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ABSTRACT Nakagami-m distribution is typically used to model various multipath fading channels in
relaying networks. This work analyses a NOMA-based vehicle-to-vehicle (V2V) relaying over Nakagami-m
fading channels. Specifically, we investigate the performance of a NOMA over the Nakagami-m distributed
channels by leveraging a dual-hop full-duplex amplify-and-forward scheme in V2V communications. To
this end, we derive closed-form expressions of rate outage probabilities and average received signal-to-
interference plus noise ratios for the two vehicular users at non-identical destinations in terms of Tricomi
confluent hypergeometric function. The derived analytical results are valid for arbitrary values of the fading
parameter m. Furthermore, we also derive the expressions for the lower and upper bounds on rate outage
probabilities. The residual self-interference, inherent in the full-duplex V2V relaying is also considered and
its impact on the system’s performance is studied. The accuracy of the analytical expressions is validated by
simulation results which are found to be in good agreement.

INDEX TERMS V2V communication, Amplify-and-forward relaying, Fox’s H-function, Full-Duplex,
NOMA, Outage analysis

I. INTRODUCTION

H IGH data rate throughput, low latency, efficient utiliza-
tion of resources, e.g., energy and spectrum are the key

demands of beyond fifth-generation wireless networks [1].
In recent years, the non-orthogonal multiple access (NOMA)
approach has been recognized as a viable option for im-
proving frequency and energy usage of wireless networks.
Conventionally, the power-based NOMA scheme uses the
multiplexing of signals by considering their power-domain
to overlay numerous subscriber transmissions on a channel.
The resulting signal is sent via exploiting frequency as well as
time resources. Following which, the successive interference
cancellation (SIC) approach is used at the other end of the
receiver to extract the overlaid information. NOMA outper-
forms conventional multiple access with regard to the delay,
transmission rate, and frequency [2].

Vehicular communication is becoming essential because
of its potential uses in self-driving smart cars. Smart cars
provide vehicle-to-vehicle (V2V) connections and vehicle-

to-infrastructure (V2I) connections, allowing users to exploit
high-capacity network services without compromising their
speeds on the highways. Vehicular communication employs
two distinct units such as the on-board unit (OBU) and the
road-side unit (RSU) [3]–[7]. OBU is placed on a vehicle-
node and conventionally consists of sensing device, con-
troller unit device, and multiple antennas (for transmission
and reception of signals). The main purpose of the on-board
equipment is to receive transmission or relay transmission.
RSU is typically a non-movable device and is located near
highways for the purpose of direct communication between
vehicle node and infrastructure or another adjacent RSU.
Vehicular transmissions face severe fading effects than the
traditional wireless channels. This is because of the param-
eters involving increased mobility, variable surroundings,
limited antenna heights, and quick signal fluctuations for
vehicular transmissions. Such circumstances result in com-
plicated multipath transmission, large doppler shifts, and
time-selective fading, making receiving signals more diffi-
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cult than in classic wireless channels [8]. As a result, the
transmission between V2V and V2I devices will have poor
overall network efficiency than typical wireless networks.
Consequently, characterizing the performance of a typical
vehicle node in a severe fading environment is crucial to
investigate the efficiency of the vehicular communications
[9].

Half-duplex relaying distributes the data transfer and re-
ception over discrete time slots, reducing spectral effective-
ness while preventing self-interference. Full-duplex relaying
enables simultaneous data transfer and reception, possibly
increasing spectrum efficacy by incorporating interference
signals that require sophisticated cancelation approaches.
However, although full-duplex relaying provides faster ca-
pacity, it increases complexity in systems and hardware re-
quirements. The decision to select half and full duplexing
is determined by considerations such as controlling inter-
fering signals, spectrum effectiveness, and architecture lim-
itations [10]. Half-duplex and full-duplex models exploiting
NOMA techniques have been considered for investigating the
performance of vehicular communications and it has been
shown that full-duplex vehicular networks have improved
performance than the traditional half-duplex networks [11]–
[13]. Transmission and reception of signals over the same
frequency channel can double the spectral efficiency [14],
[15] as well as extend the communication range using full-
duplex relaying, albeit inevitable residual self-interference
(RSI). NOMA allows multiple users to transmit their signals
through sharing the time and frequency resources by em-
ploying power domain multiplexing. This not only enhances
the spectral efficiency but also provides massive connectiv-
ity [16].

Decode-and-forward technique analyzes the obtained mes-
sage, re-encodes it, and afterward transmits it, thereby re-
moving noise while incurring more time and computational
capacity [17]. While amplify-and-forward technique merely
intensifies the message that it received, containing all back-
ground noise, prior to sending it back again, which makes
it a less complicated and low-latency method but prone to
noise transmissions [18]. Decode-and-forward is desirable in
situations when reliability of signals is vital, but amplify-and-
forward is beneficial for applications requiring less power
and complexity. The decision amid these approaches is con-
tingent upon the network limitations including power, delay,
or controlling interference. Amplify-and-Forward (AF) re-
laying is considered useful in V2V communications due its
simplicity and ease of deployment. Hence, NOMA combined
with full-duplex amplify-and-forward (FD-AF) relaying in
V2V communications comes up with performance gains that
increases the gravity of these protocols remarkably.

A. RELATED WORK
NOMA-based full-duplex relaying have been investigated
in [1], [14]–[16], [19], whereas NOMA-based relaying in
V2V communications is discussed in [20], [21]. A full-
duplex relay aided NOMA system using partial relay se-

lection is addressed in [1]. Exact analytical expressions of
outage probability (OP) and ergodic capacity (EC) are de-
rived. The impact of number of relays, power allocation
parameter and RSI on these performance metrics is studied.
An energy-harvesting enabled full-duplex relay system is
analyzed in [14]. Closed-form expressions of OP and er-
godic rates are obtained for the scenario where the energy
deficient full-duplex relay harvests energy from the source
node. Their analysis reveal that this system has performance
gains over the conventional NOMA supported full-duplex
relay system. An edge catching enabled full-duplex NOMA
system is investigated in [15]. Optimization of successful
offloading probability through scalable power allocation is
performed. NOMA is benefited for direct and relay trans-
mission to facilitate the edge node as well as to efficiently
utilize the bandwidth. Transmission, detection and power
allocation based uplink with NOMA and cooperative-rate
splitting-multiple-access (C-RSMA) based system is exam-
ined in [16]. The achievable rates of cooperative-NOMA
and C-RSMA schemes are studied. Moreover, asymptotic
OP expressions showing the diversity order of two are also
derived for the both schemes. Switching-assisted cognitive
NOMA with transmit antenna and user selection scheme is
probed in [19]. A cooperative NOMA that is underlay to a
primary network such that a selected near secondary user
cooperates to a far secondary user using the full-duplex mode
by appointing the interference temperature limit. Optimiza-
tion techniques are used to maximize the minimum rates
of two users considering proportional fairness coefficient.
Analytical expressions of OP are derived for both users
assuming imperfect SIC at the near user.

Performance analysis of uplink NOMA coordinated FD-
AF relaying is carried out in [22]. An approximate OP
expression is derived and the impact of power allocation and
various threshold values on OP are analyzed. It is worth men-
tioning that all the works cited above considered Rayleigh
fading at all the links for analysis of their systems. However,
few works are available in the literature on the performance
analysis of full-duplex relaying with NOMA over Nakagami-
m fading channels [23], [24]. A virtual full-duplex (VFD)
decode-and-forward (DF) relaying with NOMA considering
imperfect SIC and RSI is investigated in [23]. OP, asymp-
totic OP and ergodic rate expressions are developed for the
considered system. A VFD NOMA system in which source
transmits two messages to two different users as well as to
a destination node in three different time slots is addressed
in [24]. A novel transmission strategy under imperfect SIC
and RSI is proposed and the results showed that the OP
reduces at the destination node.

Literature is enriched with the analysis of NOMA aided
half-duplex relaying over Nakagami-m fading channels [25],
[26], [28]. Half-duplex amplify-and-forward (HD-AF) relay-
ing system is taken up by [25] in which closed-form expres-
sions of the moments and rate outage of the received in-
stantaneous signal-to-interference plus noise ratios (SINRs)
are acquired. The authors disclosed that system performs

2 VOLUME 4, 2016



Sajid et al.: IEEE Access

TABLE 1: Recent researches, their considered models, contributions and limitations.

Ref. System Model Outcomes Limitations

[1] FD-relay aided NOMA Outage probability and ergodic capacity derivations Analysis of FD-AF relaying with NOMA

[14] Energy harvesting FD-
relay aided NOMA

Outage probability and ergodic capacity derivations Analysis of FD-AF relaying with NOMA

[16] C-RSMA disrupting
NOMA

Ergodic rate analysis Outage probability not analyzed

[23] VFD considering DF re-
laying with NOMA

Outage probability and ergodic rate analysis Analysis of FD-AF relaying with NOMA

[25] Analysis of HD-AF with
Nakagami-m

Closed-form expressions of rate outage Analysis of FD-AF relaying with NOMA

[26] Analysis of Fixed gain AF
relaying with NOMA

Analysis of rate outage probability Analysis of FD-AF relaying with NOMA

[27] IRS-aided NOMA consid-
ering HD-DF

Upper and lower bounds on power allocation coeffi-
cients

Analysis of FD-AF relaying with NOMA

This
work

Analysis of FD-AF re-
laying with NOMA with
Nakagami-m fading

Rate outage probability analysis; lower and upper
bounds on rate outage probability analysis

–

best when the relay is located at the center between source
and destination nodes. Downlink NOMA system with partial
channel state information (CSI) is considered in [28]. Closed-
form expressions of OP and ergodic sum rate for DF relaying
whereas asymptotic expressions for AF relaying are derived.
Their analysis declares the performance superiority of DF
over AF in terms of both performance parameters.

Fixed-gain AF continues to be employed more recently,
albeit dynamic gain AF’s superior efficiency, since its imple-
mentation is less complicated, does not need real-time chan-
nel estimate, and reduces equipment complexity. Variable
gain AF demands computing delays, hence fixed gain AF
is suited for power-constrained and real-time tasks whereby
flexibility might not be important. Analysis of a fixed-gain
AF relaying system with NOMA considering two scenarios
is presented in [26]. Base station communicates to multi-
ple users with the help of AF relaying taking into account
the direct link in first scenario whereas AF relay is absent
in the second scenario. Closed-form exact and asymptotic
expressions of OP are derived for both scenarios unveil-
ing the supremacy of NOMA over OMA. NOMA systems
with and without relaying are investigated over other fad-
ing channels as well, e.g., see [27], [29]. A comparison of
intelligent reflecting surface (IRS) aided NOMA with half-
duplex DF relay assisted NOMA is presented in [27]. A
power allocation scheme is developed based on the number
of IRS elements. Moreover, lower and upper bounds on the
power allocation coefficients are also proposed. Their analy-
sis reveal the superiority of IRS-assisted NOMA over relay-
coordinated NOMA. A transceiver design using minimum
shift keying (MSK) for an asynchronous uplink NOMA is
provided in [29]. Complexity analysis of the various detec-
tion schemes is proposed. However, [27], [29] have not con-
sidered Nakagami-m fading channels for NOMA schemes
that can consider multiple severities in V2V communications.
A list of recent works, their network models, contributions,

and limitations are discussed in Tab. 1.

B. MOTIVATION AND CONTRIBUTION
Nakagami-m distribution is well-known for modeling various
multipath fading scenarios with fading parameter, m. The
flexibility of the fading parameter, m makes Nakagami-m
distribution a good candidate for a fading channel model. It
models worst than Rayleigh fading (0.5 ≤ m < 1), Rayleigh
fading (m = 1) and less severe than Rayleigh fading (m > 1)
[30], [31]. When m→∞, it converges to a non-fading channel
named additive white Gaussian noise (AWGN) channel [31].
In all the aforementioned researches, fading severities by
considering Nakagami-m for a NOMA-coordinated FD-AF
V2V network is not analyzed which can model multiple
fading scenarios. Motivated by this research gap, in this
paper, the authors examine the performance of a NOMA-
coordinated FD-AF relaying V2V network considering dif-
ferent fading severities at all the links by making use of
Nakagami-m distribution. The major contributions of the
presented work can be summarized as follows:

• Novel closed-form expressions of rate outage probabili-
ties for two users located at dissimilar locations are de-
rived, valid for arbitrary values of the fading parameter
m.

• The upper and lower bound expressions on rate outage
probabilities are deduced from the derived expressions.

• Closed-form expressions of average received SINRs are
derived for the same system, valid for any value of the
fading parameter m.

• The impact of RSI due to full-duplex relaying on the
performance of the system is studied.

The performance metrics addressed in the presented work
have practical significance, e.g., OP is considered useful
performance measure for ergodic systems. When the trans-
mitters do not have knowledge of CSI, OP is considered
more meaningful performance parameter in delay sensitive
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TABLE 2: Notations and their descriptions.

Parameter Description
S, R, D1, D2 Source, relay, destination vehicle 1, and destina-

tion vehicle 2
s1, s2 Transmitted symbols 1 and 2
a1, a2 NOMA powers for s1 and s2, resp.
PS, PR Transmit power of source and relay
gi j Fading channel coefficients between the nodes i

and j
Di j Distance-dependent pathloss between the nodes i

and j
ν Pathloss exponent
nR Zero mean thermal Gaussian noise added at the

relay node
nD j Zero mean thermal Gaussian noise added at the

j-th destination
σ2

j Average power of AWGN added at the j-th node
mi j Fading severity parameter for the link between i-

th and j-th node
γi j Instantaneous SNR for the link between i-th and

j-th node
xR Signal transmitted by the relay
yR Signal received by the relay
TPD Processing delay at the relay node
ΩSR Average power gains of S-R fading channel
ΩRR Average power gains of RSI fading channels
λRR Average RSI power
β Gain of the received signal
r1,r2 Threshold for rate outage of D1 and D2

scenarios to implement the quality of service. Similarly, the
average signal-to-noise ratio (SNR) is used in a multi relay
system to select the best relay as well in various optimization
algorithms to attain an optimal threshold [32].

C. ORGANIZATION
The remainder of this paper is organized as follows. The
system and channel model are explained in Section II and
details of the performance analysis are provided in Section
III. Some numerical results of the proposed analysis are
discussed in Section IV, whereas concluding remarks are
given in Section V.

The notations used in this paper are given in Tab. 2.

II. SYSTEM AND CHANNEL MODEL
Consider a dual-hop relayed V2V network consisting of a
source, a fixed-gain FD-AF relay and two destination vehicle
nodes as shown in Fig. 1. These nodes are represented by
S, R, D1 and D2, respectively. The direct link is assumed to
be unavailable owning to severe channel degradation in the
considered scenario. The S, D1 and D2 are assembled with
single antennas while relay is arrayed with two antennas,
one for transmission and other for reception of signals.
Full-duplex relaying suffers from RSI which degrades the
system’s performance. The source with power PS transmits
two symbols s1 (t) and s2 (t) using the superposition coding
xS (t) =

√
Psa1 s1 (t) +

√
Psa2 s2 (t) with the help of FD-AF

relay to the two NOMA vehicular users present at D1 and D2,
respectively. Moreover, a1 and a2 are NOMA power levels
such that a1 + a2 = 1 and a1 > a2. This power distribution

ensures more power allocation to weak vehicular user, i.e.,
D1 and less power to strong vehicular user, i.e., D2 as per
NOMA scheme. The proposed setup assumes that R−D2 link
has better fading channel conditions than R−D1 link [1]. Let
hi j=gi jD

− ν
2

i j , where i, j ∈ (S,R,D1,D2) denote the flat fading
channel coefficients between the nodes i and j capturing the
effect of multipath fading, i.e., gi j and distance-dependent
pathloss, i.e., D

− ν
2

i j whereof ν signifies as the pathloss expo-
nent [33]. Then the signal received at the relay can be written
as [1]

yR (t) = hSR xS (t)+hRR xR (t)+nR (t) , (1)

where hRR is the Rayleigh distributed RSI [1], [34] whereas
nR (t) represents the zero mean thermal Gaussian noise added
at the relay node. The signal transmitted by the relay after
amplification can be written as

xR (t) = β yR (t −TPD) , (2)

wherein E
{
|xR (t) |2

}
=β 2E

{
|yR (t −TPD) |2

}
=PR [35]. It

may be noted that PR is the transmit power of the relay
whereas TPD is the processing delay at the relay node. When
CSI of the source-relay (S-R) link is unknown at the relay
node, then it amplifies the received signal with a fixed gain
β [34] as

β =

√
PR

PS ΩSR +PRΩRR +σ2
R
, (3)

where ΩSR=E
{
|hSR|2

}
=E
{
|gSR|2

}
D−ν

SR and ΩRR = E
{
|hRR|2

}
represent the average power gains of S-R and RSI fading
channels, respectively. Furthermore, we define λRR=PRΩRR
as the average RSI power. The signal received by the first
vehicular user at D1 can be written as

yD1 (t) = β hRD1 yR (t −TPD)+nD1 (t)

= β hSR hRD1
√

Psa1 s1 (t −TPD)

+β hSR hRD1
√

Psa2 s2 (t −TPD)

+β hRD1 hRR xR (t −TPD)

+β hRD1 nR (t −TPD)+nD1 (t) , (4)

where nD1 (t) characterize the zero mean thermal Gaussian
noise added at the first vehicle destination. Now taking
square of |yD1 (t) | and operating the expectation over |hRR|2,
|nR (t) |2 and |nD1 (t) |2, we have

E{|yD1 (t) |2}= |β |2 |hSR|2 |hRD1|2 Ps a1

+ |β |2 |hSR|2 |hRD1|2 Ps a2

+ |β |2 |hRD1|2 ΩRRPR

+ |β |2 |hRD1|2 σ
2
R +σ

2
D1, (5)

where we considered E{|s1|}=E{|s2|}=E{|nR|}=E{|nD1|}=0,
E{|s1|2}=E{|s2|2}=1, E{|nR|2}=σ2

R and E{|nD1|2}=σ2
D1.

Similar mathematical procedure is followed in writing
|yD12 (t) |2 and |yD2 (t) |2 and then operating the expectation
over |hRR|2, |nR (t) |2 and |nD2 (t) |2.
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FIGURE 1: System model under consideration.

Let γi j =
Pi
σ2

j
|hi j|2 typify the gamma distributed instanta-

neous SNR of the corresponding link in which σ2
j represents

the average power of AWGN added at the respective nodes.
Then it’s probability density function (PDF) can be written
as [36, Eq. (2.28b)]

fγi j (γi j) =
m

mi j
i j γ

mi j−1
i j

λ
mi j
i j Γ(mi j)

exp
(
−

mi jγi j

λi j

)
, γi j ≥ 0 (6)

where mi j is the fading severity parameter for the re-
spective link and Γ(·) is the gamma function [37, Eq.
(8.310.1))]. It is mandatory to mention that λi j= Pi

σ2
j
E{|hi j|2}

= Pi
σ2

j
E
{
|gi j|2

}
D−ν

i j stands for the average received SNR of

the considered link. The PDF expression can also be man-
ifested in terms of Fox’s H-function using [38, Eq. (1.7.2)]
and [38, Eq. (1.2.4)] as

fγi j (γi j) =

(
mi j
λi j

)
Γ(mi j)

H1,0
0,1

[
mi jγi j

λi j

∣∣∣∣(mi j −1,1)
]
, (7)

where Hm,n
p,q [·] is the Fox’s H-function [38, Eq. (1.1.1)]. The

cumulative distribution function (CDF) of γi j can be written
as [36, Eq. (2.29b)]

Fγi j (γi j) = 1− 1
Γ(mi j)

Γ

(
mi j,

mi jγi j

λi j

)
, γi j ≥ 0, (8)

where Γ(·, ·) is the upper incomplete gamma function [37,
Eq. (8.350.2)].

III. PERFORMANCE ANALYSIS
The performance of the NOMA-enabled FD-AF relay net-
work is analyzed by considering end-to-end SINR equations.
The equation (4) facilitate us to write end-to-end SINR
expressions at D1 and D2, respectively. The received instan-
taneous SINR at D1 can be written using (5) as

γD1 =
a1 γSR γRD1

a2 γSR γRD1 +C2 γRD1 +C1
, (9)

where C2= λRR
σ2

R
+ 1 and C1=λSR+C2. The strong user at D2

plays significant role in a sense that it first decodes the signal
intended for the weak user at D1 and then remove it using
SIC. After that it decodes its own signal according to NOMA
scheme [1]. Therefore, the received instantaneous SINR at
D2 relative to D1 can be drafted as

γD12 =
a1 γSR γRD2

a2 γSR γRD2 +C2 γRD2 +C1
. (10)

After perfect SIC implementation at D2, the received in-
stantaneous SINR at D2 can then be penned as

γD2 =
a2 γSR γRD2

C2 γRD2 +C1
. (11)

Now we propose five theorems to analyze the proposed
system. For this purpose, we define three Gamma distributed
random variables denoted by X , Y1 and Y2 which represent the
link SNRs, γSR, γRD1 and γRD2, respectively. Their average
values λx, λy1 and λy2 corresponds to average SNRs λSR,
λRD1 and λRD2, respectively. Similarly, the received instan-
taneous SINRs γD1, γD12 and γD2 are denoted by Z1, Z2
and Z3. The average received SINRs γD1, γD12 and γD2 are
represented by Z1, Z2 and Z3, respectively. Moreover, we
use a = a1, b = a2, m1=mSR, m21=mRD1 and m22=mRD2 for
notational convenience.

A. RATE OUTAGE ANALYSIS
A rate outage is defined as the probability that the maximum
attainable instantaneous throughput drops below the desired
rate, r. It is given as Pout = Pr{log2(1+γ)< r}. Consider r =
2r −1 be the threshold then the outage probability is given as
Pout = Pr{γ < r}. The rate outage probability of D1 is defined

VOLUME 4, 2016 5
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as the probability that the received SINR of D1 falls below
the threshold, r1 and is derived in Theorem 1. The upper and
lower bounds on the rate outage probability of D1 are derived
as Corollary 1.1 and Corollary 1.2, respectively.

Theorem 1. Let the random variables X, Y1 and Y2 be related
to Z1 through Z1 =

aXY1
bXY1+C2Y1+C1

, then the rate outage at D1
can be written as

Pout1 = 1−

(
m1C1

λx
+ m1C2θ̃

λx

)m1
(

m21θ̃

λy1

)m21

Γ(m1)Γ(m21)

× exp
(
−m1C1

λx
− m1C2θ̃

λx

)
exp
(
−m21θ̃

λy1

)
×

∞

∑
n=0

(
C1

C1 +C2θ̃

)n

Ψ

(
1+n,1+m21,

m21θ̃

λy1

)
×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2θ̃

λx

)
, (12)

where Ψ(·, ·, ·,) is the Tricomi confluent hypergeometric
function [37, Eq. (9.211.4)].
Proof: Please refer to Appendix A.

Corollary 1. The Bernoulli inequality [39] facilitates us as

(
m1C1

λx

)m1
(
1+

m1C2θ̃

C1

)
≤
(

m1C1

λx
+

m1C2θ̃

λx

)m1

,m1 ≥ 1. (13)

Substituting the lower bound of (13) in (12), we obtain an
upper bound on Pout1 as

Pout1 ≤ PUB
out1 = 1−

(
m1C1

λx

)m1
(
1+ m1C2θ̃

C1

) (
m21θ̃

λy1

)m21

Γ(m1)Γ(m21)

× exp
(
−m1C1

λx
− m1C2θ̃

λx

)
exp
(
−m21θ̃

λy1

)
×

∞

∑
n=0

(
C1

C1 +C2θ̃

)n

Ψ

(
1+n,1+m21,

m21θ̃

λy1

)
×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2θ̃

λx

)
, (14)

Corollary 2. The exponential function inequality [40, Eq.
(4.2.30)] gives

exp
(
−m21θ̃

λy1

)
<

1(
1+ m21θ̃

λy1

) . (15)

Substituting the upper bound of (15) in (12), we attain a

lower bound on Pout1 as

Pout1 > PLB
out1 = 1−

(
m1C1

λx
+ m1C2θ̃

λx

)m1
(

m21θ̃

λy1

)m21

Γ(m1)Γ(m21)

× exp
(
−m1C1

λx
− m1C2θ̃

λx

)
1(

1+ m21θ̃

λy1

)
×

∞

∑
n=0

(
C1

C1 +C2θ̃

)n

Ψ

(
1+n,1+m21,

m21θ̃

λy1

)
×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2θ̃

λx

)
, (16)

The rate outage probability of D2 is defined as the proba-
bility that the received SINR of D2 falls below the threshold,
r2 and is derived in Theorem 2. The upper and lower bounds
on the rate outage probability of D2 are given as Corollary
2.1 and Corollary 2.2, respectively.

Theorem 2. Let the random variables X, Y1 and Y2 be related
to Z2 and Z3 through Z2 = aXY2

bXY2+C2Y2+C1
and Z3 = bXY2

C2Y2+C1
,

then the rate outage at D2 can be expressed as

Pout2 = 1−

(
m1C1

λx
+ m1C2 τ̃

λx

)m1
(

m22 τ̃

λy2

)m22

Γ(m1)Γ(m22)

× exp
(
−m1C1

λx
− m1C2τ̃

λx

)
exp
(
−m22τ̃

λy2

)
×

∞

∑
n=0

(
C1

C1 +C2τ̃

)n

Ψ

(
1+n,1+m22,

m22τ̃

λy2

)
×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2τ̃

λx

)
. (17)

Proof: Please refer to Appendix B.

Corollary 3. Replace θ̃ with τ̃ in (13) and then substituting
it’s lower bound in (17), we get an upper bound on Pout2 as

Pout2 ≤ PUB
out2 = 1−

(
m1C1

λx

)m1
(
1+ m1C2 τ̃

C1

) (
m22 τ̃

λy2

)m22

Γ(m1)Γ(m22)

× exp
(
−m1C1

λx
− m1C2τ̃

λx

)
exp
(
−m22τ̃

λy2

)
×

∞

∑
n=0

(
C1

C1 +C2τ̃

)n

Ψ

(
1+n,1+m22,

m22τ̃

λy2

)
×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2τ̃

λx

)
. (18)

Corollary 4. Replace θ̃ with τ̃ , λy1 with λy2 and m21 with
m22 in (15). Then, substituting the upper bound of (15) in
(17), we receive a lower bound on Pout2 as

Pout2 > PLB
out2 = 1−

(
m1C1

λx
+ m1C2 τ̃

λx

)m1
(

m22 τ̃

λy2

)m22

Γ(m1)Γ(m22)

×Ψ

(
1−n,1+m1 −n,

m1C1

λx
+

m1C2τ̃

λx

)
.

(19)
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TABLE 3: Parameters and their values.

Parameter Values Parameter Values
a1 0.6 a2 0.4
nS 10−6 nR 10−6

mRD1 {0.5-5} mRD2 {0.5-5}
mSR {0.5-5} ν 3
r1 0.1 bps/Hz r2 0.1 bps/Hz
ΩRR -5dB Ps/σ2

R 15dB
DSR 0.5

B. SINR ANALYSIS
In this section, the average received SINR at D1, D1 relative
to D2, and D2 are derived. Average SINR is a pivotal per-
formance metric that can be used in multi-relay technologies
to identify the ideal relay, as well as in other optimization
techniques to attain a desirable limit.

Theorem 3. Let Z1 =
aXY1

bXY1+C2Y1+C1
represents the instanta-

neous SINR at destination D1, then the average SINR Z1 can
be written as

Z1 =

(
am21

bΓ(m1)

)(
C1m21

C2λy1

)m21 ∞

∑
n=0

Γ(1+m1 +n)

×Ψ

(
1+n,1−m1,

m1C2

bλx

)
×Ψ

(
1+m21,1+m21 −n,

C1m21

C2λy1

)
. (20)

Proof: Please refer to Appendix C.

Theorem 4. Let the instantaneous SINR at D1 relative to
D2 is Z2 = aXY2

bXY2+C2Y2+C1
, then the average SINR Z2 can be

expressed as

Z2 =

(
am22

bΓ(m1)

)(
C1m22

C2λy2

)m22 ∞

∑
n=0

Γ(1+m1 +n)

×Ψ

(
1+n,1−m1,

m1C2

bλx

)
Ψ

(
1+m22,1+m22 −n,

C1m22

C2λy2

)
.

(21)

Proof: Please refer to Appendix D.

Theorem 5. Let Z3 = bXY2
C2Y2+C1

denotes the instantaneous
SINR at destination D2, then the average SINR Z3 would
become as

Z3 =

(
bm22λx

C2

)
Ψ

(
1,1−m22,

C1m22

C2λy2

)
. (22)

Proof: Please refer to Appendix E.

IV. RESULTS AND DISCUSSION
The derived analytical expressions are supported by nu-
merical results for verification. For this, (24) is evaluated
numerically for both cases. Without loss of generality, the
analytical expressions’ parameters are set as: a1=0.6, a2=0.4,
σ2

R=σ2
D=1, ν=3 and E

{
|gi j|2

}
=1. Considering the linear
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FIGURE 2: Rate outage analysis of the proposed system.
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FIGURE 3: Rate outage analysis of the proposed system.(
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)
= (−5dB,10dB).

topology, we have DSR+DRD2=0.75, DSR+DRD1=1 and cho-
sen DSR=0.5. The simulation results are obtained by consid-
ering more than 500,000 Monte Carlo runs. Tab. 3 shows the
simulation parameters for the considered model [33].

Rate outage analysis of the considered system versus var-
ious parameters is presented in this section. Fig. 2 shows the
rate outage performance of the two users at D1 and D2 against
the transmit SNR. It can be noted that the performance of
user at D2 is superior than the user at D1 at low SNR values.
This may be attributed to the fact that former is a strong user
compared to the later. However, the rate outage performance
of both users saturates when PS

σ2
R
≥ 15dB as shown in this
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FIGURE 4: Rate outage analysis of the proposed system.(
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figure. This may be associated to the deteriorating impact of
RSI due to full-duplex relaying on the system’s performance
in this SNR range. Moreover, it can be observed from this fig-
ure that the upper and lower bounds on outage probabilities
are tight in the whole SNR regime.

Outage behaviour versus the target data rate is depicted in
Fig. 3. Chances of outage occurrence increase by increasing
the target data rate as observed in this figure. Moreover, it
is again evident that the user at D2 has better outage perfor-
mance than the user at D1 at higher target data rates. How-
ever, the performance gap between the two users becomes
insignificant at small data rate values. This fact describes that
strong and weak users have similar performance in this range.
Moreover, the upper and lower bounds are tightly close to the
exact outage probabilities as shown in the figure.

Fig. 4 highlights the impact of average RSI fading chan-
nel’s power on the outage performance. The outage perfor-
mance of the user at D2 is streets ahead than the user at D1
at very small RSI fading channel power values. However, the
performance of the two users severely degrades when RSI
power > −5dB as observed in this figure. This fact again
reflects that there is no performance difference between the
strong and weak users at large power values of the RSI fading
channel. Similarly, the upper and lower bounds maintain
consistent gap with exact outage probabilities.

Outage variations versus power allocation parameter a1
are depicted in Fig. 5. It can be noted from this figure that
the performance of user at D2 is better than the user at D1
when a1<0.65. However, the outage performance of user at
D1 improves rapidly when more power is allocated to symbol
1. Furthermore, the upper and lower bounds are consistently
tight in whole range of values of the parameter a1. It is
pertinent to mention here that analytical results perfectly
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FIGURE 6: Average SINR analysis of the proposed system.
(DSR,ΩRR) = (0.4,−5dB)

match the numerical results verifying their accuracy.
The results for average SINR analysis are presented

against different parameters. For simulation purposes, 5 ×
106 independent samples of Nakagami-m distributed random
variables are generated to corroborate the analytical expres-
sions. The rest of the parameter values in the evaluation of
analytical expressions are same except DSR=0.4.

Fig. 6 shows the average received SINR versus the transmit
SNR when the S−R, R−D1 and R−D2 links suffers from
worst than Rayleigh fading. It can be observed from this
figure that average received SINR increases with increase in
transmit SNR as expected. However, it is sufficiently low at

8 VOLUME 4, 2016



Sajid et al.: IEEE Access

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Normalized Distance : DSR

0

5

10

15

20

25

30

35

40

45

50

A
v
e
r
a
g
e
S
I
N
R

:
γ
D

Avg. SINR at D1: Analytical

Avg. SINR at D1 relative to D2: Ana

Avg. SINR at D2: Analytical

Avg. SINR at D1: Simulations

Avg. SINR at D1 relative to D2: Sim

Avg. SINR at D2: Simulations

[m
SR

 = 1, m
RD1

 = 1, m
RD2

 = 1]

FIGURE 7: Average SINR analysis of the proposed system.(
ΩRR,

PS
σ2

R

)
= (−5dB,15dB).

destination D1 compared to destination D2. This behavior
is due to the fact that symbol s2(t) is present as interfer-
ence in the instantaneous SINR received at destination D1
whereas the interference of symbol s1(t) is removed from
the instantaneous SINR received at destination D2. At D2,
the average received SINR saturates at high SNR values
because of the RSI due to full-duplex relaying. Moreover,
the performance gap between the two average received SINR
graphs at destination D1 is insignificant.

Average received SINR graphs against the normalized
S−R distance are shown in Fig. 7. The fading at the three
links is assumed to be Rayleigh distributed. It can be noticed
from this figure that the average received SINR at destination
D2 is significantly high when the relay is close to the source
node. This behavior may be attributed to the fact that the
gain provided by the relay depends on S−R channel average
statistics. However, there is no remarkable impact of relay
location on the average received SINR at destination D1 due
to the presence of symbol s2(t) as interference.

The influence of average RSI fading power on average
received SINR is exhibited in Fig. 8. The R−D1 and R−D2
links are less faded as compared to S−R link in order to study
their impact on the average received SINR in the considered
scenario. It is evident from this figure that average received
SINR at destination D2 decreases rapidly with increase in
average power of RSI. However, this impact is invisible in
the average received SINR at destination D1.

Fig. 9 elaborates average received SINR against power al-
location parameter a1. The S−R link is considered less faded
compared to R−D1 and R−D2 links to highlight it’s impact
on average received SINR. It can be seen that the average
received SINR at destination D2 decreases rapidly whereas
at destination D1, it gradually improves by increasing the
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values of a1 as shown in the figure. It is advantageous to
mention here that simulations perfectly support the analytical
expressions.

Convergence of series’ in outage expressions (12 - 19) is
shown in Fig. 10. It is evident from this figure that first few
terms are sufficient for the convergence of series’ in the given
expressions verifying their efficient evaluation.

Convergence of series’ in average SINR expressions (20
- 21) is displayed in Fig. 11. It is clear from this figure
that series’ converge quickly with few number of terms.
These graphs certify the good convergence efficiency of our
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proposed analytical expressions.

V. CONCLUSIONS
The rate outage and average SINR of a NOMA-coordinated
dual-hop FD-AF vehicle-to-vehicle relaying over Nakagami-
m fading channels are analyzed considering the repercussions
of RSI due to full-duplex relaying. Closed-form expressions
of rate outage probabilities and average received SINRs are
acquired for two vehicular users at different destinations. The
derived analytical expressions work for any values of the
fading parameter m. Moreover, the lower and upper bounds

are deduced from the obtained outage expressions. Analytical
and simulation results perfectly coincides verifying the cor-
rectness of the proposed results. The application significance
of this study lies in improving the accuracy as well as
effectiveness of V2V connectivity in autonomous vehicles.
The paper provides illumination on boosting FD-AF relaying
for automobiles systems by examining rate disruption and
average SINR. The obtained closed-form equations aid in the
development of resilient methods for communication capable
of maintaining consistent connection throughout fading and
disruption. This research is especially important for devel-
oping applications that require safety, self-driving cars and
cost-effective data transmission in vehicle networks..

APPENDIX A PROOF OF THEOREM 1

The rate outage can be defined as Pout1=FZ1 (θ) |θ=2r1−1 [33],
where r1 is the target rate in bits per second per Hertz
(bps/Hz) at D1. Then the probability of rate outage at D1 can
be written as

Pout1 = P
(

aXY1

bXY1 +C2Y1 +C1
< θ

)

= P

X <C2θ̃

(
Y1 +

C1
C2

)
Y1


= FX

C2θ̃

(
Y1 +

C1
C2

)
Y1

 , (23)

where θ̃= θ

a−bθ
subject to the condition that a

b > θ . Invoking
the law of total probability and using (8), we get

Pout1 =
∫

θ̃

0
fY1 (y1)dy1

+
∫

∞

θ̃

1− 1
Γ(m1)

Γ

m1,
m1C2θ̃

λx

(
y1 +

C1
C2

)
y1

 fY1 (y1)dy1,

= 1− 1
Γ(m1)

∫
∞

θ̃

Γ

m1,
m1C2θ̃

λx

(
y1 +

C1
C2

)
y1

 fY1 (y1)dy1,

(24)

where we have leveraged from the identity
∫

θ̃

0 fY1 (y1)dy1 +∫
∞

θ̃
fY1 (y1)dy1=1. The expression (24) can further be simpli-

fied by substituting y1 − θ̃=u, then Pout1 will become

Pout1 = 1− 1
Γ(m1)

∫
∞

0
Γ

(
m1,

m1C2θ̃

λx

u+ θ̃ + C1
C2

u+ θ̃

)
fY1

(
u+ θ̃

)
du.

(25)
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Now using (7) and writing Γ(·, ·) in terms of Fox’s H-
function [41], we obtain

Pout1 = 1−

(
m21
λy1

)
Γ(m1)Γ(m21)

∫
∞

0

×H2,0
1,2

[
m1C2θ̃

λx
×

u+ θ̃ + C1
C2

u+ θ̃

∣∣∣∣ (1,1)(m1,1) ,(0,1)

]

×H1,0
0,1

[
m21

λy1

(
u+ θ̃

)∣∣∣∣(m21 −1,1)
]

du. (26)

A convenient way to solve (26) is by using the definition of
Fox’s H-function [38, Eq. (1.1.1)] which will lead to

Pout1 = 1−

(
m21
λy1

)
Γ(m1)Γ(m21)

1

(2πι)2

∫
L1

∫
L2

Γ(m1 − s)Γ(−s)
Γ(1− s)

×Γ(m21 −1− t)
(

m1C2θ̃

λx

)s(m21

λy1

)t

×
∫

∞

0

(
u+ θ̃ +

C1

C2

)s (
u+ θ̃

)t−s du︸ ︷︷ ︸
I1

dsdt. (27)

The integral I1 can be evaluated using [37, Eq. (3.197.1)] as

I1 =
(
θ̃
)1+t

(
C1 +C2θ̃

C2θ̃

)s

B(1,−1− t)

×2 F1

(
−s,1;−t;

C1

C1 +C2θ̃

)
, Re{t}<−1 (28)

where B(·, ·) is the beta function [37, Eq. (8.380.1)] and
2F1 (·, ·; ·; ·) is the hypergeometric function [37, Eq. (9.111)].
Now I1 can be simplified by making use of the identities [37,
Eq. (8.384.1)], [37, Eq. (9.100)], [37, Eq. (8.338.1)] and [37,
Eq. (8.339.1)] resulting in

I1 =
(
θ̃
)1+t

(
C1 +C2θ̃

C2θ̃

)s
Γ(−1− t)

Γ(−s)

×
∞

∑
n=0

Γ(n− s)
Γ(n− t)

(
C1

C1 +C2θ̃

)n

. (29)

Substituting I1 in (27), we get

Pout1 = 1−

(
m21θ̃

λy1

)
Γ(m1)Γ(m21)

∞

∑
n=0

(
C1

C1 +C2θ̃

)n

× 1
(2πι)

∫
L1

Γ(m1 − s)Γ(n− s)
Γ(1− s)

(
m1C1

λx
+

m1C2θ̃

λx

)s

ds

× 1
(2πι)

∫
L2

Γ(m21 −1− t)Γ(−1− t)
Γ(n− t)

(
m21θ̃

λy1

)t

dt.

(30)

Exploiting [38, Eq. (1.1.1)] and [38, Eq. (1.7.1)], we obtain

Pout1 = 1−

(
m21θ̃

λy1

)
Γ(m1)Γ(m21)

∞

∑
n=0

(
C1

C1 +C2θ̃

)n

×G2,0
1,2

(
m1C1

λx
+

m1C2θ̃

λx

∣∣∣∣ 1
m1,n

)
×G2,0

1,2

(
m21θ̃

λy1

∣∣∣∣ n
m21 −1,−1

)
, (31)

where Gm,n
p,q (·) is the Meijer’s G-function [38, Eq. (1.7.1)].

The expression (31) reduces to (12) by making use of [42]
which completes the proof.■

APPENDIX B PROOF OF THEOREM 2
The probability of rate outage Pout2 with θ = 2r2 − 1, where
r2 is the target rate in bps/Hz at D2, can be expressed as

Pout2 = P
(

aXY2

bXY2 +C2Y2 +C1
< θ

)
+P

(
bXY2

C2Y2 +C1
< θ ,

aXY
bXY +C2Y +C1

> θ

)
. (32)

The expressions in (32) can be simplified as

P
(

aXY2

bXY2 +C2Y2 +C1
< θ

)
= P((a−bθ)XY2<θ (Y2C2 +C1))

= P
(

XY2

C2Y2 +C1
<

θ

a−bθ
≜ θ̃

)
.

(33)

Thus, the probability expression can be written as

P
(

bXY2

C2Y2 +C1
< θ

)
= P

(
XY2

C2Y2 +C1
<

θ

b
≜ θ́

)
. (34)

Substituting (33) and (34) in (32) and using the statistical
identity P(C,D)=P(C)-P

(
C,D

)
, Pout2 becomes

Pout2 = P
(

XY2

C2Y2 +C1
< θ̃

)
+P

(
XY2

C2Y2 +C1
< θ́

)
−P

(
XY2

C2Y2 +C1
< θ̃ ,

XY2

C2Y2 +C1
< θ́

)
. (35)

Now Pout2 can be re-written as

Pout2 = P
(

XY2

C2Y2 +C1
< max

{
θ̃ , θ́

}
≜ τ̃

)

= FX

C2τ̃

(
Y2 +

C1
C2

)
Y2

 . (36)

The rest of the procedure is same as derived in Theorem 1
and the proof is completed.■

APPENDIX C PROOF OF THEOREM 3
The instantaneous SINR at destination D1 can be re-written
as

Z1 =

( a
b

)
X

X +A
, (37)
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where A=C2Y1+C1
bY1

. The average SINR can then be computed
as

Z1 =

( a
b

)(m21
λy1

)m21

Γ(m21)

∫
∞

0

(
m1
λx

)m1

Γ(m1)

∫
∞

0

xm1

x+A
exp
(
−m1

λx
x
)

dx︸ ︷︷ ︸
I2

× fY1 (y1)dy1. (38)

The integral I2 can be evaluated using [37, Eq. (3.383.10)].
Then it can be simplified using [37, Eq. (8.331.1)] and [37,
Eq. (8.351.4)] resulting in the form as

I2 = m1Ψ

(
1,1−m1,

m1C2

bλx
+

m1C1

bλxy1

)
. (39)

The result of I2 can further be expanded using the iden-
tity [43, Eq. (13.13.9)] as

I2 =
y1

Γ(m1)

∞

∑
n=0

Γ(1+m1 +n)

(
C1
C2

)n

(
C1
C2

+ y1

)n+1

Ψ

(
1+n,1−m1,

m1C2

bλx

)
. (40)

Substituting the value of I2 in (38), we obtain

Z1 =

( a
b

)(m21
λy1

)m21

Γ(m1)Γ(m21)

∞

∑
n=0

Γ(1+m1 +n)
(

C1

C2

)n

Ψ

(
1+n,1−m1,

m1C2

bλx

)
×
∫

∞

0

ym21
1(

C1
C2

+ y1

)n+1 exp
(
−m21

λy1
y1

)
dy1

︸ ︷︷ ︸
I3

. (41)

The integral I3 can evaluated using [44, Eq. (2.3.6.9)] giving

I3 = Γ(1+m21)

(
C1

C2

)m21−n

Ψ

(
1+m21,1+m21 −n,

C1m21

C2λy1

)
.

(42)

Substituting the value of I3 in (41) results in (20) which
completes the proof.■

APPENDIX D PROOF OF THEOREM 4
The procedure for the proof of Theorem 4 is same as that of
Theorem 3.■

APPENDIX E PROOF OF THEOREM 5
The instantaneous SINR at destination D2 can be re-written
as

Z3 =
b

C2

XY2

Y2 +
C1
C2

. (43)

The average SINR can be calculated as

Z3 =

(
b

C2

)(
m1
λx

)m1

Γ(m1)

∫
∞

0
xm1exp

(
−m1

λx
x
)

dx︸ ︷︷ ︸
I4

×

(
m22
λy2

)m22

Γ(m22)

∫
∞

0

ym22
2(

C1
C2

+ y2

)exp
(
−m22

λy2

y2

)
dy2

︸ ︷︷ ︸
I5

. (44)

Now I4 can be solved [37, Eq. (3.326.2)] and simplified [37,
Eq. (8.331.1)] producing the output as

I4 =
b

C2
λx. (45)

Similarly, I5 can be solved [37, Eq. (3.383.10)] and further
simplified making use of [37, Eq. (8.331.1)] and [37, Eq.
(8.351.4)] as

I5 = m22Ψ

(
1,1−m22,

C1m22

C2λy2

)
. (46)

Substituting (45) and (46) in (44) completes the proof.■
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