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NOMA-enabled Cooperative V2V Communications
with Fixed-Gain AF Relaying

Semiha Kosu and Serdar Ozgiir Ata

Abstract—By virtue of its improving bandwidth efficiency
along with user fairness, non-orthogonal multiple access (NOMA)
technique is considered a promising method for next-generation
wireless communication systems. Since fading effect of wireless
channels in vehicle-to-vehicle (V2V) communication systems are
more severe than those in traditional systems, in this study, we
employ the power-domain downlink NOMA technique in cooper-
ative V2V communication systems to enhance data transmission
capacity and network efficiency. In the proposed system, the
base station communicates with two vehicular nodes, namely
near and far users, through a relay vehicle employing the
fixed-gain amplify-and-forward scheme. In real-life scenarios,
the relay and the users move in high velocities; hence, the
corresponding fading channels between these nodes are exposed
as having double-Rayleigh fading characteristic in which the
fading coefficient of a wireless channel is modeled as the product
of two Rayleigh distributed random variables. To analyze the
system performance, we first investigate the outage probability
and derive its exact closed-form expressions for the near and
far users. Then, we make the exact ergodic capacity analysis
and obtain the closed-form solution for the near user. Further-
more, outage and ergodic performances of the NOMA-enabled
system are compared to the simulation results of the traditional
orthogonal multiple access approach. We also give analytic and
numerical results to evaluate the performance of the proposed
system and show the consistency of Monte-Carlo simulations with
analytical derivations. It is observed that even with the small
power allocation, both performances of the near user mostly
outperform the far user.

Index Terms—Amplify-and-forward, cooperative communi-
cations, double Rayleigh, ergodic capacity, fixed-gain , non-
orthogonal multiple access, outage probability, vehicular net-
works.

I. INTRODUCTION

N wireless communication systems, multiple access meth-
I ods are used in order to allocate limited resources ef-
fectively to many users [1]. Well-known orthogonal multiple
access (OMA) techniques used in current cellular communica-
tion systems, such as time division multiple access, frequency
division multiple access or code division multiple access, can-
not fulfill the higher spectral efficiency and enhanced user fair-
ness requirements of 5G and beyond technologies. Recently,
non-orthogonal multiple access (NOMA) has been proposed
to be an outperforming multiple access technique which offers
higher spectral efficiency in comparison with OMA techniques
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by allowing multiple users to simultaneously transmit their
signal with different power levels in the same resource block
(i.e, frequency, time, code) [2]. In addition to enhanced
spectrum usage efficiency, NOMA can ensure high fairness
among multiple users through optimized power allocation
schemes, in which users suffering poor channel conditions,
namely weak/far users, receive their signals with a higher
power while users experiencing better channel conditions,
namely strong/near users, receive lower power information
symbols. Hence, the strong users achieving high signal-to-
interference-plus-noise ratio (SINR) will be able to decode
their own signal by using successive interference cancellation
(SIC) methods while the weak ones having low SINR may
decode their own signals by treating the strong users’ signals
as interference.

Vehicle-to-vehicle (V2V) communications has attracted in-
creasing interest as an important application area of 5G
technology with the opportunities it offers such as in-vehicle
internet access and autonomous driving, as well as intersection
management and preventing densities by regulating the traffic
flow, collision avoidance and rapid response to accidents,
roadway reservation and increasing road safety [3]-[8]. Com-
pared to cellular communication systems, the design of V2V
communication systems has its own challenges. One of these
is that the fading effect in wireless communication channels
is worse compared to the fading effect encountered in cellular
communication systems due to factors such as high speeds
of vehicles, low vehicle-antenna heights, and high number
of scattering obstacles [9]. Many studies in the literature
have shown that the fading effect in V2V communication
channels can be modeled as the product of several random
variables. These types of channels are named cascaded fading
channels. Again in these studies, it has been revealed by field
measurements that a suitable channel model for modeling the
V2V communication channels is the double Rayleigh fading
channel model in which the fading gain of the wireless channel
can be expressed as the product of two independent Rayleigh
distributed random variables [9]-[12]. However, there are very
few studies in the literature focusing on V2V communication
systems over cascaded fading channels compared to studies
on traditional cellular communication systems. This is mainly
because the closed-form solutions for the performance analysis
of these channels cannot be obtained most of the time due to
intractable integrals resulting from special functions included
in the cumulative distribution function (CDF) and probability
density function (PDF) expressions of SINR.
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A. Related Works

As an effective performance-enhancer technique, coopera-
tive communications has been studied extensively over two
decades. Amplify-and-forward (AF) and decode-and-forward
(DF) relaying methods [1] were proposed to achieve better
performance in many V2V communication scenarios where
line-of-sight (LOS) is not available between source and desti-
nation nodes due to reasons such as vehicles with low-antenna
heights in urban areas or communication through very long
distances in rural areas. In the literature, cooperative V2V
systems over cascaded fading channels are studied in [13]-
[18]. In [13], outage probability and achievable diversity order
are examined for DF relaying in V2V communication systems
by applying the best relay selection scheme over cascaded
Rayleigh fading channels. In [14], by using the moment
generation function approach, higher-order moments of the
signal-to-noise ratio (SNR), average symbol error probability,
and ergodic capacity are derived for the bi-directional AF
transmission system over cascaded Nakagami-m channels.
In [15], the probability of detection is investigated in an
inter-vehicular cooperative cognitive radio system using the
maximum ratio combining (MRC) diversity technique when
the channels are exposed to cascaded Rayleigh fading. In [16],
the minimized total error rate and the probability of detection
are analyzed over mixture Gamma distributed fading channels
for a cooperative spectrum sensing system employing different
diversity combining techniques with multiple antenna nodes.
In [17], the authors studied a cooperative V2V interference-
limited communication system with DF relaying operating
over double-Nakagami fading channels. Exact and asymptotic
expressions for outage and average symbol error probabilities
are obtained for the cases of best relay selection and threshold-
based relay selection schemes. The outage performance of
V2V networks employing full-duplex (FD) and half-duplex
(HD) relaying schemes is investigated in [18] and the upper
bounds for the outage probability are derived for AF and DF
relaying over double Rayleigh fading channels.

In recent years, in order to fulfill robustness and relia-
bility requirements of next generation technologies, NOMA
and cooperative communication techniques are addressed to-
gether in system design [19]-[29]. In [19], asymptotic outage
probability and ergodic sum-rate analyses are derived for a
NOMA-inspired AF relaying system where the source and
the relay simultaneously transmit two symbols in a message.
Additionally, in [19], the authors propose a mixed MRC-SIC
scheme for received superimposed signals at the destination.
In [20], the authors applied the NOMA technique to an
AF relaying system to maximize the achievable secrecy sum
rate by jointly designing power allocation at the source and
cooperative beam-forming at the relay, under achievable rate
constraints at the weak users and transmit power constraints
at the source and the relay. [21] investigates the performance
of AF relaying scheme using NOMA, where two sources
communicate with their corresponding destinations over the
same frequency simultaneously through a shared AF relay,
and closed-form approximation for the outage probability and
an upper bound to the ergodic sum capacity are derived.

[22] proposes a self-energy recycling FD cooperative NOMA
system, where a nearby user can be employed as a DF or AF
relay with self-energy recycling protocol to assist a far user,
and new expressions of exact and asymptotic outage probabil-
ities for two users are derived. In [23], downlink cooperative
multiple-input single-output wireless sensor networks with
NOMA over Nakagami-m fading are studied. Novel antenna-
relay-destination selection schemes are proposed for DF and
AF relaying strategies, and then, closed-form expressions of
outage probability at the selected sensor nodes are derived.
[24] investigates the performance of a virtual FD relaying
technique in cooperative NOMA-based systems in which two
HD AF relays imitate the operation of FD relaying, and the
closed-form expression of outage probability is derived. In
[25], a power-domain NOMA system with partial statistical
channel state information (CSI) is studied and ergodic sum
rate and outage probability are obtained for both DF and AF
relaying strategies over Nakagami-m fading channels. In [26],
the authors obtained closed-form expressions of the outage
probabilities for a two-stage relay selection strategy for DF
and AF relaying protocols employed in NOMA networks
where one base station (BS) communicates with two mobile
users with the aid of multiple relays. The outage performance
of a cooperative NOMA-based network that applies AF re-
laying protocol is studied in [27], and approximate outage
probability and its asymptotic behaviors are obtained. In
[28], performance of the fixed-gain AF relaying with NOMA
is investigated over Nakagami-m fading channels for two
different scenarios where BS intends to communicate with
multiple users through the assistance of AF relaying with and
without LOS. A hybrid AF and DF with NOMA transmission
scheme is proposed for a cellular system with multiple relays
in [29]. It is shown that the proposed scheme can achieve larger
sum channel capacity and larger average system throughput
compared with the traditional schemes.

Furthermore, different system models for NOMA-enabled
vehicular communication infrastructures are investigated
throughout several works in the literature [30]-[35]. In [30],
the exact expression of the average achievable rate of a
NOMA-based cooperative relaying system over Rician fad-
ing channels is obtained. Outage probability expressions are
derived for near and far user nodes whether they are on
the roads (vehicle, cyclist, pedestrian) or outside the roads
(BS, road side unit) in [31]. The secrecy outage probabil-
ity performance of a NOMA-based vehicular communication
system is analyzed and closed-form analytical expressions
for the FD/HD relaying protocols over Nakagami-m fading
channels are derived in [32]. The outage performance analysis
of cooperative vehicular networks is made and the closed-
form outage probability expressions are obtained in [33] when
the MRC technique is applied at the relay. In [34], a novel
cooperative transmission scheme employing a signal superpo-
sition technique is proposed and a closed-form expression for
the link reliability of the proposed scheme is derived. It is
shown that high communication reliability may be achieved
with this technique since vehicle user equipments (VUEs)
superpose other VUESs’ signals and then re-transmit other
users’ V2V packets. [35] analyzes the security performance
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of the FD-NOMA based V2V system from the physical layer
perspective, and then derives analytical results of the ergodic
secrecy capacity. In this study, the authors also propose a
secrecy sum rate optimization scheme utilizing the instanta-
neous CSI. In [36], two half-duplex/full-duplex relay-assisted
NOMA-based scheme is investigated to solve optimum power
allocation problem among the users to improve the quality-
of-service with the poor channel conditions over independent
Rayleigh distributed channels. The BER and ergodic capacity
performance of NOMA-SM scheme in V2V Massive MIMO
system has been investigated in [37]. Moreover, in [37],
power allocation optimization scheme is studied over a spatio-
temporally correlated Rician channel.

It should be noted that the channel models in all the
abovementioned studies were selected from among channel
models valid for cellular communication systems, and NOMA-
based cooperative V2V communication systems over cascaded
fading channels have not been studied in the literature yet.
Additionally, performance of non-cooperative vehicular sys-
tems with NOMA over cascaded fading channels is inves-
tigated in [38]-[40]. In [38], the overall outage probability
of two user-assisted NOMA-based V2V systems is studied
over double Rayleigh fading channels. Joint power allocation
optimization and the probability of successful decoding for
caching-aided 2-user NOMA-based system is investigated for
double Nakagami-m fading channels in [39]. In [40], a vehi-
cle clustering method is proposed and maximum achievable
rate between clusters is studied over double Rayleigh fading
channels.

B. Motivation and Contribution

In V2V communication systems, fading channels may be
much more hostile due to reasons such as high velocities
of user nodes, low antenna-heights, and mostly unavailable
LOS between transmitter and receiver. Therefore, to achieve
robust communication at high data rates over far distances,
some performance enhancement methods must be considered
in the system design. Additionally, it has been shown that the
fading coefficients of vehicular channels may be modeled as
the multiplication of a number of random variables, and several
studies in the literature show that the double Rayleigh fading
model can adequately model this type of channels [10]-[12],
[38], [40]. Additionally, in order to avoid the mathematical
complexity, some papers in the literature consider the fading
effects at the V2V links as Rayleigh fading or other fading
models which are better than Rayleigh fading [41]-[43]. On
the other hand, in our proposed system, V2V channels are
assigned to be subject to the double Rayleigh fading which
is the most accurately fitting fading model for the considered
environment. At this point, we emphasize that for the first
time in the literature, we propose to exploit the benefits of
NOMA and fixed-gain AF relayed cooperative communication
techniques together for V2V systems, and then investigate
the performance of the proposed system in terms of outage
probability and ergodic capacity metrics. Hence the main
contributions of this paper can be summarized as follows:

o For the first time in the literature, a power-domain down-

link NOMA-enabled cooperative vehicular communica-

tion system employing fixed-gain AF relaying scheme is
proposed to cope with the severe fading conditions over
double Rayleigh fading channels.
¢ We examine the performance of the proposed system
by deriving the exact analytical expressions of outage
probabilities in closed-form for near and far users over
double Rayleigh fading channels.
We obtain closed-form analytical expressions of the er-
godic capacity to provide more insight into the vehic-
ular communication systems’ performance over double
Rayleigh fading channels.
We present the analytic and numerical results with respect
to different system parameters such as transmitting power,
distance between nodes, and the power allocation metrics
to evaluate the performance of the vehicular communica-
tion system.
Finally, we compared the NOMA system performance
with the traditional OMA technique considering the out-
age probability and ergodic capacity analyses.

The remainder of the manuscript is organized as follows:
Section II details the proposed system and the channel model.
Section III investigates the outage probabilities at the near
and far users. In Section IV, ergodic capacity for both users
and the overall system are examined. In Section V, analytic
and numerical results are provided to evaluate the system’s
performance and to verify the analytic result via Monte-Carlo
simulations. Section VI concludes the paper.

Throughout this paper, Fx(.) and fx(.) denote the CDF
and the PDF of a random variable X, respectively, while E|.]
symbolizes the expectation operator.

II. SYSTEM MODEL

One of the major distinctions between vehicular and conven-
tional cellular communication systems is the antenna elevation
of the nodes. In the proposed system, all vehicle nodes are
assumed to be equipped with the antennas at low elevations
and to be in motion, which results in local scattering around
the vehicles causing delay and attenuation for the received
signal. In this study, we consider a vehicular communication
system with power-domain downlink NOMA which consists
of a BS, a relay (R) and two paired users, i.e., U; (strong
user) and U, (weak user), as illustrated in Fig. 1. As a
realistic scenario for the V2V communications in urban areas
in which the LOS between BS and the end-users may not be
available most of the time due to the high buildings around the
vehicles, R is used as an intermediate relaying node to help
BS communicate with the users. We assume that all nodes
have a single antenna and operate in HD mode. Further, h,.,
h1 and hy are the fading coefficients of the wireless channels
between BS—R, R—U;, and R—Us, respectively. Also the
distances between BS—R, R—U;, and R—Us are denoting
by ds-, di, and do, respectively, and they are normalized
with respect to the total distance between BS—U,, which is
dsr~+ds. Since R, U; and U, are nodes moving at high speeds,
it is assumed that the corresponding channel coefficients h
and hy are double Rayleigh distributed while the channel
coefficient h, for BS—R has Rayleigh distribution due to the
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User 1

di, hy
R S ——
X Relay
Base Station d,, h,
d; <d, User 2

First Phase Second Phase

Fig. 1. NOMA-enabled cooperative vehicular communication system employ-
ing fixed-gain AF relaying.

fixed BS. Here, h; and hs can be expressed by a product
of two single Rayleigh distributions, which in turn results in
the envelope of the channel having a double Rayleigh fading
distribution. Therefore, considering the double Rayleigh fading
channel model, which is worse than the Rayleigh fading, for
the vehicular communication systems is accurately reasonable.
Furthermore, without loss of generality, d; < dy and the
channel gains of the users are ordered as |hy|?> |ho|? and
E [|h]?] = Q; for i € {1,2}.

In the system, information transmission occurs in two
phases. During the first phase, BS broadcasts superimposed
signals, s; for U; and sy for Us, to the node R with a total
transmit power of P;. Hence, the signal transmitted from the
BS using the downlink NOMA technique is [44]

2= /Prsi + ()

where P; and P, are the allocated powers for U; and Us,
respectively, determined as P; = a3 P, and P, = s P;. Here
«; is the power allocation coefficient and a; + as = 1. By
following the principle of NOMA, BS allocates more power
to the weak user’s signal than the strong user’s signal so that
a1 < ag. Hence, the signal received at R is

yr:hrx+nr:hr(vplsl+ (2)

where n, ~ CN(0, Np) is the additive white Gaussian noise
(AWGN) at R with power Ng. Then, in the second transmis-
sion phase, R applies the fixed-gain AF relaying technique and
forwards the scaled signal to the users. Therefore, the signal
received at the i user becomes

Pysg,

Pssy) +n,

yi =Ghiyr +n;
:Ghlhr (\/ P181 +

Signal broadcast from BS

Psss) + Ghin, +n; 3)

Noise

where G = ﬁ is the power normalization factor and
n; ~ CN(0, No) is the AWGN for the i'" user.

Due to the higher power level assigned to Us’s symbols
at BS, assuming perfect SIC is performed at the receiver, U;
first decodes so from the received signal ;. Thus, the SINR
related to the processing of s, is given as

_ G?|ha P> Py
2= G2 2|k, 2Py + G2 |2No + No

“4)

After successfully decoding so, U; subtracts the correspond-
ing interference term from the received signal and obtains its
own symbol s; without any interference from the other user.
Therefore, the obtained SNR corresponding to the decoding
process of s; becomes

_ G P PP
© G?m|2No + Ny

In parallel, since s; has been transmitted with a small
portion of P; from BS, Us can decode its own symbol so
directly from the received signal y» without employing SIC by
treating the corresponding term of s; as interference. Hence
the SINR achieved by U, during the decoding process of s
may be expressed as

ge! &)

_ G?|ho|*|he|* P
72 G ha PPy + G2lhaPNo + No”
In the following sections, we investigate the performance of

the proposed system in terms of outage probabilities and
achievable ergodic capacities for both U; and Us.

(6)

III. OUTAGE PROBABILITY ANALYSIS
A. Exact Outage Probability for the Near User

In the proposed system, U; falls into outage regime when s;
or sy cannot be decoded successfully by U;. In other words,
the outage regime might happen if 7; or ;2 goes below a
certain threshold value and can be probabilistically expressed
as

)

where 7ip, —1 and yp, —1 are the predefined
threshold values for U; and Uy, respectively. Here, R; and
Ro are the targeted data rates at U; and Usg, respectively.
By substituting (4) and (5) into (7), the outage probability is
obtained and and simplified as

Pc}ut =1- 7){”/172 > Yihys V1 > Vehy )

— 22R1 — 22'R2

7/G?

Pl —1—;[ 7»2 7 2
out {|h | > 7|h1| > ('hr|2 ) }
x P< |h |2>’U |h |2> LQ
" I | |2—v

A A A
where 7 = 02/(P> — Piyih,), v = 01/P1, 01 = Noven, and

(®)

02 = NoYin,- Here, it is assumed that y;p,, < (P2/Py). Please

note that, unless otherwise stated, Polut is always one. Then,

by defining ¢ 2 max (1,v), (8) is expressed in integral form

as
¢/G?
|hr =0

¢ 00
G2
=O/fhr2(y)dy+¢/th.z(y)Fhlw <;b/_¢> dy.

)
Since h,. is exposed to Rayleigh fading, the PDF of |h,.|? is
1 v

fin2(v) = —e 30
e Vr

Py =1~ 7’{lhr|2> ¢, |ha >

(10)
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where 7, = Q, [1]. Furthermore, for double Raylgigh fading
channels, the CDF of the unordered channel gain |h|? is [38]

Frp(y) =1~ 2\/21(1 (2\/Z>

where K, (.) is the v order modified Bessel function of the
second kind [45] and ¥ = E [|l~z|2} Consequently, with the
aid of order statistic [46], the CDF of the ordered channel gain
in double Rayleigh fading channels becomes

Y

M—1
_ (="M )
Fin= (1) = ;; T RO 1=k = Drm e
(12)

where M is the number of users and [ is the order index.
For the proposed system, M = 2 and [ = 2. Therefore, by
substituting (11) in (12), CDF of the ordered channel gain
|h1|? becomes

Finy2 () =[Fj, e (1))

=1 —wi(v, M) + w2 (7, 71) (13)

where 4, = Qy while wy(.,.) and ws(.,.) are defined as
wi(a,b) 2 4\/EK1 2\/5 (14a)
b b
and o 12
wo(a,b) = 45 {Kl (2\/;)] (14b)

where a is the parameter and b € {¥;, 7%, }, respectively. Thus,
by using (10), (13), (14a) and (14b), Polut may be expressed

as
Pout =1-5L+ 1 (15)
where
* ¢/G* _ )
I = 2 , d 16
1 /¢ finpz(Vwi (7¢ F | dy (16)
and - ¢/G2
I = 2 A1 | do. 17
2 /4) fihop2 (Vw2 (7_(]5 %) y (17)

Substituting (10) and the explicit expression of wy in (16), and
by applying v — ¢ = t transformation, /; is becomes as

_ ¢/ G? -t 1 ¢/G?
no=4,/% / K1<21/% : )dt (18)

where /4:1 —e 7. After that, by using [47, 14], [45, 9.31-
1], [45,9.31- 2], [45,9.31-5] and [45, 7.813-1], the closed-form
solution of (18) is obtained as
0,0717—;>
_1
2

—¢ 13 ( N

I =2e WGi;l (qﬁ/GQ
where Gy’ (.|!) denotes Meijer’s G-function [45]. By sub-
stituting (10) and (14b) in (17), with the help of v — ¢ = ¢
transformation and after some algebraic simplifications, I3 is

written as
1 2
K, (2 ,—WG
Yot

Igilil/
0

19)

4¢/G? -
Tt

2

dt. (20)

Furthermore, first applying [47, 11] and [48, 03.04.26.0014.01]
and then using [45, 9.31-5], [45, 9.31-1] and [45, 9.31-2], and
finally with the help of [47, 21], (20) is solved and the closed-
form solution for I is obtained as
0,1,-1,0,—1,—1 )
-1,-1,—% :

VT _o ou [ N
SR bryres

Finally, by substituting (19) and (21) in (15), the exact
outage probability expression for the near user U; is obtained
in closed-form.

21

B. Exact Outage Probability for the Far User

From the perspective of the far user, the outage regime
occurs when Us can not decode its own symbol s successfully
due to receiving lower SNR value compared to the threshold

value. As for its probability, P2, is given as

Ply= P{V2 < Yty }- (22)
By substituting (6) in (22), P
G?|hy|?|h, |2 P
Fou =P { G2\ 2|2 hy |2|1312|+G2||h22|2jv0 TN, S W}

=P {|h2|*G* (|h|*X — Novens) < Novens } (23)
where A = P» — Pi7yh,. From (23), it is seen that the outage
probability at Uy can be written as

T/G? }
\he?=T J

(24)

According to (24), the condition v, < P/P; must be
satisfied system-wide to keep the far user from being exposed
to unavoidable outage condition. Further, by expressing (24)
in integral form, it is written as

T oo - G2
Pl = /flhT|2(y)dy+/f\hr\2(y)F\h2|2 <|h/|2—7-) dy.
0 T

(25)

By using (12) with M = 2 and [ = 1 for Us, the CDF of
the ordered channel gain |ho|? for double Rayleigh fading
channels is obtained as

2+ takes the form

P2, =P{|hP< 1} +P{|h 1> 7, |ha|?<

Flno2(7) = 2Fj,1e (M= [Flj, 2 (0] (26)
Then, by defining x =P %Kl 2, /%) where 7 = Q5 and
substituting (11) in (26), (26) can be written as
Flropp() =200 =x) = (1 =x)? =1 - x>
=1 — w2 (7,72) (27)
Additionally, by substituting (27) into (25), P, Out is written as
Pl =1-1I (28)
where
G?
I3 = / Jiho2 (v OJQ( /_ A’2>dW
) 2
4 1 2 1 v
:/,—T/—G K (2 27| Loz @9
Y2 =T Y2 =T Yr
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which is similar to the expression in (20) with the replace-
ment of the parameter ¢ with 7. Therefore, by applying
v — 7 =t transformation and first applying [47, 11] and [48,
03.04.26.0014.01], then using [45, 9.31-5], [45, 9.31-1] and
[45, 9.31-2], and finally with the help of [47, 21], (29) is
solved and the closed-form solution for P2 , is obtained as

4 Y2Vr [0,0,1,-1,0

C. System Outage Probability

2 T I 1,
Pout 1_76 ’WGE'),

In this section, the overall system outage probability is
defined as the probability of at least one user being exposed
to outage through the system. Therefore, the overall outage
probability of the considered system is calculated as

)( P02ut)

where Pl , and P2, are provided in (15) and (30), respec-
tively.

Popi=1—-(1-P!

out

€2y

IV. ERGODIC CAPACITY ANALYSIS

In this section, the ergodic capacity analysis is presented,
first for the near user U; and then for the far user Us.

A. Ergodic Rate from BS to Uy

For the near user Uj, the ergodic capacity is given as [49]
: 1
Rave =K 5 IOgQ (1 + ’Yl)

:/0 %10g2(1 + ) fon (7)dy
F’Yl (’7) d’Y

1 11—
2In2 /0 I+ (52)
By using (5), F, (7y) is calculated as
G®|ha*|he | Py
F,(y)=P{ =2l 1l 71
71(’7) P{G2|h1|2N0+N0 <7
=P {Im[*G* (|he[* P = Nov) < Nov}.  (33)
From (33), it is observed that F,, (y) may be written as
Novy Nov/G?
F. = he?> =25 | P< s
) =P b 20
N
+P{|hr|2< 07} (34)
P
which is expressed in integral form as
> Nov/G?
() = M Sz (R)Fjpy 2 (hP1—Nw dh
1
Nov
P
0

Then, by substituting (13) in (35) and after some arrangements

F,, (7) is written as,

F,(v)=1-J1+J2 (36)

where
> Noy/G*
J = h —_— dh 37
! /ﬁ’é”fhr{z( )W1<hp1—NoW7% Gn
1
while
> Noy/G*
Jo = h —_— dh. 38
2 /’V}E’” fin ()2 <hP1—NoW’71 G8)
1
Then, by using (10) and (14a), (37) becomes
(oo}
1 1 N 2
g [ Lty L Now/G2
Yr Y1 hPy — Novy
Novy
Py
1 ]\/v()’}//G2
x Ky |44y ——=——— | dh. 39)
! < 1 hPy — Novy (

Applying ¢t = hP; — Ny~ transformation, (39) is written as

> dt (40)

where ko = Wipe %P1. After that, by using [47, 11] and
[45, 9.31-1,2,4,5], [47, 14] and [45, 9.31-2] and [45, 9.31-5],
Nov/G?

(40) is solved as
2.3
Yo P | 11032 )

Furthermore, by substituting (10) and (14b) in (38) and using

Nov/G?
Ji = kg %
ga!

1 No’)//GZ

x/fl/?e‘ﬁKl 2 —
a!

0

No~y
Jy =2 7P G2 ( (41)

t = hP; — Ny transformation, Js is expressed as
Nov/G?
Jo = 52%
7

oo

_t
X /t’le_ rP1

2
2
K (2 HWN dt. (42
J Y1 t

Then, applying [48, 03.04.26.0014.01], [45, 9.31-5], [45, 9.31-
11, [45, 9.31-2] and [45, 7.813-1] respectively, Jo is derived
:}/1:77'P1

as
VT Ny 4 0,0,1,-1,0
Jo = Y o~ gl 0,1,-1,0 )
2T T aNgy/aR | 0

Besides, by using (41) and (43) in (32), the ergodic capacity
for the near user Uy is calculated as

(43)

1 * J = Jy 1
Rl = dy = — 44
2ln2/ 175, 9= g M- M G4
where
T e Noy/G?
e 39 0y 2,2
=92/ G2 d 45
M] / 1+’Y 2,5 (’?r’?lpl 171’0’3’2> 77 ( )

0,0,1,-1,0
0,1,-1,0) 40
0,—1 ) v

(46)

oo N
_ ﬁ/ e ArP1 G1’4 ’71’7TP1
2 J 1+~ 52 \4Nyy/G?
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Using Meijer’s G representations of polynomial and exponen-
tial functions as (1+2)* = - a)G% 1 (2| %*) 147, 10] and

e v = Gé:? (x| 5) [47, 11], (45) can be expressed as
N, 2
% Gg ( /G

T N,
=2 [ait ot (25)
0
7T’71P1

Vrpl
2 3
11,032 ) dy
and with the help of [48, 07.34.21.0081.01], M is obtained
as

(47)

2
My =2G 17052 ( No  No/G e > (48)
= . 3
1,1:0,1:2,5 'erl ’Yr’}/lpl 1,1,0,5,2
in closed-form where G} 'pl dp g (.| ]:]:) is the ex-

tended generalized bi-variate Meijer’s G function [50]. It
should be noted that the well-known numeric computing
environments have not yet included the bi-variate Meijer’s G
as a built-in function, but several algorithms for its calculation
are available in the literature [51].

Further, by following similar steps, Mo is written as

VT i 1,1 1o [ Nov|_
— Gy 0yG &
9 / 1,1 (v/3) 0,1 ’erl

14 [ M¥%P1 ]00,1,-1,0
x Gyl <4NW/GQ 0,1 > dy (49)
and using [48, 07.34.21.0081.01], it is derived as
T ~1,1:1,0:4,1 Ny 4]\70/G2 1,2
My = 7G1,1;0,125 (%P1 5,71 P, 0 11,021
(50)

in closed-form. Finally, by substituting (48) and (50) in (44),
the ergodic capacity expression for the near user U; can be
obtained in closed-form.

B. Ergodic Rate from BS to U,

By following steps similar to those in finding out R., _, the
ergodic capacity for Us is written as
9 1
Rave =FE 5 10g2 (1 + 72)
1 *1-F
2In2 14+~

where F.,, () is expressed as follows, with the help of (6),
G?lhaf*|he |2 Py

F =P <

=) {GQ|h2|2|hr|2P1+G2Ih2|2No+No !

Noy/G?
=P b 2> =L |hy)2< 0 }
{| | Py 2] |hy|?(Pa — P1y) — Noy
Novy }
+P L h P < —— (52)
{' | P, — Py
and from the requirement v < P5/P;, (52) becomes
Novy
B
Fu,(y) = ; fin2(h)dh
> Novy/G? >
+ 12(h)EFy: < dh (53)
/ijﬂ f|h7|2( ) |ha|? hf3 — Noy

where 5 = P, — P;~y. Then, by using the CDF of the ordered
channel gain for U,, given by (27), (53) takes the form

F,(v)=1-Js 54)
where J3 is
o Nov/G?  _
= h —_— dh. 55
Js /N,%” fin, 2 (h)we (Bh—No“Ww (55)
Thus, R2, , is written as
1 [
2 _ L [hJ3
Rave =5103 /0 T+, (56)

It is worth pointing out that J; has an integral expression
similar to J, with the replacement of the parameters 4; with
2, and P; with S in (38). Therefore, by following steps
similar to those in deriving Jo, J3 is obtained as

JS :J2‘7yl—>fyz P1—p
o Y2YrB | 0,01,-1,0
—2 ¢ 9 \agyye| ot ) O

Finally, by substituting (57) in (56), the ergodic capacity at
the far user is obtained as

P2
R2 _ 1 f 1
e = 51n2 2 1—|—'y
1,4 YoyrB  10,0,1,-1,0
XG52<4NOW 04 >d’7~

Please note that the single integral form in (58) is not analyt-
ically tractable. Therefore, it should be evaluated numerically.

NO'\(
E:

(58)

C. Overall Ergodic Rate

For the proposed system, the overall achievable ergodic
capacity is calculated as

Rave = Rtluje + Rive'
and R?

ve ave

(59)

where R
tively.

are provided in (44) and (58), respec-

V. NUMERICAL RESULTS AND SIMULATIONS

In this section, the performance of the proposed NOMA-
enabled cooperative V2V system is presented through nu-
merical calculations of the analytic derivations by comparing
simulations for miscellaneous scenarios. During the calcula-
tions and Monte-Carlo trials, it is assumed that all nodes,
BS, R, Uy, and Uy, align on a straight line and the noise
variance at each node is set to Ny = 1. Without loss
of generality, the average channel gains are considered to
be associated with the corresponding distances between the
nodes as €, = 1/(1 +d2%.), & = 1/(1 + d?) and
Q2 = 1/(1 + d3). Additionally, the obtained results of the
proposed system are compared with the simulation results of
the traditional cooperative OMA (COMA) technique [52] to
provide better and comprehensive insight into the performance
of the NOMA technique. Herein, the received SNRs of using
COMA technique considering (3) are calculated as fyCOM A=
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Outage Probability

——NOMA with oy = 0.1, as = 0.9 / 1)
- - -NOMA with a; = 0.2, ap = 0.8 U \E
o COMA 1
108 | | | . .
0 10 20 30 40 50 60
Pt [dB]
Fig. 2. The outage performance of the near and far users in the proposed

NOMA-enabled vehicular communication system and comparison with the
COMA. R1 = Rz = 0.5 bit/Hz/s and (dsr, d1, d2) = (0.5, 0.5, 0.5).

G|hi|*|h|* P,/ (G|hi|* No + No) and the corresponding rate is
given as REOMA = 0.25log, (1 +~FOMA) where i € {1,2}
for the near and far users, respectively. Please note that, the
rate of applying the COMA technique is half the rate of
using the NOMA technique since the symbol of users are not
transmitted simultaneously in the COMA scheme [2]. More-
over, for a fair comparison between COMA and NOMA, we
assume that each user is allocated equal bandwidth and equal
transmission power. Furthermore, the presented figures show
the analytical and Monte-Carlo simulation results together to
verify the derivations, where the markers on the plots represent
simulation outcomes while the lines show numerical results of
the analytic expressions.

Fig. 2 shows the variation of the outage probabilities for
both users with respect to the total transmitting power P; for
two different power allocation regimes at the BS, a; = 0.1
(g =0.9) and a3 = 0.2 (g = 0.8). Here, the simulation
results of the COMA scheme are also provided for the sake
of comparison. In the proposed system, since the symbol
transmission from BS to the users takes two time slots and
by assuming that BS uses the same modulation scheme for
both users, let us say a binary modulation scheme, target data
rates are assigned as R; = Ro = 0.5 bit/Hz/s. Further, the
normalized distances are chosen as d,,. = 0.5, d; = 0.5 and
de = 0.5. The figure shows that increasing the power ratio
ayq from 0.1 to 0.2, which means doubling the transmission
power allocated to Uy (i.e., 100% increase), provides 3 dB
SNR gain for the outage performance of U; with the strong
channel. On the other hand, decreasing the power ratio ao from
0.9 to 0.8, which means 11.5% reduction at the transmission
power allocated to Up, results in an approximately 1.5 dB
SNR loss at the outage probability performance of U, with

1, January 2023

10°
107"
2
3 102
©
el
<
o
©
&
< 10°
e}
104 £ |——NOMA with a; = 0.1, = 0.9 4
— —-NOMA with oy =0.3,a0 = 0.7 X
o COMA U, /
¢ COMA U, U,
108 I I I I I
0 10 20 30 40 50 60
P, [dB]
Fig. 3. The outage performance comparison of NOMA and COMA

techniques over double Rayleigh fading channels. R1 = 1 bit/Hz/s, R2 = 0.5
bit/Hz/s and (dsr, d1, d2) = (0.5, 0.5, 0.5).

the weak channel. This tells us that the effective gain of U;
becomes greater than the effective loss of Uy as the Py/P;
ratio decreases and therefore overall system performance can
also be enhanced in this way. Furthermore, Fig. 2 presents
the performance of the COMA scheme and it reveals that the
outage performance of the NOMA scheme at U; outperforms
the COMA’s since the channel gain of U; is greater than that
of Us. On the other hand, it is shown that the performance of
COMA for U, becomes slightly better with the increasing oy
value. However, it is worth noting that the NOMA scheme will
offer better spectral efficiency and user fairness than COMA
as multiple users are operated simultaneously.

The outage probability performances of U; and Us with
respect to the total transmitting power P, are depicted in
comparison with the COMA scheme in Fig. 3. Here the target
data rates are chosen as Rq; = 1 bit/Hz/s and Ry = 0.5
bit/Hz/s while the distances are assumed to be dg. = 0.5,
d; = 0.5 and dy = 0.5. Comparing the performance plot of
U; in Fig. 2 for a3 = 0.1 and Ry = 0.5 bit/Hz/s with that
in Fig. 3 for a3 = 0.3 and R; = 1 bit/Hz/s, it is observed
that U; has similar outage performance, for example 9 x 1073
and 6 x 10~2 at 50 dB. Therefore, by allocating more power,
U; can double its target data rate with a negligible loss in
the outage performance. On the other hand, as expected, the
outage performance of Us gets worse with increasing «;.
Furthermore, it is seen from the figure that the performance of
Uj surpasses U; for ar; = 0.1 at low and middle SNR regions
due to the substantially low transmit power of the BS for U;
when P, < 45 dB. The figure also shows that the outage
performance of U; with COMA technique is better than the
NOMA-enabled transmitting scheme when a; = 0.1 for SNR
values up to 45 dB. This is due to the fact that since the
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Fig. 4. The outage performance of the near and far users for using Nakagami-
m fading for all channels in NOMA-enabled vehicular communication system.
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Fig. 5. The outage performance of the near and far users for using Nakagami-
m fading for all channels in NOMA-enabled vehicular communication system.
(dsr, d1, d2) = (0.5, 0.5, 0.5), m =2, R; = 1 bit/Hz/s and Rz = 0.5
bit/Hz/s

rate of U; in COMA is half of the NOMA and more power
is allocated to U; in COMA, outage probability outperforms
compared to NOMA at low SNR. Besides, NOMA shows
better performance for U; at high SNR when o; = 0.1 since
it is performance is exponentially increased by the increasing
transmit power of the BS considering (5). However, it is
obvious that the NOMA technique will provide better spectral

10°

_l
e
T

Outage Probability
=

103 F
o NOMA U,
* NOMA U,
x NOMA Overall
104 \ ! ! !
0 0.1 0.2 0.3 0.4 0.5

Fig. 6. The outage probability performances of the overall system and the
users in the NOMA-enabled cooperative vehicular communication system.
R1 = Ro = 0.5 bit/Hz/s, (dsm d17 dg) = (0.57 0.5, 0.8) and P = 45
dB.

efficiency than the COMA method since two users are assisted
simultaneously in the proposed system.

Fig. 4 presents the performance of the proposed system
using the same system parameters in Fig. 2 over Nakagami-
m fading channels to provide a comparison with the double
Rayleigh fading channels. For a fair comparision, we set
the Nakagami-m parameter of both channels to the same
value as m = 2. Since the fading conditions in Nakagami-m
channels are better then those in the double Rayleigh channels,
power allocation among the users affects their performances
that yields the performance of Uy becomes better than U;’s
performance. It is seen from Fig. 2 that, an increase in oy
from 0.1 to 0.2 results in an enhancement in the U;’s system
performance while the system performance of Uy degrades.
Moreover, when considering the Nakagami-m fading channels,
system performance of both users act as similar as in the case
of the double Rayleigh fading channels. Furthermore, it is
seen from Fig. 4 that the approximately 26 dB SNR gain is
achieved for the outage probability of 10~3 when assuming
the Nakagami-m fading channels for COMA.

Fig. 5 shows the variation of the outage probability with
P, in the proposed system where the channels are subject to
Nakagami-m fading, instead of the double Rayleigh fading.
Here again, the Nakagami-m parameter values for both chan-
nels are assigned the same as m = 2. Apart from Fig. 3, it is
seen from Fig. 5 that Uy outperforms U; in terms of system
performance, since more power is allocated for Us. Contrary
to the observed results in Fig. 3, the increasing «; causes
the increasing outage probability for U; while Uy’s outage
probability decreases. Furthermore, when employing COMA
scheme over Nakagami-m fading channels, approximately 25
dB SNR gain for U; and Us is achieved to have the outage
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Fig. 7. The outage performance comparison of NOMA and COMA
techniques with respect to the distance between BS and the relay. (a1, ag) =
(0.2, 0.8), R1 = 0.5 bit/Hz/s, R2 = 0.5 bit/Hz/s, and P; = 50 dB.

probability of 10~3 when comparing with the double Rayleigh
fading channels.

The outage probability performances of both users and the
overall system performance with respect to the power alloca-
tion parameter «; is presented in Fig. 6. Here, P, = 45 dB and
the normalized distances are dg. = di = 0.5 and dy = 0.8.
The figure shows that the outage probability performance of
the overall system and Us converge to each other in the
range 0.32 < a3 < 0.5. It is also seen that oy = 0.32
value, which is the starting point for the convergence of the
outage probabilities for Uy and the overall system, is the
optimum power allocation coefficient value for U;. The figure
also reveals that increasing the allocated power for U; causes
degradation in the power level of U,, since U;’s performance
also degrades due to the SIC procedure failure. Further, it can
be observed that for oy > 0.5, the criteria v¢p, < Po/P; in (8)
cannot be satisfied and the outage probabilities rapidly reach
1.

Fig. 7 depicts the outage probabilities of U;, Uy and the
overall system versus distance d,.. Here, the system parame-
ters are set to P, = 50 dB, a1 = 0.2 (ag = 0.8), R1 = 0.5
bit/Hz/s, and Ry = 0.5 bit/Hz/s. Furthermore, the distances
between BS-U; and BS-Us are assigned as d = 1. However,
R is in motion under the assumption d; = do = d — d;-. From
the figure, it is observed that U; has a better performance
compared to Ug, since the channel gain of U; is greater than
that of Usy. Therefore, NOMA outperforms COMA for the
strong user U;. On the other hand, as an important result,
it is seen that COMA has slightly better outage performance
than NOMA for the weak user Us. However, NOMA still has
the advantages of providing better spectral efficiency and user
fairness as multiple users use the same frequency band at the

NOMA U,
NOMA U,
NOMA Overall

o x % O

COMA

Fig. 8. The comparison of ergodic capacity of the users and the overall
system for COMA and NOMA for (dsr, d1, d2) = (0.5, 0.5, 0.5) where
for NOMA (a1, ag2) = (0.1, 0.9).

o NOMA Ul
NOMA U,

NOMA Overall

Achievable capacity [bit/Hz/s]

0 I I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 9. The ergodic capacities of the near and far users and of the overall
system. P, = 45 dB and (dsr, d1, d2) = (0.5, 0.5, 0.8).

same time.

For the proposed system, achievable ergodic capacity for
the overall system and also the ergodic capacities for U; and
U, are presented in Fig. 8 for NOMA and COMA schemes,
with respect to P; for the case of a; = 0.1 (g = 0.9).
The figure reveals that increasing P, results in saturation at
the achievable rate performance of U, at high SNR due to
interference from U;. However, since U; is able to perfectly
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decode its information without an interference from Uy after
a successful SIC operation, its own and therefore the overall
system performance increase. It is also shown that U; reaches
higher achievable capacity values when using NOMA tech-
nique compared to the case of employing traditional COMA
scheme while the achievable capacity for U for COMA
technique is better than that for the NOMA method.

Finally, the ergodic capacity performances of the proposed
system is given in Fig. 9 for changing o values when P, = 45
dB and the normalized distances are assigned as dg. = 0.5,
d; = 0.5 and d2 = 0.8. The figure shows that the overall
achievable data rate saturates to approximately 6 bit/Hz/s even
for small values of oy while increasing «y provides higher
achievable data rates for U;. However, the achievable data
rate for Uy decreases in this case.

VI. CONCLUSION

In this paper, performance of the NOMA-enabled coopera-
tive vehicular communication systems, where the transmission
from the base station to the end-users has been established with
the help of a relay employing fixed-gain AF relaying scheme
has been investigated. Since the fading channels in vehicular
communication systems exhibit cascaded fading characteris-
tics, theoretical analyses have been carried out by considering
the double Rayleigh fading channel model as a realistic
fading scheme. Moreover, the results are compared with the
Nakagami-m fading. During the analyses, we first obtained
closed-form expressions for the outage probabilities of the
strong/near and weak/far users; after that, the exact ergodic
capacities for these users have been derived under double
Rayleigh fading. Then we provided the numerical results of
the calculations of analytic expressions for different system
parameters and verified them by Monte-Carlo simulations. We
also provided the simulation results for the COMA scheme and
compared the performances of NOMA and COMA methods in
the proposed V2V communication system. The results show
that the near user has better performance in the NOMA-
enabled systems compared to the systems employing the
COMA technique due to the SIC being perfectly applied on
the near user. On the other hand, the performance of the weak
user worsens in case of using the NOMA technique compared
to the COMA method even though the allocated power at the
base station for the near user remains at small values.
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