially, and skip the hyperedges that intersect
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FIGURE 5. Flow diagram of the IHG-3DM RB allocation protocol.

the selected hyperedges. The detailed procedure of the pro-
posed greedy 3DM algorithm is shown in Algorithm 2.

The N[e] in Algorithm 2 denotes the set of hyperedges that
intersect the hyperedge e, note that e € N[e].

The greedy 3DM algorithm is a straightforward but effi-
cient algorithm, which leads to suboptimal solution with
very low complexity. During the procedure of the algorithm,
each choice simplifies the problem to a smaller sub-problem,
which greatly improves its efficiency.

D. ITERATIVE 3DM ALGORITHM
In the proposed greedy 3DM algorithm, after choosing
the hyperedge with the maximum weight for each vertex,
we ensure that the other vertices in the same hyperedge do
not intersect with all the selected hyperedges, which makes
the other vertices in this hyperedge lose the possibility of
choosing their own maximum-weight hyperedge.

In order to avoid the disadvantages of the greedy 3DM
algorithm and make the global result more optimized,
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Algorithm 2 Greedy 3DM Algorithm

Input: HG, w,C, V.
Initialization: P < (.
HE sore = sort(HE,‘descent’)
for e € &£,; do

if N[e] NP = ( then

| P« PUe

end
end
Output: Matching P.

we further propose an iterative 3DM algorithm referring
to [26], [27] for different communication groups in the
NOMA-V2X network.

In order to simplify the formulated optimization problem
and reduce the computational complexity to find a near-
optimal solution, we have the relaxation of the integer pro-
gram in Eq. (9) as

max Y w(e)t(e) (10a)
ecHE
s.t. Z te)<1, YveHV (10b)
eed(v)
t(e) >0, VeeHE (10c)

Therefore, the objective here is to find a result of #(e) as
a basis, which satisfies Eq. (10), and then obtain the final
matching in an iterative manner. First, the iterative 3DM
algorithm solves a linear programming relaxation and obtains
a basic solution, which is used to obtain an integral solution
iteratively. Then, it rounds up the large value variables to
solve the problem and gets an appropriate matching result.
The detailed process of the iterative 3DM algorithm is sum-
marized in Algorithm 3.

Algorithm 3 Iterative 3DM Algorithm

Input: HG, w,t,C, V.

Initialization: 7 < .

while HE — F # (¢ do
Find a hyperedge e with t(N[e] N (HE — F)) <2
Sete; < e
Set F = F U {e;}

end

P < Local-Ratio(F, w) using Algorithm 4

Output: Matching P.

In Algorithm 3, the solution ¢ to the linear program Eq. (10)
is basic. Some linear programming algorithms, such as sim-
plex algorithm, should be used to obtain a basic solution to
the linear program [27].

It is worth mentioning that, the time-varying channel char-
acteristics and the locations of the vehicles will change along
with time. But the moving distance of a vehicle is small
within time t (in the magnitude of milliseconds), and the
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Algorithm 4 Local Ratio Algorithm (A Recursive
Subroutine)
Input: 7, w.
Initialization: 7' = {e € F : w(e) > 0}.
if 7/ = ¢ then
| Return ¢}
end
Choose from F’ the hyperedge ¢ with the smallest index.
Decompose the weight vector w = w; + wp where
w(e) if € € Nle],
0 otherwise
P’ <« Local-Ratio(F’, w).
if P’ U {e}is a matching then
Return P := P’ U {e}
else
Return P := P’

wi(e) =

end
Output: Matching P.

location of a vehicle after a movement in  on the driveway is
highly predictable due to relatively stable movement feature
of the vehicles along the road within a short period. Therefore,
the proposed IHG-3DM RB allocation protocol can handle
the mobility problem easily by updating the hypergraph in a
dynamic manner (i.e., periodically in time 7).

E. COMPLEXITY ANALYSIS

Assume that |HV| = & and |HE| = A. The proposed
greedy 3DM algorithm mainly contains a sorting process, and
thus the worst-case complexity of the greedy 3DM algorithm
is O(\2).

As for the provided iterative 3DM algorithm, the loop
terminates when HE — F = (J, which means the total number
of the iterations is €. In each iteration, the searching operation
has the complexity of O(A> logh). Whereas the local ratio
algorithm given in Algorithm 4 has the complexity of O(1?),
which can be called ¢ times. Hence, the total complexity of
the iterative 3DM algorithm is O(e1? logh).

IV. NUMERICAL RESULTS AND DISCUSSIONS

Our simulation setup considers a 1kmx40m 2-way street
with one RSU at one side center of the road. We consider
an urban micro system [28], and the path loss (PL) is

PL(dB) = 36.7log,o(d) +22.7 + 26log,o(f.) (1)

where d is the distance between the transmitter and the
receiver and f; is the carrier frequency.

In the simulations, we randomly arrange vehicles in the
considered area of the road. For simplicity and without loss
of generality, we set 0 = 3. As described in Section II-C,
Q = 3 means that each multi-V2V group contains 3 vehi-
cles, and each V2I group contains 2 vehicles. Hence, in the
considered area of the road, the total number of the vehicles
is set as (7, 14, - - - , 70). All the other parameters applied in
our simulation are summarized in Table 1.

VOLUME 7, 2019



B. Wang et al.: IHG-Based 3D Matching Resource Allocation Protocol for NOMA-V2X Networks

IEEE Access

TABLE 1. System parameters.

Parameters Value

Carrier frequency 2 GHz

Total Bandwidth 20 MHz

RB Bandwidth 100 KHz
RSU’s Transmit Power V' - P, 24 dBm
Vehicles Transmit Power P,,,P, | 6 dBm
Small-scale Fading Rayleigh fading
Noise Power Spectral Density —174 dBm/Hz
Noise Figure 10 dB

Velocity of Vehicles 72km/h ~ 144km/h
Hypergraph Refresh Interval 7 1s

Am = Gy (0.4,0.6)

FIGURE 6. Sum rate comparison with different V2X networks.

In order to demonstrate the superiority of our proposed
NOMA-V2X network and the IHG-3DM RB allocation pro-
tocol, we employ a conventional V2X network as benchmark
for performance comparison. Literature [29] presents a basic
V2X scenario, including NOMA-based V2I communications
and traditional V2V communications. In the V2X network
investigated in [29], V2I links can simply reuse the RBs of
V2V links to some extent. As shown in Fig. 6, the through-
put achieved by our proposed NOMA-V2X network and
the IHG-3DM RB allocation protocol is four times that of
the conventional V2X network in [29]. Note that NOMA is
applied in V2I links in [29], so that the performance of our
proposed network and protocol will be more advantageous
when compared with the pure V2X network without NOMA.

In Fig. 6, we also compare the performance of Hungarian
algorithm [30], [31] in our proposed NOMA-V2X network.
Hungarian algorithm is a combinatorial optimization algo-
rithm for solving task assignment problem in polynomial
time, e.g. O(V?), but it cannot be directly applied to the
NOMA-V2X network we proposed. Therefore, we need to
reduce the dimension of this matching problem. The first step
is to partition the multi-V2V and uni-V2V groups into clus-
ters using Hungarian algorithm, similar to the pre-partitioning
in our proposed protocol. In the second step, the Hungarian
algorithm is applied again to match the V2I links and the
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FIGURE 7. Sum rate comparison with different algorithms in our
proposed V2X network.

clusters. As we can see in Fig. 6, the performance of our
proposed algorithms in the NOMA-V2X network are close
to the optimal solution, but with reduced complexity.

As a baseline, we also employ a random RB allocation
algorithm based on the constructed 3-partite hypergraph,
which randomly selects a disjoint hyperedge as part of the
matching until all the vertices are allocated. In the random RB
allocation algorithm, all the hyperedges need to be traversed,
and a double-level loop is required in order to ensure that
the selected hyperedges are disjoint, resulting in a complexity
of O(A2).

In order to further demonstrate the performance improve-
ment of our proposed NOMA-V2X network due to the addi-
tion of NOMA, Fig. 7 shows the network sum rate perfor-
mance comparison among different RB allocation algorithms
in both NOMA and non-NOMA scenarios, in which we can
see that our proposed IHG-3DM RB allocation protocol with
the iterative 3DM algorithm achieves the best network sum
rate with an acceptable computational complexity as analyzed
in Section III-E. And we can also find that the sum rate
increases along with the number of the involved vehicles
increasing. However, the increasing rate of the sum rate
improvement becomes lower when the number of the vehicles
further increases. This is because the NOMA-V2X system
we considered contains a lot of influencing factors, and the
inter-group interference can have a great impact on the perfor-
mance of the system. With the number of the vehicles increas-
ing, the number of the communication groups allocated to
the same RB also increases, which means the interference
relationships among the communication links become more
complicated and the introduced interference is higher. There-
fore, the corresponding inter-group interference and the spa-
tial reuse gain will reach a relatively stable tradeoff through
effective interference management and resource allocation.

Itis also shown in Fig. 7 that the scenario without NOMA is
used as a basis to highlight the advantages of applying NOMA
in V2X communications. For the sake of fairness, we use
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FIGURE 8. Sum rate CDF comparison with different algorithms.

FIGURE 9. SINR CDF comparison with different algorithms.

the same RB allocation algorithms as those of the scenario
with NOMA in the scenario without NOMA. And we set the
number of the vehicles in the case without NOMA as the same
as that in the case with NOMA. The only difference between
the case without NOMA and the case with NOMA is that all
the previous receivers are considered to be independent users
and assigned orthogonal RBs.

In Fig. 8, the cumulative distribution function (CDF) of
the sum rate is compared among different algorithms for
the NOMA-V2X scenario. Note that here the number of
the vehicles is set as 42. The results here also indicate the
performance advantages of our proposed iterative and greedy
3DM algorithms in NOMA-V2X networks. Then, we further
compare the received SINR at the vehicles in V2I commu-
nications among different algorithms in Fig. 9, where the
number of the vehicles is set as 42. We can see that the
received SINR with the iterative 3DM algorithm is much
higher than other algorithms, which verifies its good ability
in interference control in such a complicated interference
scenario. Both Fig. 8 and Fig. 9 indicate that our proposed
IHG-3DM RB allocation protocol with the iterative 3DM
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FIGURE 10. Sum rate comparison with different RSU transmit power.

FIGURE 11. Sum rate comparison with different vehicle speed.

algorithm can achieve a good network performance with low
complexity in the NOMA-V2X networks.

Fig. 10 shows the sum rate performance comparison
among different RB allocation algorithms under different
RSU transmit power in the NOMA-V2X scenario. When the
RSU transmit power increases, the sum rate of all the algo-
rithms decreases accordingly. This is due to the interference
level will be severer along with the increasing of the RSU
transmit power, leading to heavier interference at the multi-
V2V and uni-V2V receivers when sharing the same RB with
a V2I communication group.

Then, we further investigate the impacts of the vehi-
cle speed on different RB allocation algorithms in the
NOMA-V2X scenario where the number of the vehicles is
set as 42. The vehicle movement will impact the time-varying
channel and the positions of the vehicles. With the same delay,
the change of the channel state information and the vehicle
positions compared with the reported ones cannot be ignored
when the vehicles move fast, resulting in performance loss
due to the outdated information effect. In Fig. 11, the network
sum rate with different algorithms decreases with the increase
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FIGURE 12. Sum rate comparison with different updating intervals.

of the vehicle speed. However, one should note that even in
the high mobility cases, the performance of our proposed
IHG-3DM RB allocation protocol with the iterative 3DM
algorithm is still much better than that of the others.

In addition, we also simulate the performance under dif-
ferent updating intervals, using different RB allocation algo-
rithms in the NOMA-V2X scenario. With a fixed vehicle
speed (set as 25m/s in this simulation), a longer updat-
ing interval will also lead to larger difference between the
real-time channel state and the reported one for the hyper-
graph construction. Fig. 12 indicates that, the sum rate
first increases as the updating interval t decreases. But the
improvement in the sum rate becomes slow when the updat-
ing interval T continues decreasing. This is because when the
updating interval t is small enough, the channel state will
almost stay the same between neighboring updating periods,
and thus the constructed hypergraph can well describe the
current channel state and interference relationships. There-
fore, further reducing the updating interval will not lead to
obvious performance improvement.

V. CONCLUSIONS

In this paper, we investigated the resource allocation problem
in NOMA-V2X networks, where both NOMA techniques
and resource sharing based on spatial reuse are employed
to improve the network performance. Then, a weighted
3-partite interference hypergraph was constructed to imitate
the complex interference environment among all the V2X
communication groups. With the help of our created 3-partite
hypergraph, we put forward an IHG-3DM resource allocation
protocol including a greedy 3DM algorithm and an iterative
3DM algorithm to solve the RB allocation problem. As a con-
sequence, the network throughput was significantly improved
with the help of our proposed IHG-3DM resource allocation
protocol for the investigated NOMA-V2X communications,
which was verified by the simulation results.
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