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ABSTRACT Vehicle-to-everything (V2X) communications are regarded as the key technology in future
vehicular networks. V2X features promising benefits in providing efficient and reliable massive connec-
tions, improving traffic efficiency and safety, as well as supporting in-vehicle entertainment and other
functions. Recently, non-orthogonal multiple access (NOMA) is further known as a promising solution in the
fifth-generation (5G) mobile communication systems. Such NOMA has drawn much attention because of
its ability to 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. In this respect, this
paper first considers a full-duplex (FD) transmission mode together with the Roadside Unit (RSU) selection
scheme in a NOMA-V2X networks since relay selection based NOMA network is introduced as technique to
increase the ergodic capacity. In the considered NOMA-V2X systems, the vehicles enable device-to-device
(D2D) transmission mode to permit two nearby vehicles communicate at close distances. To further robust
performance, the vehicle requires relaying transmission in group of RSUs which tight connected with a
cellular network. Secondly, we compare ergodic rate performance of two vehicles in specific group. Finally,
we evaluate the ergodic performance by deriving the exact and closed-form expressions of ergodic rate in
various scenarios. The results show that ergodic rate improvement can be achieved by increasing the number
of RSUs and limiting impact of self-interference due to the FD mode.

INDEX TERMS Vehicle-to-everything, non-orthogonal multiple access, ergodic rate, device-to-device.

I. INTRODUCTION
By using a new dimension, power domain-based non-
orthogonal multiple access (NOMA) is capable of support-
ing ultra high connectivity for foreseeable applications [1].
It is demonstrated that the NOMA is always better than the
conventional orthogonal multiple access (OMA) approaches
in terms of the system throughput [2]. Different from the
well-known water-filling scheme, NOMA tends to allocate
more power to the users with weaker channel conditions, and
hence the user fairness can be guaranteed [3]. Furthermore,
it has been shown that cooperative NOMA-assisted network
(for example recent work reported in [4]) achieves a larger
total throughput in both uplink and downlink of a wireless
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network compared to cooperative OMA counterpart [5]–[8].
Compared to conventional opportunistic schemes, a higher
fairness is achieved by NOMA [9]. The low latency prop-
erty of NOMA together with realizing a tradeoff between
total throughput and fairness makes NOMA very attractive
for 5G, for example a unified framework for hybrid satel-
lite/unmanned aerial vehicle (HS-UAV) terrestrial relying
NOMA is proposed in [10]. The tradeoff between throughput
and fairness for a generic communication scheme has been
analytical derived by [11]. Moreover, in [12] an analyti-
cal framework is proposed to derive the trade-off between
performance and fairness under certain general assumptions.
Such fairness feature is confirmed in NOMA. In other line of
research, device-to-device (D2D) transmission is a promising
technology that can alleviate traffic in core networks as well
as increase mobility without rerouting data through NodeB
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in a cellular network. In fact, D2D is expected to support
proximity-based services such as social networking and file
sharing. When the devices are in close vicinity, D2D com-
munication improves the spectral and energy efficiency of
cellular networks [13]. Despite the significant benefits of
D2D communications in underlay mode, interference man-
agement and energy efficiency are still necessary to study as
fundamental requirements [14] in keeping the interference
caused by the D2D users under control, while simultane-
ously extending the battery lifetime of the User Equipment
(UE). A D2D network employing NOMA was previously
considered [15]. In particular, the authors proposed a novel
concept to combine the users in a NOMA-based D2D system
to groups and multiple D2D groups with respect to share
sub-channels. A similar study [16] proposed the joint alloca-
tion of sub-channels and powers to maximize the sum rate
of the D2D-NOMA system, while satisfying the signal to
interference plus noise ratio (SINR) requirements of all D2D
users in the network. The authors in [17] presented com-
prehensive resource allocation solution consisting of joint
relay selection, user pairings, and multiple antennas design
in NOMA D2D network. Motivated by these analyses and
novelty from our recent work [17], [18], this study considers
D2D transmission in relay selection NOMA for V2X system.

Regarding V2X networks, they are considered as one of the
emerging and promising technologies to implement Internet
of Things (IoT) networks. Various vehicle-based applications
are served for popular objects such as passengers, vehicle
traffic, drivers, and pedestrians. They enable traditional vehi-
cles activities withmore efficient and safer driving experience
to drivers in their daily life. To acquire low-latency and
high-reliability in various applications, V2X communications
need suitable protocols to provide safety critical services for
our future life [19]. For example, end-to-end latency occurs
in a few milliseconds in some of delay-sensitive services
[20]. Recently, by expanding the the 3rd generation part-
nership project (3GPP) LTE D2D communications, one can
combine 3GPP Long Term Evolution (LTE)-with cellular
V2X solutions. The low latency, high-reliability (LLHR) and
large number of connected devices are basic requirements
to employ V2X applications which is different from the
LTE D2D communications. These challenges become crucial
demands because high demand is required to provide multi-
ple services in the LTE-based V2X networks where exhibit
severe data congestion in dense environment [21]–[23].

To improve the spectrum efficiency and reduce the latency,
NOMA is introduced as a new dimension for V2X with a
capability of achieving high overloading transmission over
limited resources [24]. By attempting to integrate NOMA
with various practical scenarios, recent papers reported
advantages of enhanced performance and satisfied LLHR
requirements the to facilitate V2X networks [25]–[28]. The
centralized base station (BS) and the distributed power con-
trol of the vehicles are considered in the V2X broadcasting
system [25], [26]. They studied mixed centralized/distributed
scheme for a new NOMA-based V2X broadcasting systems.

The authors in [27] presented a D2D-enhanced V2X network,
in which NOMA scheme results in increasing capacity. Based
on spatial reuse among all the V2X communication groups
NOMA-V2X system is facilitated with the D2D-enabled
resource sharing scheme and centralized resource manage-
ment. Such systemmodel provided a significant improvement
in term of network performance; however, it results in a more
complicated and challenging interference scenario [27]. The
authors in [28] examined the optimal power allocation issues
by applying two relay-assisted NOMA transmission schemes
for V2X communications. They considered half-duplex (HD)
and full-duplex (FD) relaying to implement NOMA in such
V2X network [28].

In other trends of V2X communications, existing works
on V2X networks further confirmed benefits from NOMA
[25], [29], [30]. Based on NOMA, considered systems
with rate of user pair can be achieved close to the capac-
ity region [29]. They recommended joint belief propaga-
tion (BP) decoding techniques and the graph-based practi-
cal encoding. B. Di et al. proposed a NOMA-based mixed
centralized/distributed (NOMA-MCD) scheme to reduce the
resource collision as in [25] and such system is employed
for NOMA with low latency communications. In [30], the
authors proposed to improve the sum rate performance in the
finite signal to noise ratio (SNR) regime by introducing an
optimal blind interference alignment scheme together with
the coexisting of FD and HD modes. However, most of
these studies relying on NOMA-V2X and FD-based V2X
communications did not consider relay selection technique to
improve the system performance in term of detecting signal
at the vehicle, which is a challenge for finding suitable model
for V2X vehicles because of limitations of design for the cel-
lular network infrastructure. For example, the authors in [28]
did not concern ergodic rate and Roadside Unit (RSU) selec-
tion as the promising method to achieve better ergodic capac-
ity. Motivated by advantages of NOMA-assisted V2X net-
works, this paper proposes themethod to apply RSU selection
paradigm to improve performance of vehicles. In particular,
we investigate the ergodic capacity in NOMA-V2X networks,
where both NOMA and spatial reuse-based resource shar-
ing for V2X communications are coexisting under the con-
trol of the BS and RSU. More specifically, the network
capacity is significantly improved with the help of RSU
selection scheme applied in the investigated NOMA-V2X
systems, and such capacity was verified by simulation results.
The main contributions of this paper are summarized as
follows.
• In order to meet the QoS requirements of future
5G-enabled vehicular applications and different from
the results reported in [28] and [31], this paper pro-
poses the situation of two vehicles communicate to each
other. These vehicles benefit from theNOMA technique,
RSU selection scheme and D2D-enabled transmission
for V2X communications is combined to form a novel
communication architecture for 5G-enabled vehicular
networks, namely NOMA-V2X.
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FIGURE 1. System model of NOMA-V2X relying on RSU selection.

• Depending on location of the vehicle in such networks,
ergodic rate of each vehicle can be improved. We derive
analytical expressions of ergodic rate for each vehicle in
both exact-form and closed-form.

• Although the NOMA-V2X architecture has the potential
to considerably improve the rate performance [28], extra
improvement can be achieved by employing both FD
and RSU selection. Furthermore, it is very challenging
due to existence of the self-interference related to FD
mode. Therefore, we careful examine such parameters
and other significant parameters which make degraded
performance in term of ergodic rate.

The remainder of this paper is organized as follows.
In Section II, we present the system model of the investigated
NOMA-integrated V2X scenario and analyze receiving sig-
nal to compute the SINR to further achieve correspond-
ing ergodic rates in next section. Section III gives the
detailed computations of ergodic rates for two vehicles in
NOMA-V2X while OMA-V2X is presented in Section IV.
In Section V, the simulation methods, details and results
are considered and evaluated. We conclude key findings in
Section VI.

II. SYSTEM MODEL
A. SCHEME I: NOMA-V2X
Considering a NOMA system as in Fig. 1 consisting of one
BS, K RSUs acting as relaying nodes and 2 devices (V1,
V2). We continue to consider a situation that the first vehicle
receives a signal directly from the BS due to no obstruction
between the BS and V1 and such vehicle V1 carries out
its main duty as a Decode and Forward (DF) relay. After
choosing the best relay among group of K RSUs (RSU k , k =
1, 2, . . . ,K ) and the vehicleV2 has a chance to receive signals
from the these K relays. It is more advantageous to employ

FD mode at each RSU to archive higher spectrum efficiency,
self-interference channel at k-th relay is denoted as hrk .1 In
addition, V2 also receives signals from V1. However, there is
no opportunity for the vehicle V1 to obtain signals from K
RSUs due to serve attenuation. To strengthen the ability of
receiving better signal at the vehicle V2, the BS intends to
communicate with the second vehicle V2 via the assistance
of the near vehicle V1. In this regard, V1 is considered as
extra relay node which operates in DF mode to forward the
information to the second vehicle V2. To enable FD com-
munication, V1 is equipped with one transmit antenna and
one receive antenna, while the BS and V2 are equipped with
single antenna architecture. To evaluate effectiveness of FD,
V1 can still support HD mode and then it is able to switch
the operation between FD and HD modes depending the
demand. All wireless links in the network are assumed to
be independent non-selective block Rayleigh fading and are
disturbed by additive white Gaussian noise (AWGN) with
mean power N0. While wj, j = (1, 2, 12, r) are AWGN at all
devices in the network are wj ∼ CN (0,N0). Table 1 provides
remaining main parameters used in this model.

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

1Regarding the self-interference cancellation scheme, active cancellation
techniques are be considered in active components and achieved the knowl-
edge of a receivers’ own self-interference signal in generating a cancellation
signal which can be subtracted from the received signal [32]. The methods of
active mitigation techniques can be classified into three schemes including
active analogue cancellation and active digital cancellation and mixed active
analogue/active digital schemes. We do not want to focus on details of such
schemes. In practical scenario, self-interference circuit consists of multiple
components, especially the transmit signal is corrupted by impairments
including non-linearity, phase and quantization noise. It is worth noting
that the active cancellation method employed before the digitization of the
received signal [33].
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TABLE 1. Key parameters of the system model.

communication groups can share the spectrum resources
through D2D underlaying based spatial reuse. This system
model provides V2I and V2V and then further allows two
vehicles to communicate with each other. In this regard,
NOMA is employed in both V2I and V2V groups to increase
the intra-group transmission efficiency. As a result, the intro-
duced NOMA-V2X architecture can sufficiently exploit both
the advantages of NOMAand spatial reuse of D2D in improv-
ing the spectrum efficiency.

The composed signal x(N )
B is transmitted from the BS to all

RSU relays and related vehicle in the first phase, such signal
is given as

x(N )
B =

√
θ1PBx1+

√
θ2PBx2, (1)

where θ1+θ2 = 1 and it is assumed that θ1 < θ2; x1 and
x2 are signals to serve the vehicles V1 and V2, respectively.
It is noted that x1 and x2 are superimposed signals to be
normalized unity power signals, i.e, E

{
x21
}
= E

{
x22
}
= 1.

The received signal at V1 in the direct link is expressed by

y(N )
B→V1 = hB0x

(N )
B +w1

= hB0
(√
θ1PBx1+

√
θ2PBx2

)
+hV1

√
υPV1xV1+w1,

(2)

where υ = 1 and υ = 0 are indicated for the situation
whether V1 which works in FD and HD mode, respectively.

Regarding decoding order, to satisfy the requirement of
NOMA, the strong signal at the vehicle V1 must first decode
the signal related to the first vehicle V1 that has the weak
signal. Such condition happens since θ1 < θ2. Then, once
the weak device’s message is detected, the vehicle V1 is
able to detect its own signal by performing a successive
interference cancellation (SIC) technique. We then compute
the signal-interference plus noise ratio (SINR) to detect signal

x2 at the first vehicle V1 as 2

γ
(N )
BV1←2 =

θ2ρ|hB0|2

θ1ρ|hB0|2+υρ|hV1|2+ 1
. (3)

By performing SIC, the first vehicle V1 can detect its own
signal through computing the SNR as

γ
(N )
BV1 =

θ1ρ|hB0|2

υρ|hV1|2+ 1
. (4)

The received signal at Rk is given by

y(N )
B→Rk = hBkx

(N )
B +wr

= hBk
(√
θ1PBx1+

√
θ2PBx2

)
+hrk

√
υPrxr+wr .

(5)

The SINR of links related the RSUs to detect x2 can be
expressed as

γ
(N )
SRk =

θ2ρ|hBk |2

θ1ρ|hBk |2+υρ|hrk |2+ 1
. (6)

It is noted that signal x2 is detected at the selected RSU
and then forwarded to the second vehicle V2. We call all
RSU relays having the same power Pr . In particular, the
received signal can be seen at V2, thanks to receiving from
link between the RSU and V2, as

y(N )
Rk→V2

= h2
√
Prx2+w2. (7)

The corresponding SNR to detect x2 at vehicle V2 is given
as

γ
(N )
RkV2 = ρ|h2|

2. (8)

Regarding the D2D hop transmission, the received signal
at V2 can be achieved from link V1 to V2 to proceed signal x2
as

y(N )
V1→V2 = h1

√
Prx2+w12. (9)

Next, with regard to the link from V1 to V2, we can deter-
mine the SNR to detect signal x2 at V2 as

γ
(N )
V12 = ρ|h1|

2. (10)

The best relay node is selected by the following criterion

0
(N )
k∗ = max︸︷︷︸

k=1···K

(
min

(
γ
(N )
SRk , γ

(N )
RkV2

))
. (11)

The instantaneous SINR at the vehicle V2 can be written as

γ
(N )
V2 = max

[
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
, 0

(N )
k∗

]
. (12)

2In this paper, it is assumed that different demand of detecting signal
results in ability to achieve signal x1, x2 at the vehicle V1 while only x2 need
be detected at the vehicle V2.
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B. SCHEME II: OMA
This is the case when each vehicle intends to receive its
own separated signal. Therefore, nodes only proceed signal
related to them. The received signal at V1 in the direct link is
expressed as

y(O)B→V1 = hB0
√
PBx1+hV1

√
υPV1xV1+w1. (13)

We first compute SNR to detect signal x1 as below

γ
(O)
BV1 =

ρ|hB0|2

υρ|hV1|2+1
. (14)

In a two-hop transmission side, RSU is able to receive the
signal x2 to further transmit to the second vehicle V2. In this
regard, the received signal at Rk is formulated by

y(O)B→Rk = hBk
√
PBx2+hrk

√
υPrxr+wr . (15)

To detect the signal x2 at the rth relay RSU related to link
the BS to relay, SNR can be written as

γ
(O)
SRk =

ρ|hBk |2

υρ|hrk |2+ 1
. (16)

At the second vehicle V2, the received signal can be
expressed as

y(O)Rk→V2
= h2

√
Prx2+w2. (17)

In the case of OMA, the SNR to detect x2 can be computed
at V2 as

γ
(O)
RkV2 = ρ|h2|

2. (18)

Similar as NOMA, D2D transmission can be enabled to
provide the second chance for the vehicle V2 to collect signal
x2 in the different ways. This requirement needs the help of
vehicle V1, the received signal at V2 as receiving signal from
V1 as

y(O)V1→V2 = h1
√
Prx2+w12. (19)

Performing transmission from V1 to V2 with corresponding
SNR as below to detect signal x2

γ
(O)
V12 = ρ|h1|

2. (20)

The best relay node can be obtained with similar criterion
as reported in the NOMAmode. The best SNR related to this
selection is given as

0
(O)
k∗ = max︸︷︷︸

k=1···K

(
min

(
γ
(O)
SRk , γ

(O)
RkV2

))
. (21)

The instantaneous SINR at the vehicle V2 can be written as

γ
(O)
V2 = max

[
min

(
γ
(O)
BV1←2, γ

(O)
V12

)
, 0

(O)
k∗

]
. (22)

In the next section, the important metric should be exam-
ined to exhibit how large ergodic rates at each vehicle are.

III. ERGODIC RATE IN CASE OF NOMA
A. ERGODIC RATE FOR V1
Themainmetric of ergodic rate can be computed after achiev-
ing instantaneous capacity. Such capacity depends on the
obtained SINR as presented in previous section. The instan-
taneous capacity of V1 in FD mode can be given by

C (N−FD)
V1 = log

(
1+γ (N )

BV1

)
. (23)

Proposition 1: The closed-form expression for the ergodic
rate of signal at the vehicle V1 is given as

C (N−FD)
V1 =

θ1ρλhB0

ln 2 (υρλhV1−θ1ρλhB0)

×

(
exp

(
1

θ1ρλhB0

)
Ei
(
−

1
θ1ρλhB0

)
− exp

(
1

υρλhV1

)
Ei
(
−

1
υρλhV1

))
. (24)

It is noted that the definition of the exponential integral as
Ei(x).

Proof: See Appendix A.
In HD mode, the closed-form expression to indicate

ergodic rate for the vehicle V1 is then computed as

C (N−HD)
V1 = −

1
2 ln 2

exp
(

1
θ1ρλhB0

)
Ei
(
−

1
θ1ρλhB0

)
. (25)

B. ERGODIC RATE FOR V2
1) ERGODIC RATE FOR V2 RELATED TO LINK V1−V2
With regard to the link V1−V2, the received signals at V2
come from two ways. In particular, the ergodic rate of signal
x2 at the vehicle V2 in FD mode can be expressed as

C (N−FD)
V2←V1 = log

(
1+min

(
γ
(N )
BV1←2, γ

(N )
V12

))
=

1
ln 2

∫
∞

0

1−F4 (x1)
1+x1

dx1, (26)

where 4 = min
(
γ
(N )
BV1←2, γ

(N )
V12

)
.

Proposition 2: The exact-form to examine ergodic rate of
V2 is given as

C (N−FD)
V2←V1 =

1
ln 2

∫ θ2
θ1

0

ψ1

(1+x1) (ψ1+x1υρλhV1)
× exp (−ξ1x1) dx1, (27)

where ψ1 = (θ2−x1θ1) ρλhB0, ξ1 = 1
ψ1
+

1
ρλh1

.
Proof: See Appendix B.

In HD mode, the exact-form expression of ergodic rate for
V2 is formulated by

C (N−HD)
V2←V1 =

1
2 ln 2

∫ θ2
θ1

0

1
1+x1

exp (−ξ1x1) dx1. (28)

2) ERGODIC RATE FOR V2 RELATED TO LINK RSU-V2
In a NOMA-V2X system with some vehicles that are located
near the RSU, the best RSU is selected to serve the second
vehicle V2. In particular, by using the definition of ergodic
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rate, and such rate depends on the signal from selected RSU
with index of k∗. The instantaneous ergodic rate of V2 in this
regard in FD mode can be expressed as

C (N−FD)
V2←R = log

(
1+0(N )

k∗

)
=

1
ln 2

∫
∞

0

1−F
0
(N )
k∗
(x2)

1+x2
dx2. (29)

Proposition 3:Under the help of link selected RSU-V2 and
in FD mode, the ergodic rate of V2 can be expressed in exact
form as

C (N−FD)
V2←R

=
1
ln 2

∫ θ2
θ1

0

1
1+x2

×

[
1−

K∏
k=1

(
1−

ψ2

ψ2+x2υρλhr
exp (−ξ2x2)

)]
dx2, (30)

where ψ2 = (θ2−x2θ1) ρλhBk , ξ2 = 1
ψ2
+

1
ρλh2

.
Proof: See Appendix C.

In HD mode, the exact-form expression of ergodic rate at
V2 is calculated by

C (N−HD)
V2←R =

1
ln 2

∫ θ2
θ1

0

1
1+x2

×

[
1−

K∏
k=1

(1−exp (−ξ2x2))

]
dx2. (31)

3) ERGODIC RATE FOR V2 WHEN ENABLING LINK RSU-V2
AND LINK V1-V2
Similar to previous computation related to the ergodic rate,
the instantaneous capacity of V2 in FD in case of two links
can be expressed as

C (N−FD)
V2←V1R = log

(
1+γ (N )

V2

)
=

1
ln 2

∫
∞

0

1−F
γ
(N )
V2
(x3)

1+x3
dx3. (32)

Proposition 4: The exact expression of the ergodic rate in
FD for the vehicle V2 is given as

C (N−FD)
V2←V1R

=
1
ln 2

∫ θ2
θ1

0

1
1+x3

dx3

−
1
ln 2

∫ θ2
θ1

0

1
1+x3

[(
1−

ψ3a

ψ3a+x3υρλhV1
exp (−ξ3ax3)

)
×

K∏
k=1

(
1−

ψ3b

ψ3b+x3υρλhr
exp (−ξ3bx3)

)]
dx3, (33)

where ψ3a = (θ2−x3θ1) ρλhB0, ψ3b = (θ2−x3θ1) ρλhBk ,
ξ3a =

1
(θ2−x3θ1)ρλhB0

+
1

ρλh1
, ξ3b = 1

(θ2−x3θ1)ρλhBk
+

1
ρλh2

.
Proof: See Appendix D.

Then, the exact expression of the ergodic rate for V2 in HD
mode can be formulated as

C (N−HD)
V2←V1R

=
1
ln 2

∫ θ2
θ1

0

1
1+x3

dx3−
1
ln 2

∫ θ2
θ1

0

1
1+x3

×

[
(1−exp (−ξ3ax3))×

K∏
k=1

(1−exp (−ξ3bx3))

]
dx3.

(34)

IV. ERGODIC RATE IN CASE OF OMA
A. ERGODIC RATE FOR V1
Similar to the previous case, the ergodic rate ofV1 in FDmode
can be given by

C (O−FD)
V1 =

1
2
log

(
1+γ (O)

BV1

)
=

1
2 ln 2

∫
∞

0

1−F
γ
(O)
BV1
(z)

1+z
dz. (35)

Fortunately, F
γ
(O)
BV1
(z) can be calculated as follow

F
γ
(O)
BV1
(z) = Pr

(
γ
(O)
BV1 < z

)
= Pr

(
|hB0|2 <

z
(
υρ|hV1|2+1

)
ρ

)

=

∫
∞

0
exp

(
−
zυρa+z
φ

)
1

λhV1
exp

(
−

a
λhV1

)
da

=
φ

zε+φ
exp

(
−
z
φ

)
, (36)

where φ = ρλhB0.
The closed-form expression of the ergodic rate for V1 in

FD mode is given as

C (O−FD)
V1

=
1

2 ln 2

∫
∞

0

λhB0

(1+z) (zυλhV1+λhB0)
exp

(
−
z
φ

)
dz

=
1

2 ln 2

∫
∞

0

−λhB0

(1+z) ϕ
exp

(
−
z
φ

)
dz

+
1

2 ln 2

∫
∞

0

υλhB0λhV1

(zυλhV1+λhB0) ϕ
exp

(
−
z
φ

)
dz

=
λhB0

2 ln 2ϕ

[
exp

(
1
φ

)
Ei
(
−
1
φ

)
− exp

(
1
ε

)
Ei
(
−
1
ε

)]
,

(37)

where ϕ = υλhV1−λhB0, ε = υρλhV1.
In similar computation at HD mode, the closed-form

expression of ergodic rate for V1 is given as

C (O−HD)
V1 = −

1
4 ln 2

exp
(
1
φ

)
Ei
(
−
1
φ

)
. (38)
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B. ERGODIC RATE FOR V2 IN OMA
1) ERGODIC RATE AT V2 WHEN SIGNAL ACHIEVED FROM
V1-V2
The ergodic rate of V2 in FD, when the signal can be received
from link V1−V2, can be expressed as

C (O−FD)
V2←V1 =

1
2
log

(
1+min

(
γ
(O)
BV1, γ

(O)
V12

))
=

1
2 ln 2

∫
∞

0

1−Fϒ (z1)
1+z1

dz1, (39)

where ϒ = min
(
γ
(O)
BV1, γ

(O)
V12

)
.

Note that Fϒ (z1) is calculated by

Fϒ (z1)

= Pr
(
min

(
γ
(O)
BV1, γ

(O)
V12

)
< z1

)
= 1−Pr

(
γ
(O)
V12 ≥ z1

)
Pr
(
γ
(O)
BV1 ≥ z1

)
= 1−Pr

(
|h1|2 ≥

z1
ρ

)
Pr

(
|hB0|2 ≥

z1υρ|hV1|2+z1
ρ

)

= 1−exp
(
−

z1
ρλh1

)∫
∞

0
exp

(
−
z1υρb+z1

φ

)
1

λhV1

× exp
(
−

b
λhV1

)
db

= 1−
λhB0

z1υλhV1+λhB0
exp

(
−
z1
φ
−

z1
ρλh1

)
. (40)

Plugging (40) into (39), C (O−FD)
V2←V1 can be written as in (41)

shown as the top of next page, where �1 =
1
φ
+

1
ρλh1

.

C (O−FD)
V2←R

=
1

2 ln 2

∫
∞

0

1
1+z1

λhB0

z1υλhV1+λhB0
exp (−�1z1) dz1

=
1

2 ln 2

∫
∞

0

−λhB0

(1+z1) (υλhV1−λhB0)
exp (−�1z1) dz1

+
1

2 ln 2

∫
∞

0

υλhB0λhV1

(z1υλhV1+λhB0) (υλhV1−λhB0)
exp (−�1z1)dz1

=
λhB0

(υλhV1−λhB0)

[
exp (�1)Ei (−�1)

− exp
(
λhB0�1

υλhV1

)
Ei
(
−
λhB0�1

υλhV1

)]
, (41)

By performing similar step, we can express the ergodic rate
in HD mode for V2 as belows

C (O−HD)
V2←V1 = −

1
4 ln 2

exp (�1)Ei (−�1) . (42)

2) ERGODIC RATE FOR V2 WHICH RECEIVES SIGNAL FORM
RSU
The ergodic rate of V2 in FDwhen receiving signal from relay
RSU can be expressed as

C (O−FD)
V2←R =

1
2
log

(
1+0(O)

k∗

)
=

1
2 ln 2

∫
∞

0

1−F
0
(O)
k∗
(z2)

1+z2
dz2. (43)

To compute (43) it need be obtained F
0
(O)
k∗
(z2) as in (44),

shown at the top of the next page, where �2 =
1

ρλhBk
+

1
ρλh2

.

F
0
(O)
k∗
(z2)

= Pr

 max︸︷︷︸
k=1···K

[
min

(
γ
(O)
SRk , γ

(O)
RkV2

)]
< z2


=

K∏
k=1

(
1−Pr

(
γ
(O)
SRk ≥ z2, γ

(O)
RkV2 ≥ z2

))
=

K∏
k=1

(
1−Pr

(
|h2|2 ≥

z2
ρ

)
Pr

(
|hBk |2 ≥

z2υρ|hr |2+z2
ρ

))

=

K∏
k=1

(
1−exp

(
−

z2
ρλh2

)
∫
∞

0
exp

(
−
z2υρa1+z2
ρλhBk

)
1
λhr

exp
(
−
a1
λhr

)
da1

)
=

K∏
k=1

(
1−

ρλhBk

ρλhBk+z2υρλhr
exp (−�2z2)

)
. (44)

Finally, C (O−FD)
V2←R can be written as

C (O−FD)
V2←R

=
1

2 ln 2

∞∫
0

1
1+z2

×

[
1−

K∏
k=1

(
1−

ρλhBk

ρλhBk+z2υρλhr
exp (−�2z2)

)]
dz2.

(45)

The ergodic rate in HD mode for V2 can be formulated by

C (O−HD)
V2←R =

1
4 ln 2

∞∫
0

1
1+z2

×

[
1−

K∏
k=1

(1−exp (−�2z2))

]
dz2. (46)

3) ERGODIC RATE FOR V2 WHICH RECEIVES SIGNAL FROM
RSU−V2 AND LINK V1−V2
In the OMA mode, the ergodic rate of V2 in FD, since two
links supporting to signal processing atV2, it can be expressed
as

C (O−FD)
V2←V1R =

1
2
log

(
1+γ (O)

V2

)
=

1
2 ln 2

∫
∞

0

1−F
γ
(O)
V2
(z3)

1+z3
dz3. (47)

Similarly, F
γ
(O)
V2
(z3) can be calculated as in (48), shown at the

top of the next page.

F
γ
(O)
V2
(z3) = Pr

[
max

(
min

(
γ
(O)
BV1←2, γ

(O)
V12

)
, 0

(O)
k∗

)
< z3

]
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= Pr
(
min

(
γ
(O)
BV1←2, γ

(O)
V12

)
< z3

)
Pr
(
0
(O)
k∗ < z3

)
=

[
1−

λhB0

z3υλhV1+λhB0
exp (−�1z3)

]
×

K∏
k=1

(
1−

λhBk

λhBk+z3υλhr
exp (−�2z3)

)
. (48)

Finally, the ergodic rate C (O−FD)
V2←V1R can be given by

C (O−FD)
V2←V1R =

1
2 ln 2

∫
∞

0

1
1+z3

dz3−
1

2 ln 2

∫
∞

0

1
1+z3

×

(
1−

λhB0

z3υλhV1+λhB0
exp (−�1z3)

)
×

K∏
k=1

(
1−

λhBk

λhBk+z3υλhr
exp (−�2z3)

)
dz3.

(49)

In the HD mode, the exact-form of the ergodic rate for V2
is given as

C (O−HD)
V2←V1R =

1
4 ln 2

∫
∞

0

1
1+z3

dz3−
1

4 ln 2

∫
∞

0

1
1+z3[

1−exp (−�1z3)
]
×

K∏
k=1

(1−exp (−�2z3))dz3. (50)

V. ASYMPTOTIC COMPUTATION
Due to closed-form expression is achieved for signal at the
vehicle V1, we only need consider asymptotic ergodic rate
for the vehicle V1 with ability of links occupied.

A. ASYMPTOTIC ERGODIC RATE IN NOMA CASE
1) ASYMPTOTIC ERGODIC RATE FOR V2 RELATED TO LINK
V1 - V2
The solution of equations, such as (27) do not admit a
closed-form solution. Hence, at high SNR, 4 can be approx-
imated as 4 1

= min
(
γ
(N )
BV1←2, γ

(N )
V12

)
≈ min

(
θ2
θ1
, γ

(N )
V12

)
.

Therefore, the approximation of C (N−FD)
V2←V1 can be computed

as [35, Eq. (15)]

C (N−FD)
V2←V1 ≈

∫
∞

θ2
θ1

log
(
1+
θ2

θ1

)
f
γ
(N )
V12
(x1) dx1

+

∫ θ2
θ1

0
log (1+x1) fγ (N )

V12
(x1) dx1

≈
1
ln 2

∫ θ2
θ1

0

1−F
γ
(N )
V12
(x1)

1+x1
dx1. (51)

Applying [34, Eq. (3.352.1)] with some polynomial expan-
sion manipulations, C (N−FD)

V2←V1 can be expressed as

C (N−FD)
V2←V1 ≈

1
ln 2

exp
(

1
ρλh1

)
×

[
Ei
(
−

1
ρλh1

(
θ2

θ1
+1
))
−Ei

(
−

1
ρλh1

)]
.

(52)

2) ASYMPTOTIC ERGODIC RATE FOR V2 RELATED TO LINK
RSU - V2
Similar to (51) and based on [34, Eq. (3.352.1)], at high SNR,
0
(N )
k∗

1
= max︸︷︷︸

k=1···K

(
min

(
γ
(N )
SRk , γ

(N )
RkV2

))
≈ max︸︷︷︸

k=1···K

(
min

(
θ2
θ1
, γ

(N )
RkV2

))
.

Therefore, the approximation ofC (N−FD)
V2←R can be computed

as

C (N−FD)
V2←R

≈
1
ln 2

∫ θ2
θ1

0

1−F
γ
(N )
Rk∗V2

(x2)

1+x2
dx2

≈

K∑
k=1

(
K
k

)
(−1)k−1

1
ln 2

∫ θ2
θ1

0

1
1+x2

exp
(
−
kx2
ρλh2

)
dx2

≈

K∑
k=1

(
K
k

)
(−1)k−1

exp
(

k
ρλh2

)
ln 2

×

[
Ei
(
−

k
ρλh2

(
θ2

θ1
+1
))
−Ei

(
−

k
ρλh2

)]
. (53)

3) ASYMPTOTIC ERGODIC RATE FOR V2 WHEN ENABLING
LINK RSU-V2 AND LINK V1-V2
Similar to (51) and (53) and based on [34, Eq. (3.352.1)],
at high SNR, γ (N )

V2 = max
[
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
, 0

(N )
k∗

]
≈ max

min
(
θ2
θ1
, γ

(N )
V12

)
, max︸︷︷︸
k=1···K

[
min

(
θ2
θ1
, γ

(N )
RkV2

)].
Therefore, the approximation of C (N−FD)

V2←V1R can be expressed
as

C (N−FD)
V2←V1R ≈

1
ln 2

∫ θ2
θ1

0

1−F
γ
(N )
V2
(x2)

1+x3
dx3

≈

K∑
k=1

(
K
k

)
(−1)k−1

1
ln 2

×

∫ θ2
θ1

0

1
1+x3

exp
(
−

(
k

ρλh2
+

1
ρλh1

)
x3

)
dx3

≈

K∑
k=1

(
K
k

)
(−1)k−1

exp
(

k
ρλh2
+

1
ρλh1

)
ln 2

×

[
Ei
(
−

(
k

ρλh2
+

1
ρλh1

)(
θ2

θ1
+1
))

−Ei
(
−

(
k

ρλh2
+

1
ρλh1

))]
. (54)

B. ASYMPTOTIC ERGODIC RATE IN OMA CASE
1) ASYMPTOTIC ERGODIC RATE FOR V2 WHICH RECEIVES
SIGNAL THROUGH RSU
Similar to (53) and based on [34, Eq. (3.352.4)],
at high SNR, the approximation of C (O−FD)

V2←R can be
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written as

C (O−FD)
V2←R

≈
1

2 ln 2

∫
∞

0

1−F
0
(O)
k∗
(z2)

1+z2
dz2

≈

K∑
k=1

(
K
k

)
(−1)k−1

1
2 ln 2

∫
∞

0

1
1+z2

exp
(
−
kz2
ρλh2

)
dz2

≈

K∑
k=1

(
K
k

)
(−1)k−1

− exp
(

k
ρλh2

)
2 ln 2

Ei
(
−

k
ρλh2

)
. (55)

2) ASYMPTOTIC ERGODIC RATE FOR V2 WHICH RECEIVES
SIGNAL FROM RSU−V2 AND LINK V1−V2
Similar to (54) and based on [34, Eq. (3.352.4)]. Hence,
at high SNR, the approximation of C (O−FD)

V2←V1R can be given
as

C (O−FD)
V2←V1R ≈

1
2 ln 2

∫
∞

0

1−F
γ
(O)
V2
(x2)

1+z3
dz3

≈

K∑
k=1

(
K
k

)
(−1)k−1

1
2 ln 2

×

∫
∞

0

1
1+z3

exp
(
−

(
k

ρλh2
+

1
ρλh1

)
z3

)
dz3

≈

K∑
k=1

(
K
k

)
(−1)k−1

− exp
(

k
ρλh2
+

1
ρλh1

)
2 ln 2

×Ei
(
−

(
k

ρλh2
+

1
ρλh1

))
. (56)

VI. NUMERICAL RESULTS
In this section, the ergodic performance of the considered
system is evaluated by numerical and analytical simulation.
In particular, we set the power allocation factors as θ1 =
0.3, θ2 = 0.7, the main channel gains are λhB1 = 5, the
self-interference channel gains are λhBk = λh1 = λh2 = 1
and λhV1 = λhr = 0.01, except for specific cases.
Fig. 2 depicts the ergodic capacity comparison of the

NOMA-V2X system in HD/FD transmission modes with two
values of λhB1 = 5 and 10. It is observed that the system
performance of such networks employing NOMA in FD is
superior to remaining cases. A bigger gap on performance
of system can be observed as comparing HD OMA case
and HD NOMA case. Additionally, a stronger channel hB0
contributes to better ergodic rate. It is confirmed that the
ergodic capacity for the vehicle V1 increase as SNR changes
form −20 (dB) to 40 (dB). It is also indicated that there is a
tight matching between the simulation and analytical results
for these ergodic rate performance.

The ergodic rates under impact of channel gain can be
observed as in Fig. 3. It is clear that FD mode in NOMA-
V2X system occurs saturation situation of ergodic rate at high
SNR. Particularly, when SNR is greater than 30 (dB), there
exists the upper bound of the ergodic rate. It is intuitively
seen that higher levels of self-interference λhV1 at the vehicle

FIGURE 2. The ergodic rate of V1 versus transmit SNR with different
values of λhB1.

FIGURE 3. The ergodic rate of V2 using V1−V2 link versus transmit SNR
with different values of λhV 1.

FIGURE 4. The ergodic rate of V2 using BS-RSU link versus transmit SNR
with different values of λhr .

V1 results in a worse ergodic rate. Interestingly, such systems
exhibit better ergodic performance at HD/FD in case of the
OMA scheme. It is further confirmed the saturate situation
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FIGURE 5. The ergodic rate at V2 using two links versus transmit SNR
with different values of λhV 1 and λhr .

happens at the high SNR regime due to the detrimental effect
of residual self-interference at the vehicle V1. More impor-
tantly, while the ergodic capacity can be improved by increas-
ing the level of SNR, it can be further enhanced with lower
level of self-interference λhV1. By selecting the mode OMA
orNOMA, it is apparent that the ergodic rate performance gap
in whole range of SNR. This agrees with the results obtained
in Fig. 2 for the ergodic rate. In addition, it can be achieved the
advantage of such systems as combining benefits of NOMA
and FD-enabled V1 at low region of SNR.
Considering the ergodic rate performance at the vehicle V2

as enabling two links as in Fig. 5, the NOMA-V2X system
at HD mode has the worst performance. Furthermore, lower
level of self-interference at both RSU and vehicle V1 implies
better ergodic rate and such trend is as similar to the previous
figures.

FIGURE 6. The ergodic rate versus transmit SNR with different values of K .

Fig. 6 illustrates the ergodic rate versus the transmit SNR,
as well as a comparison the ergodic rate performance of the
vehicle V2 via three cases: (1) signal at V2 comes from V1; (2)
signal at V2 comes from relay RSU; (3) signal at V2 comes

FIGURE 7. The ergodic rate comparison.

from both relay RSU and V1. It can be observed that the best
case is the ergodic rate of V1 while the ergodic rate at V2 can
be improved slightly as enabling signal from link RSU-V2
and link V1−V2 and these improved ergodic rates occur in
the case of K = 2. This situation can be justified by the fact
that more chances to receive better signal as equipping more
number of RSU and more links connects to V2.

In Fig. 7, it is confirmed that the ergodic rate of considered
system meets saturation situation at high SNR. At each link,
separating the ergodic capacity performance can be observed
only low region of SNR.

VII. CONCLUSION
This paper investigated the ergodic rate performance of var-
ious cases of NOMA-V2X system with two vehicles which
benefit from FD mode and RSU selection scheme. More
chances to achieve better signal as more links are connected
to the dedicated vehicle. In particular, this paper derived exact
analytical expressions for the ergodic rate of each vehicle.
With the aim of ergodic rate improvement, more RSUs are
selected and FD is enabled. In addition, Monte Carlo simula-
tions were provided to validate the accuracy of our formulas.
Numerical results showed that the ergodic rate of NOMA-
V2X can be enhanced thanks to employing FD and RSU
selection mode.

APPENDIX A
PROOF OF PROPOSITION 1
From (23), it can calculated as follows

C (N−FD)
V1 =

1
ln 2

∫
∞

0

1−F
γ
(N )
BV1
(x)

1+x
dx. (A.1)
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It is noted that F
γ
(N )
BV1
(x) can be further calculated as

F
γ
(N )
BV1
(x)

= Pr

(
θ1ρ|hB0|2

υρ|hV1|2+ 1
< x

)

= 1−
∫
∞

0
exp

(
−
xυρy+ x
θ1ρλhB0

)
1

λhV1
exp

(
−

y
λhV1

)
dy

= 1−
θ1ρλhB0

θ1ρλhB0+xυρλhV1
exp

(
−

x
θ1ρλhB0

)
. (A.2)

Plugging (A.2) into (A.1), it can calculated as ergodic rate
as in the bottom of the page (A.3).

Related to (A.3), based on [34, Eq. (3.352.4)] and applying
some polynomial expansion manipulations, β1 and β2 are
given by

β1 =
θ1ρλhB0

(υρλhV1−θ1ρλhB0)

× exp
(

1
θ1ρλhB0

)
Ei
(
−

1
θ1ρλhB0

)
, (A.4)

and

β2 = −
θ1ρλhB0

(υρλhV1−θ1ρλhB0)

× exp
(

1
υρλhV1

)
Ei
(
−

1
υρλhV1

)
. (A.5)

Substituting (A.4) and (A.5) into (A.3), we can obtain (24).
The proof is completed.

APPENDIX B
PROOF OF PROPOSITION 2
F4 (x1) is calculated as follow

F4 (x1)

= Pr
(
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
< x1

)
= 1−Pr

(
γ
(N )
BV1←2 ≥ x1

)
Pr
(
γ
(N )
V12 ≥ x1

)
= 1−Pr

(
|hB0|2 ≥

x1υρ|hV1|2+x1
(θ2−x1θ1) ρ

)
Pr
(
|h1|2 ≥

x1
ρ

)

= 1−Pr

(
|hB0|2 ≥

x1υρ|hV1|2+x1
(θ2−x1θ1) ρ

)
︸ ︷︷ ︸

8

× exp
(
−

x1
ρλh1

)
.

(B.1)

With x1 <
θ2
θ1
, it can be obtained 8 as

8 =
1

λhV1

∞∫
0

exp
(
−

y1
λhV1

)
exp

(
−
x1υρy1+ x1

ψ1

)
dy1

=
ψ1

ψ1+x1υρλhV1
exp

(
−
x1
ψ1

)
. (B.2)

Substituting (B.1) and (B.2) into (26), then it results in (27).
It is end of the proof.

APPENDIX C
PROOF OF PROPOSITION 3
F
0
(N )
k∗
(x2) is calculated as in (C.1) at the top of the next page.

With x2 <
θ2
θ1
, it can be achieved δ as

δ =
1
λhrk

∫
∞

0
exp

(
−
y2
λhr
−
x2υρy2+ x2

ψ2

)
dy2

=
ψ2

ψ2+x2υρλhr
exp

(
−
x2
ψ2

)
. (C.2)

Substituting (C.1) and (C.2) into (29), it can be shown as
result in (30).

It completes the proof.

APPENDIX D
PROOF OF PROPOSITION 4
At the top of next page, it can be achieved F

γ
(N )
V2
(x3) as (D.1)

F
γ
(N )
V2
(x3)

= Pr
(
max

[
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
, 0

(N )
k∗

]
< x3

)
= Pr

(
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
< x3

)
︸ ︷︷ ︸

χ1

×Pr
(
0
(N )
k∗ < x3

)
︸ ︷︷ ︸

χ2

.

(D.1)

Similarly, F4 (x1), χ1 can be formulated as

χ1 = Pr
(
min

(
γ
(N )
BV1←2, γ

(N )
V12

)
< x3

)
= 1−

ψ3a

ψ3a+x1υρλhV1
exp (−ξ3ax3) . (D.2)

C (N−FD)
V1 =

1
ln 2

∫
∞

0

θ1ρλhB0

(1+x) (θ1ρλhB0+xυρλhV1)
exp

(
−

x
θ1ρλhB0

)
dx

=
1
ln 2

∫
∞

0

−θ1ρλhB0

(1+x) (υρλhV1−θ1ρλhB0)
exp

(
−

x
θ1ρλhB0

)
dx︸ ︷︷ ︸

β1

+
1
ln 2

∫
∞

0

θ1ρλhB0υρλhV1

(θ1ρλhB0+xυρλhV1) (υρλhV1−θ1ρλhB0)
exp

(
−

x
θ1ρλhB0

)
dx︸ ︷︷ ︸

β2

. (A.3)
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F
0
(N )
k∗
(x2) = Pr

 max︸︷︷︸
k=1···K

[
min

(
γ
(N )
SRk , γ

(N )
RkV2

)]
< x2


=

K∏
k=1

(
1−Pr

(
γ
(N )
SRk ≥ x2, γ

(N )
RkV2 ≥ x2

))
=

K∏
k=1

(
1−Pr

(
|hBk |2 ≥

x2υρ|hrk |2+ x2
(θ2−x2θ1) ρ

)
Pr
(
|h2|2 ≥

x2
ρ

))

=

K∏
k=1

1−Pr

(
|hBk |2 ≥

x2υρ|hrk |2+ x2
(θ2−x2θ1) ρ

)
︸ ︷︷ ︸

δ

× exp
(
−

x2
ρλh2

). (C.1)

Similarly F
0
(N )
k∗
(x2), χ2 can be expressed as

χ2 = Pr
(
0
(N )
k∗ < x3

)
=

K∏
k=1

(
1−

ψ3b

ψ3b+x2υρλhr
exp (−ξ3bx3)

)
. (D.3)

Substituting (D.1), (D.2) and (D.3) into (32), result is
finalized as (33).

It is end of the proof.
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