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ABSTRACT In this study, the performance of a secondary network in cognitive radio (CR) is studied in
the context of vehicle-to-everything (V2X). The non-orthogonal multiple access (NOMA) is effectively
applied in this new system model, namely CR-assisted NOMA-V2X, and it is beneficial to serve group of
vehicles. In our proposed system, two schemes related to vehicle-to-vehicle (V2V) transmissions are further
considered to enhance performance of the vehicle that needs higher quality of service (QoS). However,
the degradation performance can be predicted by evaluating downlink under impacts from interference
from the primary network, imperfect channel state information (CSI) and imperfect successive interference
cancellation (SIC). The outage performance gap among two vehicles exists since different power allocation
factors were assigned to them. To validate the system performance, the outage probability is first derived
in exact and approximate forms and then the throughput can be further achieved. The optimal throughput
can be obtained by numerical simulations. Simulation results are provided to verify the correctness of the
derived expressions and it exhibits advantages of the proposed CR-assisted NOMA-V2X system in terms of
outage probability and the throughput.

INDEX TERMS Vehicle-to-everything, cognitive radio, non-orthogonal multiple access, imperfect CSI.

I. INTRODUCTION

Recently, vehicle-to-everything (V2X) communications has
introduced to provide more advantages for vehicular net-
works including more efficient, smarter, and safer road
traffic [1]. There are several types of V2X communications
such as vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I) and vehicle-to-pedestrian (V2P). In potential scenarios,
V2X is designed to support real-time traffic information
transmission among infrastructure, vehicles and pedestri-
ans [2], [3]. Vehicular networks with signal processing tech-
niques in 5G wireless systems are developed to guarantee
reliability and safety of vehicles. Therefore, great efforts in
standards and projects related to vehicular communications
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have been reported, for example the European Union Mobile
and wireless communications Enablers for Twentytwenty
Information Society (METIS) project, IEEE 802.11p, and
the third generation partnership project (3GPP) long term
evolution vehicle (LTE-V) [4]. The fast growth of the number
of connected vehicles in vehicular networks results in chal-
lenges associated with quality of V2X communications such
as low access efficiency and severe data congestion.

Since the orthogonal multiple access (OMA) employed in
the existing LTE networks, the dense networks meet diffi-
culties such as the limited spectrum resources, severe data
congestion and low access efficiency. Therefore, developing
5G wireless network in V2X scheme requires a more efficient
radio access technology. Fortunately, non-orthogonal multi-
ple access (NOMA) has recently considered to incooperate
with the V2X [5]. NOMA brings to V2X some benefits since
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it exploits power domain to signal multiplexing at the trans-
mitter side and performs superposed coding (SC) at receiver
side [6]-[11]. As main advantages, NOMA is proved with
good characterizations including higher reliability, higher
transmission rates, lower system latency and lower-cost ser-
vice requirements in comparison with the traditional OMA
method [12]. By combining NOMA and V2X, NOMA-V2X
is considered as promising scheme to mitigate resource col-
lision, and hence enhancing the spectrum efficiency and
reducing the latency [13]. The authors in [14] presented two
relay-assisted NOMA transmission architectures for V2X
communications including half-duplex relay-assisted NOMA
and full-duplex relay-assisted NOMA. Regarding full duplex
NOMA based decentralized V2X system model, the capacity
performance improvement can be achieved by increasing the
number of V2X devices, transmit power, and Rician factor
value [15]. The authors in [16] proposed a power control
scheme for NOMA-V2X to balance the power allocation
among the selected cluster-head vehicles to further improve
the throughput in downlink.

In other trends of application of NOMA, it can be com-
bined with cognitive radio (CR) which is also examined
as a promising technique to improve the spectrum effi-
ciency by allocating the secondary vehicles to dynami-
cally access the licensed spectrum [17]. Such advantage of
CR is extended with NOMA to introduce new system of
CR-NOMA [18]{25]. For example, a cooperative NOMA
system was studied with imperfect successive interference
cancellation (SIC) to highlight the performance of an under-
lay CR networks [18]. The authors in [19] discussed security
and reliability performance of cooperative NOMA in the
context of CR. In such CR-NOMA, the confidential messages
are sent by both a NOMA-strong primary vehicle (PU) and a
primary base station (PBS) to multiple uniformly distributed
primary vehicles in the scenario of randomly situated sur-
rounding eavesdroppers. The recent work in [20] provided
a new system model in which the secondary vehicles are
able to harvest energy from the radio-frequency signals to
securely transmit the secondary secure messages by employ-
ing NOMA. There are three main metrics including con-
nection outage probability, secrecy outage probability, and
effective secrecy throughput studied analytically to examine
the performance of the primary vehicles over Nakagami-m
fading channels in which eavesdroppers are the secondary
vehicles [21]. In [22], the authors analyzed resource alloca-
tion schemes for cognitive heterogeneous network (Hetnet)
under interweave spectrum sharing mode and such Hetnet
implements in two-tier. It was shown that the spectral effi-
ciency can be significantly improved by using NOMA in
the CR compared to that achieved by using OMA in CR.
The underlay and/or overlay spectrum sharing strategies are
widely implemented in the current researches about the CR
networks. The authors in [25] proposed CR-NOMA and it
is particularly useful when the secondary source has good
channel conditions to a primary receiver but lacks the radio
spectrum. Such model of spectrum-sharing CR network was
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evaluated in terms of outage probability and system through-
put.

Most previous works regarding NOMA systems above
assumed perfect channel state information (CSI). However,
in real conditions, a NOMA network needs to be inves-
tigated in practical case of imperfect CSI [26], [27]. The
authors in [27] examined beamforming vectors and the power
allocation to maximize the system utility of multiple-input
multiple-output NOMA (MIMO-NOMA) with respect to
probabilistic constraints. The interesting solution is described
that introducing first-order approximation and semidefinite
programming (SDP) to form an efficient successive convex
approximation (SCA) scheme. Several multiplexed vehicles
can be proceeded in a NOMA transmission and the imperfect
CSI needs to be considered in term of resource allocation as
in [28]. The metrics including outage probability and system
throughput for the primary and secondary networks (SNs) are
derived and hence it demonstrates the superior performance
compared with conventional OMA [25]. They were also
compared with system performance benchmark by exploiting
optimal vehicle scheduling based on exhaustive search [28].

In order to improve the spectral efficiency in the situation
of several vehicles located in close distance, device-to-device
(D2D) is proposed to enhance system performance. Such
D2D transmission would be beneficial if D2D is combined
with existing NOMA scheme [32]. Then, considering a clus-
ter which contains a D2D pair and two cellular vehicles,
the power control scheme is necessary in design of the base
station (BS). More specifically, BS permits cellular vehicles
to achieve a higher sum rate and higher individual rates in
NOMA compared to OMA, and the related evaluations were
reported in [33]. By jointly optimizing the vehicle clustering
and power assignment, the authors in [34] presented optimal
sum-rate of the network. Moreover, the authors also aim to
exhibit interference protection for the cellular vehicles. Their
main result indicated that the proposed algorithm can achieve
up to 70 percentage and 92 percentage of performance gains
in terms of the average sum-rate in comparison with the gen-
eral NOMA and traditional orthogonal frequency-division
multiple access (OFDMA) system, respectively.

A. OUR CONTRIBUTION

It is worth pointing out that few papers studied CR-assisted
NOMA-V2X. In fact, problem of performance improvement
for vehicles in the secondary network (SN) of CR-assisted
NOMA-V2X has not been studied well. Motivated by [5],
[31], this paper considers CR-assisted NOMA-V2X system
using Nakagami-m fading channels. More importantly, it is
necessary to understand the challenges and benefits of V2V
transmissions under impacts of imperfect CSI and interfer-
ence from cellular vehicles (CUE). As a main goal, we ana-
lyze the outage probability and throughput performance of
the CR-assisted NOMA-V2X system enabling V2V (D2D)
links. We derive the closed-form expressions of the outage
probability at each vehicle. Furthermore, joint impact of
imperfect SIC and imperfect CSI on such networks need
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to be exploited to indicate the performance gap among
two vehicles. By studying analytical performance analysis,
detail guidelines are provided for deploying such CR-assisted
NOMA-V2X.

The following is a summary of the main contributions of

this study:

o Reliable transmission is achieved as employing V2V
in the SN of CR-assisted NOMA-V2X system over
Nakagami-m fading channel with interference con-
straint. We intend to analyze the system performance
under imperfect SIC and imperfect CSI.

o This implementation in CR-assisted NOMA-V2X is
necessary to evaluate the performance gap among two
vehicles. Especially, we study two schemes correspond-
ing with and without V2V links. In this scenario,
we assumed that two vehicles are classified into non-SIC
and SIC user. When V2V link is used (Scheme I),
it can provide better outage performance compared with
Scheme II which does not require V2V link.

« Both exact and approximate expressions of outage prob-
ability are derived and then throughput is further exam-
ined. From the achieved results, we analyze the effects of
a number of factors including power allocation factors,
transmit SNR, and CSI imperfection levels to prove the
superiority of the considered NOMA-V2X model.

o Moreover, these findings are verified by simulations
to highlight advantages of the CR-assisted NOMA-
V2X system. The obtained results indicate that status
of SIC, target rates, and power allocation factors are
main impacts on performance of such systems in terms
of outage probability and throughput.

B. ORGANIZATION

The remaining sections are organized as follows. Section II
describes the system model of CR-assisted NOMA-V2X.
Section IIT analyzes the outage probability in the case of V2V
link so-called as Scheme I. Section IV presents the outage
performance of two vehicles in Scheme II. The throughput
and asymptotic performance are presented in V. Section VI
presents numerical results and simulation examples. The con-
clusion is presented in Section VII.

Il. SYSTEM MODEL AND SIGNAL PROCESSING
CONSIDERATION

The considered system model of NOMA-V2X in the context
of CR network is shown in Fig. 1. As main characterization
of such NOMA-V2X, the system comprises primary net-
work (PN) and underlay SN which is able to operate under
interference constraint. The V2V link is employed at SN
to perform communication in close distance while the main
links from the BS serves pair of vehicles (Vi, V»). Here,
the BS plays a role as Roadside Unit (RSU) in the context
of V2X communication [14]. Operating together with PN,
the SN meets interference from primary transmitter (PT)
which belongs to the PN [31]. Three vehicles in the SN also
make impacts on the primary vehicle (PV) in the PN, with
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FIGURE 1. System model of the secondary network in considered
CR-assisted NOMA-V2X system.

denotations: hgp, h1p, hop the channel gains for the links as
PV to BS, Vi and V; respectively. The channel gains are
denoted as 41 and Ay for link from the BS to the first vehi-
cle, the second vehicle respectively. Regarding interference
between CUE and vehicles in the SN, Ip denotes the fixed
interference term. While % ; is channel serving V2V trans-
mission (i, k € {l;2} and i # k). The channel u represents
exponential distribution with means A,,.

In this study, it is assumed that the CSI related channels are
estimated imperfectly at the receivers, it is given by [26], [27]

h; = hjte, (1

where j € {i; SP; iP; k, i}, iz illustrates the estimated channel
factor h ~ CN (O ) e; represent the channel estimation
error w1th ej ~ CN ( J) The noise terms in each receiver
is assumed as Additive White Gaussian Noise (AWGN) with
a variance of Ny. Moreover, Ip ~ CN (0, Nou), p indicates
the level of interference and CSI of primary transmitters is
not available at the secondary receivers [31]. Thus, the power
of the secondary transmitter vehicle Q is restricted as Pg <

min (W PS), Q € {S,Vi}and | € {SP,iP}, where Py
denotes the maximum average allowed transmit power while
I, denotes as the interference temperature constraint (ITC) at
the vehicle PV [31].

Adopting the NOMA-V2X model developed in [14],
x1 and x, are denoted as the messages sent by the BS which
serves both the weak vehicle V| (located at far distance) and
the strong vehicle V; (placed at near distance compared with
the BS). Regarding power percentage for each vehicle, o1 and
oy use to denote as the power allocation coefficients for V;
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and V, in NOMA, respectively. Following the principle of
NOMA, it can be assumed that &; > ap with aj+ar = 1.

In the first phase, due to imperfect CSI at the vehicle,
the received signal at the vehicle V; is expressed by

Vi = (]:li-}-ei) \/ITS(\/¢X_1X1+x/<¥_2x2)+IP+”i
= }Ali Pg («/Ol_lxl"‘«/a_ZxZ)
+eiy/Ps (Varxi+y/ax)+Hp+n;, @

where n; is denoted as the AWGN with variance Ny. Regard-
ing the signal detection at receiver, the signal-to-interference-
plus-noise ratio (SINR) need to be calculated to further
achieve other performance evaluations. Such SINR after
detecting x; at V| can be computed as

2

~

h

o108

YWisx = 75 ) 3)
| azps+psler|*+i

where it = u+1 and pg = % is the transmit SNR at the BS.
Similarly, the SINR to decode x; at V; is expressed by

2
o108

A

h

“

YVo—x1 =

2 -
ha| a2 ps+pslea)®+ii

To implement NOMA, by performing SIC, SINR to detect
signal x, at V, can be given by

2
4208

~

i

&)

VWasry = ———5——-
TR psleal+in

Now, we look at the V2V link for Scheme 1,2 Xc 1s signal
communicating via the V2V link, then the received signal at
Vi (i =1, 2) can be given as

¢i = hy iPyxcter iPvxe+Hptne ;. (6)

Here, x, and x; are unit signals with E {|x1 |2} =
E { |xC|2} = 1 where E(.) is the expectation operation. In next
step, signal to noise ratio (SNR) can be obtained to decode
signal at each vehicle corresponding to V2V link as

W; = (N

PV, ek,i’2+ﬁ’

Py, . . L
where py, = N—V’ is the SNR at the corresponding destination.

In the final step, the SINR for decoding x; under the combi-
nation of V2V link and downlink NOMA from the BS

I The fixed power allocation factors and two-vehicle model are applied in
this paper as most assumptions in the references. However, these concerns
can be addressed in future work

2This scheme means that the transmitting and the receiving vehicles are
located in the same lane and are in close distance to allow direct communi-
cation where possible.
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is formulated as

Zyay
min(max{yvl—)xl P W] }’ VV2—>X1)
min(max{yy,—x,, Wa}, yv,>x) »

A2 a2
i)l < |hof

otherwise.

®)

In the next section, we further evaluate outage performance
metric based on SINR achieved in this section.

A. CHANNEL MODEL

In order to model cooperative vehicular communication and
short-range communications, the Nakagami-m fading chan-
nel model is widely implemented.? Based on this, the proba-
bility density function (PDF) and the cumulative distribution
function (CDF) of channel #; respectively

£ @) ole ©)
12 = m;
| F(mj)g‘zj
and
o D(mx/9)
Flhj|z(x)_l —r(m,-) , (10)

where Q; = :TJ, and, m; and A; represent the fading severity
factor and mean, respectively. I'(.) is the upper incomplete
Gamma function which is defined in [36, 8.350]. In this paper,
it is also assumed that m; is an integer number, m; > 1 and
I'(n) = (n—1)!. Moreover, F |2 (x) can be expressed as

mj—l
_X X
F|h’|2 x)=1-e & E
7 .
i=0 %"

i

Y

IIl. SCHEME I: NOMA-V2X WITH V2V LINK

A. OUTAGE PROBABILITY OF THE FIRST VEHICLE

In this subsection, this paper investigates the outage perfor-
mance of each destination in term of the outage probabil-
ity. To be more specific, such outage metric quantifies the
probability that the message which cannot be decoded at the
intended receiver without error [37], [38]. Suppose that all
the receivers can achieve reliable detection, then, the outage
probability of V| with imperfect CSI is given by

OP(/] =Pr (J/VI—HC] < Yihl, YVa—x; < ythl)

]

1

+Pr (max (yvlﬁxl, Wl) < Vihl, YVy—x; = Vthl),

[

2

12)

3While either non-line-of-sight (NLOS) or line-of-sight (LOS) propaga-
tion exists in traditional V2V schemes, such a probabilistic model applied in
this paper shows awareness on components of both LOS and NLOS propaga-
tion which rely on the vehicles” movement. In this scenario, a Nakagami-m
fading channel model is suitable to characterize both LOS and NLOS for the
V2V links [28]- [30].
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where y;,; 2 2Ri—1 and R; is the target rate corresponding
vehicle V;,i =1, 2.
Firstly, E1 is rewritten as

E1 =Pr(vwi—x < ¥m)Pr(woox <vm). (13)

Aq As

The fist term and second terms of (13) can be obtained as
A1 and A, respectively. in following proposition.
Proposition 1: A1 can be computed as

.
Me,+n1—1 6"C,

— 1_ -

A Z Z( M, —1 )<9+Cl)"’ﬂ+’“

11—0 n|—0

r (’"SP’ sz?iﬁ)
I (msp)

me,+i1—n1—1Y\ (msp+n;—1
mel—l mSp—l
O0+prH|

CmcleSP i mSP(QSP)O) kigit g™ 5 2p
ki 1(O4Cyp)er H=m (94 py FHyymserm—ki

. %)
(HiQspp)" "te Mi%e0
X .
(i1—=np)!

my—1 iy mgp+n;—

-2 Z

i1=0 =0 k=

(14)

— Yihl — — _
where 6 = TR ,Ci = Q L and H; = MQSP

Proof: See Appendix A
Similarly, A> can be expressed as

e M (e e
2 pr— _— —}g
i=0 ny=0 Me,—1 0+C)™ 212
r (mse. 5%5)
" (msp)

. 0
(HyQspp)" e %7

(i2—n2)!

1 1 .
_ mZZ IZZ mspinz Mey+ip—np—1\ (msp+ny—1
Mey— 1 msp— 1

ir=0 np=0 k=

—k O+piHy
" (Qspp)~*202 ¢ TP

kz!(9+C2)mez+12 2 (O 4py Ho)"sP 2~ ky *

Substituting (14) and (15) into (13), we obtain a new
equation as

me —
C 2Hm5P 2

Bl = A xA;. (16)
Next, the second term of (12), i.e. E, can be expressed as
82 = Pr(max (yv,—x, Wi) < ¥l YWamx > Vinl)
= Pr(yv,—>x < V1)
X Pr(yvy—x > vim1) Pr(Wi < yi1). (17

First, it is denoted that A; = Pr(W; < ym1), Ck.i = S?“

Ck,i

and Hy ; = % Then, with the help of (7) and (9), along

VOLUME 8, 2020

with some manipulations, ;\i is formulated as.

mii—1 ik

—i- 3 Y (et
- —1
ir,i=0 ny ;=0 Mey,

Yihl

- ik 7 Hy 19pF
th]th ’(Hthth) Tl o H iSipp

Me, g i
(lk,i—nk,i)~(l/zh1+ck i)
[‘( mip, & ) myi—1 ki
sz
o |72 2
ir,i=0 ng ;=0
mip~+ng,i—1 .
Z <mek.,-+lk,i—”k,i—1)(miP+nk,i—1>
ko =0 mgk_i—l mip—l
X Y terHy
Ck Mey, thzP ki m,p(Q P,O) kk , ,1 PHy iQp
e, Fik.i—Nk.i mip+ng i—kg,i *
ki it (Vi +Cr, ) " T (Vth1+pIHk,i) T
(18)
In further computation, &, is expressed as
Br = A1 x(1—Ap)xAj. (19)

Finally, the outage probability in closed-form of the first
vehicle can be formulated as

E1+Es, <4
OP{, _ 1+&2, Vi @ 20)
! 1, otherwise

Depending the position of each vehicle and related interfer-
ence impacts, we continue to consider outage performance of
the second vehicle V5.

B. OUTAGE PROBABILITY OF THE SECOND VEHICLE
The outage probability of V5 is explicitly expressed in the
bottom of the next page.

It is noted that ®; in eq. (21) can be rewritten as

®l = <1_Pr{yV2—>x1 > Ythl, YVy—xy = yth2})
By
X Priyy,om <vm}. (22)

Proposition 2: By in eq. (22) can be rewritten as
5 '”f 22: (me2+n2—1> vi2Cy'e
1 = —_—
. mez_l (12_n2)!

—h—iy —Tra—— JJi
(HZQSPp)nZ e HyQspp 1—‘l(’/nSP’ Q_SP;5>

(V4Cp)"e2 ™ T (msp)
1 +ny—1 .

N mZX: i mSPXn:z <m82+12—n2—1) (msp+n2—l>
=0 m=0 k= e, =1 msp=1
Cmez Hm.SP ko mSP(QSPp) kzvlze ;;;g;z: (23)

X .
ka!(V+Co)"e2 H2TI2 (v py Ho )P R

Proof: See Appendix B.
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Eventually, ®; can be formulated as
®1 = (1-By)xA;. (24)
Then, we can rewrite ®; as shown.
0,
= Pr{(1,ox < vz Umax (yv,—x,, Wa) < ym1)
YVi—x1 > )’thl}

= |Pr {J/VQ—))CZ < ych} +Pr {maX (VVQ—)X] s WZ) < Vrhl}

B> B3

—Pr{yvym < Yi2, Wasx1 < Vin1s W2 < Vi }

By
Pr{yy,—x > Vin} (25)

First, by substituting (5) and after some required manipu-
lations, we can obtain B, follows

(26)

By=1- Pr{)hz( > Bilea +ﬂ”‘}

Similarly, the expression for B, is formulated as (27),
shown at the bottom of the next page.
Next, B3 can be rewritten as

B3 = Pr{max (yv,—x. W2) < v}
= Pr{yv,x < Y1} Pr(Wa < ym1)
= ArxAs. (28)

In further computation, B4 can be computed as

B4 = Pr{yV2—>x2 < Yith2, YVy—x; < ythl}

By,
xPr(Wa < ym1). (29)

Proposition 3: The closed-form expression of B4 1 can be
given by

storHy
CmeszSP k> mSP (Qupp)” kzg'lze pHyQsp

kz!(§+C2)m“’2+lz " (g+pr oy
Proof: Based on (4) and (5), B4,1 can be further rewritten

(30)

as
By
= Pr{)’Vz»xl < Yihls YVy—x; < Vth2}
.2 .2
hy| aips hy| azps
=Pry—j; <Vil, — 5 < V2
hy| a2ps+psles)*+ii psleal"+i
+1
—Pr“hz\ <g(|e e 4D )>} (1)
s

where ¢ = min (B, 6). Similarly, we can obtain By j.

This completes the proof.

Moreover, with the help of (18), we can obtain By = By, 1 x
A». Then, O, is rewritten as

©) = (By+B3—B4)xA;. (32)

To obtain final result, the outage probability of V> can be
written as

ay
ythl < o

oprsIc _ 01+02, : (33)
V2 1, otherwise

C. OUTAGE PROBABILITY OF V, IN CASE OF

IMPERFECT SIC

In this section, it is assumed that V, operates in worse case
of imperfect SIC (ipSIC). Therefore, the SNR of V, when it
detects signal x, can be expressed as

2
a2ps

ipSIC
V2—>x2 -

5 5 (34)
a1 pslg2l+pslea| +it

where g> denotes the residual imperfect channel (IS). Simi-
larly, the outage probability of V5 is given by

lpSI C

OPV”" = 0140,, (35)

where (:)1 = (I—Bil)Al and ®, = (Bz+B3—B4A2) (1-A)).
Proposition 4: By can be calculated as follows

B Ji+h+3+]y if 0 > By
1 =

. (36)
J5+J6 if : 6 < By

where J1, J2, J3, J4, J5 and Jg are shown in the appendix C.
Proof: See Appendix C.

+Pr{ (Yo, < vi2Umax (yvy—x, Wa) < ¥i1) s ¥Wyoxy > vim}. Q1)

B4
—1 i ; Me.
RS
=0 17=0 mez_l (12_’12)'
(H2QSPﬁ)n2_ize_H255pﬁ r (mSP, Q':[[,,;)
(6+Cy)Ma™™ I (msp)
my—1 iy mgp+ny—1 .
m62+12—n2—1> (m5p+n2—l)
* (
PIDIED DEN CINE I Qe
oPC = p U
v =Pr{(vyon < vi2Urvy—x < Vi), Wi—x < Y}
S]]
128634
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Proposition 5: B> can be expressed as

B>
my—1 i .
_ Mey,+ny—1\ (ma+ir—pr—1
S 35 90 oY ions [ s
i2=0 pp=0ny=0 €2

meZ

C2 Eiz—pzlgfze_% <1_F(mSPvP1/(ISQSP)))

[(mgp)
(pz—nz)'(stzsmeZ*"z(E+1)’”2+"2*Pz (Br+Cymertm
_mil i Z <me2+p2—n2—1> <m2+i2—p2—1>
i2=0 pr—0n7=0 e, 1 my—1
Cy 2 (Bi+Ca) o2 P2 g2 B2 (B oy )5P
malT msp) (5-1)" 272 (Bi-Hapr) ™+

,31+H2p1)
H)Qspp )

X

xT (mSP-le, 37)

Proof: Bz can be written as

5 _
- A _ 1%
By = 1—Pr{’h2’ > Y@ |g2|*+p1 <|€2|2+;> ,

oI ~ |2 -
sl < 5}—1%“@\ > Yundlgal?

filhsp|? P
+Bi (|€2|2+—P Jhsp2 > 2L (38)
i o

Then, it can be further shown that

By = 1-F,p (p_—l> /f\ng (Z)/fw )
P 0 0
_ I
(Vzhzotz+/31 (y—i-E)) dydz
[ @ [ £ @ [ e
%1 0 0

ot
2 (Vth2072+ﬁ1 (y+l;—)) dydzdt.  (39)
1

xF, p
h

xF,.
hy

Similarly, after some substitutions and manipulations we
can obtain (39).

It completes the proof.

Next, B4 can be expressed as

By = 1- Pr{ YWa—oxy > VidUYvy—x > Vthl}
= 1—(Pr{yv2_>x2 > J/ch}"‘PI'{)/\/Z_)x1 > ythl}

— Pr{yv,—x, > Yi2Uyv, >z, > Vit })
= Bz—i—Ag—i—Bl—l. (40)

Finally, with the help of (36), (37) and (40), we can obtain
the closed-form expression of V».

IV. SCHEME II: NOMA-V2X WITHOUT V2V LINK

This scheme does not allow V2V link. Due to similar way in
computation, we present expression of the outage probability
for the vehicle Vj as

OPY, = 1-Pr (yv,~x, > vin1) - (41)

Similarly, with the help of Proposition 1, the closed-
form expression of outage probability of the vehicle V| in
Scheme II can be expressed as

oPy,
8 3 (i
me,—1 ) (O+Crymr ™

i1=0 n1=0
a0 pI
 (HiQspp)" e it r (mSP’ QSPﬁ)

(i1—n)! I (msp)
B e
i1=0 n=0 k= e, —1 msp—1

0+prHy

CmeleSP ki mSP(QSPp) klelle PH| Qsp
ki 1(6+Cr)" M (@4 Hyymsptm R

Next, we consider the outage probability of the vehicle V;
in a perfect SIC scenario and it is given by

11 pSlC

(42)

Py = 1=Pr{yv,oy > Vinls Wyoomy > vii2} . (43)

Slmllarly, the closed-form expression of outage probability
for the vehicle V; is formulated by

1,pSIC
oPy;
SR () (S
= =\ ma=1 ) \ =)t
(HzQSpﬁ)"zfize_ F3%5p5 r (mSP, QKS):,/;)
X —
(v+C)Mea ™™ [ (msp)

m-1 i mspm-1 +ir—ny—1\ (msp+ny—1
e
35310 3 i [ Catin)

msp—1
=0 =0 k= SP

. By
m, iy — _
PGy 2 (HyQspp)"™ e 057

r (’”SP’ 9?25)

el b Me,+n2—1
_ ey -
B=1-3 3 (M)

ir»=0 nr=0

my—1 i mgp+ny—1 Moo 1
X ()

=0 np=0 k=
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(ia—m)/(B1+Cp) "2

e, m, k —k» pl
msp+na—1\ Cy “Hy "2 p) (Qspp) 2 pre P
msp—l

~ T (mgsp)

BiterHy

kz!(ﬁﬂrCz)meZ“L’2 "2 (Bi+p1 Hy) Pt @7
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m v+prHy
C szmSP ko mSP(QSPp) ka2 o™ BHy 2p

k! (vCp)"e2 2 (v py Hpymse e —he

(44)

In case of imperfect SIC, the outage probability of the
vehicle V> is expressed as

1,ipSIC ipSIC
opy P = l—Pr{sz_m. > Vihls Vysory > Vth2}- (45)

Similar to the derivation reported in Scheme I, the closed-
form expression of outage performance for the vehicle Vi is
given as

if:6>p

1-J1—=Jr—J3—J.
OPIPSIC _ 1==d3=Ja 46)
if :0<p

1-J5—Jg

V. APPROXIMATION ANALYSIS OF OUTAGE
PROBABILITY AND THROUGHPUT

There are more insights to show performance of the con-
sidered system. First, the throughput can be achieved from
outage probability. Then, asymptotic outage performance is
careful computed.

A. THROUGHPUT PERFORMANCE ANALYSIS

It is necessary to examine other metric to further provide
evaluation for each destination and the overall throughput to
characterize system performance with z € {pSIC, ipSIC}.
Such throughput depends on the probability outage which
occurs following fixed target rates R and R,. Furthermore,
optimal performance of throughput can be captured by per-
forming method of the numerical simulations. In particular,
the throughput of system can be given as

T? = Ry (1-OPy,)+R, (1—0PZVZ) . (47)

Since deriving closed-form expressions are intractable,
computation of the asymptotic expressions are necessary to
explicit evaluate the outage performance.

B. ASYMPTOTIC EXPRESSIONS WITH ps — oo
In this section, when pg — oo we consider the following
probability

2

~

h| aipr

A,fg—)oo =1-Pr — > Yl
‘hl‘ azprtler|? pr+lhspl? i

(48)
Then, based on the PDF and CDF of the related channels,

. — 00
we can obtain A} as

1
1_””2 lzl (msp-l-kl—l) (Hipp)™s"
i1=0 k1= msp—1 (Hlpl+9)mSP+kl

—k—1 g
% <mel+ll 1 )—lk (49)
me,—1 ) (C14o)"athh

pPs—>00
Al
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Similarly, A5°~ " and A" are obtained respectively as

1
APs—00 _ l—mi i <m5P+k2—1> (Happ)"s?
? msp—1 ) (Hpp+6)"sr
ir=0 ky=
—kp—1 o2Cl
% (me2+l2 2 )—zk (50)
e, —1 (Cr+0) "2t
and
Aés—ﬂ)o
my i— i,i
mSP+kk,i_1 msp ki
= 1= Z Z < mgp—1 >(Hk,ipl) Yint

ir,i=0 ki ;=0

Mey i
y <mek,i+ik,i—kk,i—1> Ck,i ' (Hk,ipl‘i‘ythl)
(Cretygy)"ens e

—mgp—kg;

mek’i—l

(D

Therefore, the asymptotic of the first vehicle V| in
Scheme I is given by

500 _ mfs—00 , oiis—o0
OPyPS ™% = g 7X@l T, (52)

where Efs_mo = APTOxAPT® and BT =
ps—>00 Ps—>00y 7 P5—>00

Al x(1-A5 )X A} S
In next step, it can be achieved st

1
B = 1_"122 lzz (msp-l-kz—l) (Happ)™s*
ir=0 kp= msp—1 (H2/)1+V)mSP+k2

as

X mez+12_k2_1 lz—Cmgz (53)
me,—1 ) (Cotvymeatia=he’

05 —> 00 —00
Moreover, Bgs and BZSI

in similar way as

are formulated respectively

1
RIS _ l_sz: i <m5P+k2—1> (Happ)™*
2 msp—1 ) (Hypy+B1)"sP 2
ir=0 ky=
Me,+in—kp—1 2C,?
«(" ) b
e, —1 (Cotp) 22772
and
-1 i .
BPS—® _ 1_mi: i (mSP‘HQ_l) (H2p1)™s?
msp—1 ) (Hpp;+g)"spthe

ir=0 kp=0
y <m62+i2—k2—l> giz C;nez
Mey=1 ) (Cog)eatle”

Thus, the asymptotic of the second vehicle V> in Scheme |
is obtained as

(55)

OPCpSlC,,ésaoo _ @,i35—>oo+®§s—>oo’ (56)

where @fs_)oo = (I—st_)oo)xAﬁS_)oo Bos—®

Aﬁs%ooXAﬁsﬁoo

b
Bpsﬁoo Bps*)OOXApS*)OO and

bl

O 7% = (BLS T4 BI T OB ) (1-AP ),
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In case of ipSIC, we can express the asymptotic of V; as

OPIV,ipSIC,,BS»oo _ @fseoo_l_@gg—)oo’ (57)

where @fs_)oo = (1—stﬁoo>Afs_)°° and @gs_)oo =
HOS —> 00 PS—>00  0S—> 00 7 ps—> 00 s —> 00

(B 4By =B AT T ) (AP T,
Proposition 6: B*” can be obtained as

- Ki+K, if:0 >

B~ = Ki+K> ' Bi (58)

K if : 0 < By

Proof: See in Appendix D.
In similar way, B5*~ °° can be expressed as

M2112

DI M (e
ir=0 pr=0ny=0
y mo+iz—pr—1Y\ (msp+ny—1
m2—1 msp—l
y ﬂIIUEiz—pZ C;"Q (,OIHZ)mSP (E+1)P2—m2—l2
(Bi4C)"™2 727" (Bi4-Hopp)"sP ™

RS —>00 _
B2

(59)

Finally, the asymptotic outage probability of the second
vehicle V> in case ipSIC is written as

OPCZipSIC,/SS%oo _ @,fg—)oo_l_(:),¢235—>c>o7 (60)

where G757 = (1—1_3535_”0) AP and @FT® =
ROAS—>00 | pPS—>00  pp§—>00 7 p§—>00 ps—>00
B +B5 -By A, (1-A7 ).
By performing similar steps in Scheme I, we can express

the asymptotic outage probabilities in Scheme II, i.e. for V| as
oP" 11 PIT0 = AT, for the asymptotic of V; in case pSIC
PH -PSIC. ps_)oo =1 Bps%<>O and for the asymptotic of

V5 in case of ipSIC as OP” IPSIC ps =00 I—st_mo.

C. ASYMPTOTIC EXPRESSIONS WITH p; — oo
When p; — o0 we can write A; as

L2
s 00 hi| o1ps
Ai = 1—Pr 3 > Ythl
hi| aaps+leil” ps+it
m; 1 ii + 1
—1_ Me; TN
1=y 3 ()
;=0 n;=
01} () Qspp) i & T (61)
(ll_nl)! (9+Ct)me’ +
Similarly, we can rewrite A” 7> as
my,i— lkt
S O N LR
= )
ir,i=0 ng ;=0 Mer.i
Cl%i (H Qip )i e %
Vzhl kt ( k,i le) e " 62)

mek’,—+nk,i

(ik,i—nx.i)! (Y +Cr.i)

VOLUME 8, 2020

Thus, relying on (61) and (62), we have the asymptotic

outage probability of V; as
OPyI T = BT gl T, (63)

where )/ 7% = AP 7 xAY 7™ and )T = AP T
(1 API_>OO) A/f71—>cl>o

,pSIC
Then, to achieve 0P{,2p , we need compute Bf 1~ and

X

By 7% as
my—1 i Me,+n3—1
)
1 —1
ir=0 nr=0 ez
VAT (Hasp) R T
(i2—m)! (v+Cp)"2™™
and
my—=1 ip  (me,+ny—1
Bglqoozl_z Z M., —1
i»=0 npy=0 €
. A1
" (Hy Qopp) 22 Ta9spP
,3 (H2Q25pp) 65)

(12 n2)!(B14Cp)"e2+"2
Moreover, the asymptotic outage probability of V5 in case
of pSIC is computed by

,pSIC — —
oPyIC = @ el T, (66)

pr—> 00 —
®l

where
(B~ 4By T OB T ) (1A ),
p]—>00 _ 7 p|—>00 0] —> 00
By Al and Bj
as (64).
Next, in case of ipSIC we can obtain the asymptotic outage
probability of V5 as

OPI,ipSIC,p1—>oo
V2

(1_B,101—>OO) XA,101—>OO, ®§1—>OO

p1—>00
By

can be obtained similarly

=077 T+e) T, (67)

where @77 = (1-B/~®) A%~ and 64~ =
(_Bgl—>00+B§1—>oo_B£1—>ooA;2)1—>00) (I—Afl_mo). Similarly,
B3 is easy obtain it.

It is worth noting that the following outage probability can
be computed in similar way

: i}
] A i g
BT = Pr{‘hz‘ > Yind 821>+ (""2|2+3) ’

<|e2|2+%)} (68

A

2
hy| >0

It can be obtained BY' ™ as

B {Aj[1+M2 if:0 > By )
M if: 0 < By
It is noted that if & > B; M is given by
mil i (mez—}-tz —pa— l)
ir=0 pr=0
128637
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Cy 207 (0+Cp) e ~i2HP2 o s
X —
p2! (HQs5pp)P?
—1my—1ir+
myp my nTp2 (mez+i2+p2_n2_1> (iz—i—pz)

-2 > ) “1 i

ir=0 p>=0 n=0

me P -

C2 26P2 (0—p1)" é-mez-hl’z—ﬂze THyQgpp
X

m! (HaQspp)™ (y+Z Co) e F2 02

. (70

and

my—1 ip my+ir—pr— 1p2+n2<

CEDID DI

ir= 0[72 0 n,=0 ky=

8 (mez+k2—l) <P2+n2) B> C, Cy (v—p12)"
Me,—1 P2 (p2+n2—k2)!

P —my—intpy el
(§+1) e MQspp

may+ir—pr—1
my—1

X .
(EHZQSPla)p2+n2_k2 (1P+§_'C2)me2+k2 Efmgz —ip
(71)
In case 8 < B1 we have
my—1 i e 1
nmpyrip—p2—
=y >3 )
—1
ir=0 pr=0ny=0 "2
B
 (Mertprm—1\ BPC e TR
Me,—1 (ﬁl_}_cz)mefrpz*nz
Eizﬂiz
(72)

X - — :
m! (C+1)" T2 (HyQp )

Similarly, in Scheme II when p; — oo we also have simi-
lar expressions. We omit here due to its simplicity.

V1. SIMULATION RESULT AND DISCUSSION

The simulation model is based on Fig. 1, and we assume fixed
power allocation factors assigned for the two NOMA vehicles
such that «; = 0.8 and o, = 0.2. In the simulations, we set
Asp = Aip = Ak, = 0.1, 41 = 05,0 = 1, X = Aggp =
hej = heg s b =0.5,m=mgg =my = my = mgp =mip =
map = my,; and R = R} = R, (BPCU) except for specific
cases, in which BPCU is short for bit per channel use.

Figs. 2 and 3 show the outage performance for the two
schemes versus the transmit SNR at the BS pg and p; respec-
tively to illustrate the performance gap among two vehicles
in the CR-assisted NOMA-V2X scenario with target rates
R = 1(BPCU) (it is assumed that Ry = R, = R from now
onward). It is clear that performance gap among two schemes
for each vehicle becomes larger at SNR high region. The
outage performance of the vehicle V; is better than Vj. This
observation is explained by different SIC and signal detection
conditions. It can be further confirmed that the outage perfor-
mance meet saturation at high SNR for Fig. 2 and Fig. 3. It can
be explained that such result is obtained straightforward from
definition of outage probability. Precisely, asymptotic lines
of outage probabilities meet exact curves at high region of pg
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FIGURE 2. Outage performance of V; and V, versus p with 1¢ = = 0.01,
m =2, p; =20dB and R = 1 (BPCU).
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FIGURE 3. Outage performance of V; and V, versus p; with le = ¢ =
0.01,m=2, 5 =20dB and R = 1 (BPCU).

and p;. These figures indicates that the well matching exists
between analytical result and Monte-Carlo simulation result.
Such matching observations are also illustrated in following
experiments. Then, the correctness of analytical results is
verified.

Fig. 4 shows different levels of CSI imperfections to such
system for the two schemes under consideration. Such CSI
term has impacts on the outage probability of Vi and V>.
When increasing the CSI level A., outage performance of
the two vehicles become worse. It is noted that due to A,
affecting the achievable SINR, 1, = 0.1 leads to small per-
formance gap among two vehicles. Therefore, by limiting CSI
imperfections it is possible to maintain outage performance at
reasonable value. In Fig. 4, it is easily noticeable that outage
performance of vehicle V> is still better than that of V7.

To look at impact of fading parameter m on the outage
performance of the two schemes, we plot outage performance
versus the transmit SNR p in Fig. 6. It is apparent that
the increase of the fading parameter m decreases the outage
probabilities dramatically. This can be explained by the fact
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that the existence of LOS for the vehicle with higher channel

gain is able to dramatically decrease the outage probability.
The optimal outage behaviors of the two schemes are

illustrated as result in Fig. 7. In particular, Fig. 7 indicates
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that increasing the power allocation factor «; can increase
the optimal outage of vehicle V> while outage performance
of vehicle V| improves significantly at high value of oy, i.e.
a1 is approximate 1. The main reason for this is that a;
makes a crucial impact on the achievable SINR while such
SINR results in the different trends of outage behavior in two
vehicles. For example, o1 = 0.8 provides the optimal outage
performance for the vehicle V> at p = 30 (dB).
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Fig. 8 continues to confirm improvement of throughput
of such system in the two schemes as SNR increases with
different ., = ¢ = (0.01, 0.05, 0.1). In Fig. 9, the impacts
of the target rates R and R, on the throughput performance
of such system can be observed. The most important result is
that at the maximum throughput can be obtained at Ry, Ry =
0.95. Lower throughput can be seen at cases of imperfect
SIC due to worse performance of the vehicle V5. As previous
results, performance gap among the two schemes exists in the
range of target rates from 0 to 1.2.

VII. CONCLUSION

This paper proposes two schemes related to V2V trans-
mission for CR-assisted NOMA-V2X, in which the vehicle
cooperates with the nearby vehicle by exploiting two links
for the mixture signal achieved, i.e. signal originated from
both direct link associated with the BS and V2V link. The
detailed performance analysis has been performed in terms
of throughput and outage probability. Both closed-form and
approximate expressions related to these metrics are derived
precisely. The result have shown that a performance gap
exists among two vehicles. It has also been found that the tar-
get rates and power allocation factors have the main impacts
on these metrics for evaluating performance of SN, especially
under impacts of both CSI imperfection and interference from
the PN. Furthermore, the optimal power allocation factor can
be indicated to obtain optimal outage performance for one of
the two vehicles. Monte Carlo simulations have been included
to verify the above performance analyses, and it confirms that
CR-assisted NOMA-V2X works well with ability of V2V
transmission.

APPENDIX A
With the help of (3), A is given as,

Ay
= 1_Pr (VV|—>X| > Vthl)
L2
hy| a1ps .
= 1-Pr > Yinl, Ps < 5
i - 2=, - |hspl
1| a2ps+ler|”ps+i
Al
.2
ha| a1p; )
_Pr N 2 >J/l‘hlvlos>|h |
in | aapr-He Pprihsp i s
A2
(73)
Py,
N P = ps = pv, and py = 3

where fs = . pv, = i
Then, the first term of (73) A1,1 can be formulated as

~ |2 O
Av =Pr(\h1\ >9|e1|2+—_“> Pr(thP|2 < p—_’), 4)
p Iz

Al A2
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Ythl

here 6 = .
where 0 o1 —Yih1 %2

Then, Aj 1,1 can be calculated as

o
_ 01
ALl =/fel|2 WF. 2 <9x+—_“> dx. (75
h] IO
0

With F(x) = 1—F (x). By substituting (9) and (11) into (75)
and we have
mp—1 91'1
=0 Qlll ir!

00 i i o
X/erl\z (x)(x—i—g) e “idx. (76)
0

Based on [36, eq. 1.111,3.351.2] and after some algebra
mathematical manipulations we get

A _ml—l i mel+n1—l
=TS

i1=0 n1=0

_ o
A1 =e %P

. P
01 CY"! (HQspp)" "1™ 577
X

, 77
(i1—n1)/(B+Cp)er T 77

where C; = and H; =
express Aj 12 as

2o With the help of (11) we can

r (mSP ’ Qf;p_ )
I" (mgp)

Now, the second term of (73), Aj 2 an be shown as

A2 =1- (78)

M2 = [Fyp @ [Fop
0

o

- o
xXF <9x+—z> dxdz. (79)
o1

]

Similarly, we can also get the following

mi—1 i

6’
Ay = ( ) __n
112;) le: 194 lllkl! (i1—k1)!
QEITSPQ
X
(mgp—1)! (mel—l)!
00

(L 1
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With the help of [36, Eq.3.351.2 and Eq.3.351.3], A1 can mal B mspdm-l Mey+in—na—1\ (msp+ny—1
be written as Z Z Z Me,—1 mgp—1
. N X =0 np=0 k=
mp— iy msp+n;— - _ 9+p1H2
wa= 3 35 (") (M) L o S
i1=0 n1=0 k= ey msp k! (9+C2)me2+l2 ny (Q+p[H2)mSP+n2 ky °
. (g+ H )‘ . . . .
Cinq Hi’nspfkl prse (Qspp) 10716 51£19;PM Fln.ally, substituting (84) and (85) into (82) leads to (23).
% i . This completes the proof.
kL (O+Cy)™ T O+ py Hysr T
(81) APPENDIX C _
With the help of (4) and (34), By is written as
Substituting (77) and (78) into (74), and by plugging the s B
result and (81) into (73), the final result can be achieved. B, = Pr { ‘ilz‘ > Y@l P+ <|62|2+ﬁ_) 7
It is end of the proof. P
) _
2 I 2 PI
f } 6 (leaP+2 ) . 1 o
APPENDIX B ‘ 2| > (lezl +_) |hsp|™ < ﬁ}
To start with, with the help of (4) and (5), the expected result filhsp|?
of Bj can be expressed as ‘hz‘ > yma|g2 B | lea*+——— p ,
i
B 2 - 2
- 2 Alhspl 2_ P
= Pr{VVQ—)X[ > Ythl, YVy—x; = ych} ‘h2) >0 <|€2| + i ’ |hSP| = 15 ’ (86)
.12 2
h . _
=Pr 2] TP Vi, —— *2ps > Vi where @ = g‘—; Then, for the case & > B, By is rewritten as
iy 20(2;05 s les |2 +id ' psleal>+it in (87) shown at the bottom of the next page.
Further, J; can be changed to
~ 12 i
- Pr{‘hz‘ > v (|e2|2+i>} , (82) oo .
ps I = Fpyp (p—_’) /fleﬂz ) f S e )
where 8 = V”’; and v = max (B1, 6). Moreover, it can be P 0 a1
shown that By as 0 X+F)
_ (0—p1)
N2 F dyd
By =Pr{\hz\ > vlesP+2E 5 < Lz} * 'g22< Vi ﬁ .
0 |hspl
By, = Fipgp (g) (1,1-712), (88)
L2 ii|hsp|? .
+Pr ‘hz‘ . v|62|2+vu| sel N R S1. (83)  whereJy 5 isexpressed as
p |sp]
Bi2 — z [
. Ji1 = flezlz (X)FV! ‘2 0 x—i—g dx
2
Next, based on (9) and (11) and after some manipulations, 0
i 1
we can rewrite By | as _ mZX: i (m62+12 —pa— 1)
o
- VL i2=0 p,=0
B = flez\z X)F,, 2| vx+— ) dx Moy : A
ha 12 C, 202(6+Cy) M2 242" Tspp
0 X (89)
my—1 i

P2 (H2Qgpp)P?
Me,+n2—1
= Z Z( o —1 > Then, J; 7 is shown as
ir=0 ny=0 €2
(9 <x+ﬁ_>>
0

_ o— i
XF|§2|2 (ﬂ (x—i—ﬁ_)) dx
00 00 Yth2& P

_ On _ 1
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i

Me,—1 i
ir=0 pr>=0 ny=0 €2 2
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Similarly, we can obtain B > as follows
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v
Me, i= _ ——
C2 oP2 (0—B1)"2 Cme2+172 ., (HyQgpp

na! (HaQspp)™ (Y4 Co) ™ 27"

. (90

where ¢ = ¢y and ¢ = ¢6+6—p;. Similarly, J, can be
easily calculated

CEDID DD DD
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mo+ir—pr—1
my—1

“ (me2+k2—1) (P2+n2) B C, ) (v—p12)"™
Me,—1 P2 (Pz-l-nz—kz)!
S\t —wmbs (1 Tlnsp.pr/p9sp)
(E+1) 7 T (1)

(EHZQSPIa)P2+n2—k2 (W+§_'C2)me2+k2 é.fmngiz '
91)

X

Next, J3 is shown as
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Then, J4 can be expressed as
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93)

Moreover, substituting_(89) and (90) into (88) and the result
with (91), (92) and (93), B| can be obt_ained in this case. Next,
for the case & < 1, we can express Bj as
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Similarly, Js can be expressed as

el my+iz—pr—1
ey ()

=0 pr=0ny=0

bk
(oot e
Me, 1 (Bi4-Co)"e2 P2
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Next, Jg can be given by

el & mp+iz—pr—1
= 23 ()
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r , ———— = 96
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Finally, substituting (95) and (96) into (94), we can obtain
(36).
The proof is completed.

APPENDIX D
First, (86) can be rewritten as

- it |hsp|?
e | N e R
‘hz‘ = 0 [ ey PPl hsel*\ | 97)
o1

Similarly, in case & > B; we have K| and K, are given
respectively as
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Moreover, it can computed K in case 6 > B1 as

1 .
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Finally, it leads to achieve the final result.
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