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Abstract—Cognitive  non-orthogonal multiple access
(NOMA) and reconfigurable intelligent surface (RIS) have
been envisioned as two promising technologies for vehicle to
everything (V2X) networks. This paper considers an RIS-aided
V2X network with cognitive NOMA while considering the
imperfect channel state information (CSI) due to the mobility
of the vehicles. The new approximate outage probability
(OP) expressions of the supposed system are derived over
double Rayleigh fading channels. Numerical and Monte Carlo
simulation results are presented to corroborate the analysis.
The results demonstrated that imperfect CSI has a significant
but different impact on the outage performance of the far and
near users, which are also different under different numbers
of reflecting units.

Index Terms—Vehicle to everything, intelligent reflecting
surface, cognitive non-orthogonal multiple access, outage per-
formance, channel estimation errors

I. INTRODUCTION

With the upcoming sixth generation (6G) of wireless
systems, vehicular communications will be an instrumental
element of future connected autonomous vehicles. However,
the fast growth of the number of connected vehicles in
vehicular networks results in challenges associated with the
quality of vehicular communications, such as low access
efficiency, spectrum scarcity and severe data congestion
[1]. Therefore, it is necessary to effectively improve and
deal with these challenges to ensure the safe and reliable
transmission of data [2].

To improve the spectrum efficiency and reduce signalling
cost and resource collisions, cognitive radio (CR) technol-
ogy can sense the available frequency resource intelligently
by dynamic spectrum access and sharing, which is suitable
for the heterogeneous dynamic communication scenarios in
vehicular communications [3] [4].

In addition, non-orthogonal multiple access (NOMA)
with high spectrum efficiency and supporting giant con-
nections has been viewed as a promising multiple access
candidate for 6G networks. It has been shown that more
efficient spectrum utilization can be achieved by combining
CR and NOMA, by which the requirement of lower latency
and massive connectivity can be better satisfied [5]. Further,

reconfigurable intelligent surface (RIS) can enhance vehic-
ular channel conditions by introducing enhanced multi-path
propagation and achieving larger transmission coverage [6].

In the existing related literature, the authors in [7] studied
the outage probability (OP) of an underlay based CR-
NOMA network considering the imperfect CSI. In [8], the
authors studied the OP and bit error rate (BER) of an
underlay based CR-NOMA vehicle communications. The
authors in [9] studied the OP performance of a CR-NOMA
network based on incremental relay. The authors in [10]
investigated the RIS-aided NOMA network under hardware
impairment.

While the literature has laid a basic foundation for under-
standing the applications of RIS aided NOMA, the outage
performance of the cognitive NOMA-RIS based vehicle to
everything (V2X) network for a unified framework still
needs to be investigated. Different from previous works, we
proposed a novel cognitive NOMA-RIS aided V2X network
and derived the approximate closed-form expressions of
OP for the cognitive users subject to the Double-Rayleigh
fading while taking into account the imperfect CSI and
the interference from the primary user. The numerical and
analysis results show that the RIS-NOMA strategy can
achieve lower OP in the considered interweave based Cog-
nitive NOMA-RIS aided V2X network. Also, the channel
estimation error (CEE) affects the outage performance of
both near and far users.

II. SYSTEM MODEL

As depicted in Fig. 1, we propose a downlink RIS aided
V2X network with cognitive NOMA transmission in the
secondary links. The secondary network includes a source
vehicle V; and multiple destination vehicles (DVs) for data
transmission opportunistically by implementing a spectrum
sensing (SS) scheme, whereas Vs equipped with RIS as the
access point and transmits data to DVs in the surroundings
of V, in the power domain NOMA mode. According to
the SS policy, the DVs can utilize the spectrum exclusively
when vacant. Let Hy and #H; denote the event that the
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Fig. 1. RIS aided V2X network with cognitive NOMA transmission.

licensed spectrum is either unoccupied or occupied by the
primary users (PUs) during a time slot, respectively, whereas
H and #{ account for the real status of PU’s spectrum and
its counterpart detected by DVs, respectively. Due to the
background noise and fading effects, achieving a perfectly
reliable SS is impossible. Consequently, if the missed de-
tection happens, the presence of PU causes interference to
DVs and vice versa. Let i) be the interference level of the
PU on DVs, i.e., n = 0 when H = Ho with H = Hy and
n#0if H = Ho with H = H, corresponding to either
unoccupied or occupied licensed spectrum, respectively.
Thereafter, the probability of successful detection of PU P,
and the false alarm probability Py are defined as Py =
Pr (7-[ — H|H = 7—[1) and P = Pr (7—[ — H|H = Ho)
[11].

As depicted in Fig. 1, we assume that V; reflected the
superimposed symbols z, = 1/ anPsxn+\/ ayPsxy to DVs
via RIS, where Ps is the total transmitted signal power,
while x,, and x; are the transmission signals for V;, and V
with E [|z,|?] = E [|zf|?] = 1. The corresponding power
allocation coefficients «,, and «y satisfy the relationship
a, < ay and «p + ap = 1. Without loss of generality,
we also assume that RIS know the channel phase infor-
mation, which has the ability to adjust the RIS phase by
phase cancellation and proper alignment of reflected signals
from RIS to maximize the signal-to-interference-plus-noise
ratio (SINR) of received signals [12]. Referring to channel
estimation error mode using linear minimum mean square
error (MMSE) in [13], the received signal of V;, i€ {n, f}
can be expressed as

M
Y = (gp,i + ep,i) \/ nPTd;ﬂﬂxp +n; + Z (gm,z + em,,i)
m=1

X |rm|e_j9m\/d7_n’ﬁiPs (\/anxn + ,/ozfxf) ,
(1

where x,, and Pr are the transmit signal of the PT and
the corresponding transmission power, gy, ; and g, ; are the
estimated channel coefficients between the links from the PT
and the m-th reflection element of the RIS to V; respectively,
M is the number of RIS reflection units, e, ; and e,, ; are
the corresponding channel estimation errors which can be

modeled as complex Gaussian random variable (CGRV)

with e, ~ CN (0,62 ) and en; ~ CN (0,02, ),

o2 . represents the error level of the channel estimation

Em,?

error, d,, f and d;fz are the path loss during the links from
the PT and the m-th reflection element of the RIS to V;,
respectively, with path loss exponent 3, d,; and d,, ; are
the distances from the PT and the m-th reflection element
of the RIS to V;, |r,,| denotes the reflection gain of the m-th
reflection element of the RIS with |r,,,| = 1 for maximizing
the received SINR, n; is the additive white Gaussian noise
(AWGN) with mean power Ny at V.

According to the principle of power domain NOMA,
each user decodes and cancels out weaker users’ signals
before decoding its message with successive interference
cancellation (SIC) technology. By weaker users, we refer to
the users with lower link gains than the considered user, and
more powerful resources are allocated to such users. SIC is
carried out to detect and subtract the signals of all other
weaker users. Precisely, the weaker user V; will decode
its signal xy by treating the stronger user signal x, as an
additional noise. While the stronger user V,, will first detect
and subtract the signal x; and then decode it’s signal x,,
without any interference. Then, the instantaneous SINR for
decoding x ¢ at V; can be evaluated as (2) at the top of the
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next page, where 4; = > |gm,| and E; = Y o2 .
L :

m=1 m=
Particularly, the strongest user V,, will not suffer from

interference by other users after the earlier detection step.
Then, the achievable SINR for V;, detecting its signal can
be written as

0, Ps A2d 7
0Pr(Ip.nl2 + 02, )dph + BuPsdn® + Ny
3)

Tn

"=

III. OUTAGE PERFORMANCE

A. The Outage Probability of Vy

In the following, we consider that the connection between
Vs and DVs can be established. V, send information to
DVs at a constant rate of R; for legitimate user V;. The
OP is calculated when the primary users detect the licensed
spectrum unoccupied. Let A, denote the probability that
the current status of the primary user’s spectrum is H,
given that DVs detected it to be unoccupied, ie., A, =
Pr (’H, = H,|H =Ho), with 4 = {0,1}. As described
in Section II, V; decode its signal x; by treating x,, as
interference. When the instantaneous SINR of V7 is smaller
than the target v, with v = 2%; — 1, the outage happens
for Vy, i.e., the OP of the considered system for V¢ can be
expressed as

Pout,f =Pr ('7;7‘ <"/f|7:[ = HO)

1
= Z A, Pr (fy;f <M =H,H= HO)a “)

pn=0

By
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Let Py = Pr(H =Ho) be the probability that the
authorized spectrum is unoccupied by the PU. According
to the Bayes criterion, one can check that

Pr (ﬁm —H )Pr(H =H,)

A, =

ZPr(H HolM = Hs) Pr (H = Hy)

®)

Po(1—Py)
_ {Po<1(sz>(l<)1z§o>(1pd> 0 =0,

Py (1= Py)
ma—P)Ta-ma—Fy M= L

As it can be seen that it is complex to obtain the closed
results of (4), we introduce Theorem 1 to show the closed
expressions, and the detailed proof can be found in the
Appendix thereafter.

Theorem 1: The OP expressions of the considered system
for weaker user V; can be written as

Ag+ A, ar < T,
%M{O bOs =S (6)

AoP, +A1P ooy > T,
where T} = 11—{”, P) ; can be obtained by replacing i

by f in (7) shown on the top of the next page, D, (2)
2
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parameter to ensure the complexity-accuracy trade-off, and

(a + 17 Y, wﬁ;) (8)

P =
o T(a+1) ’
3
’}/f (PsEl + dz N())
ri = ©)
(ap — anyy)
o B
nPrd;
Prd}o? + Psdy E; +dj d] N
ry= L e T3 S0

7’]P Tdﬁ
Proof. See Appendix A.

B. The Outage Probability of V,

For the stronger user, the SIC is carried out first to detect
and subtract the weaker user’s signal and then decode it. To
this end, the outage event happens for the stronger user V,,
in the following two circumstances: (i) V,, cannot subtract
and decode the signal z; correctly; (ii) V;, can decode x
successfully by SIC, while it cannot decode its own signal

z,, successfully. Therefore, the OP of V,, can be evaluated
by
Pout,n:]-*Pr(

= 1—
1

Z A, Pr (%”ff >0 > Yl =Hy, H = ”Ho),

pn=0

> 9775 > Yl = Ho)

Pg‘,n
(12)

where v, = 2f»~1 is the target SINR for V,, decoding
signal z,, the OP of user V,, with imperfect CSI can be
provided in the following theorem.

As it can be seen that it is complex to obtain the closed
results of (12), we introduce Theorem 2 to show the closed
expressions and the detailed proof can be found in the
Appendix thereafter.

Theorem 2: The OP expressions of the considered system
for strong user V,, can be written as

1aaf < T17
Pout,n: 1—A0P37n—A1 (l—Polm),T1<O(f§T2,
1-— AOP(()J,’IL - Al (1 - Fo,n) 7T2 < af < 1,
(13)
with T, = 1 — — 2 P! can be obtained by

f+'yn+7f% o,n

replacing 7 by n in (8), F,, corresponds to PO when

€p = €2, 1n (8), and

1,1%
1 G+ V%) (14)
omn I'(a+1) ’
andg n
Ern = — D", (15)
nPTdn’Yn

where 1)) =

replacing i by n in (9), V2, =
Proof. See Appendix B.

max (Y1,n,%2.n), P1,n can be obtained by
Y (En Ps+Nods)

[620)

IV. SIMULATION RESULTS

In this section, the secure transmission performance in
terms of outage probabilities of the considered RIS-NOMA
assisted cognitive V2X networks is presented by numerical
and Monte Carlo simulations to validate the derived analyti-
cal results when the imperfect CSI exists. Without otherwise
stated, the simulation parameters are defined as follows. The
transmit power Ps is 40dB. The path loss exponent is 5 =
2.7. The power allocation coefficients are a,, = 0.2 and
ay = 0.8. The target rate are set to [, = 2bps/Hz and Ry
= lbps/Hz. The interference level is 7 = 0.6. The distance
between V; and V; are set d,, , = 5m and d,,,, f = 10m. The
distance between Pr and V; are set dp, ,, = 20m and d), r =
30m. The number of RIS’s RUs is set to N = 10.
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The OP performance for the far user and the near user
with different reflecting numbers of RIS has been illustrated
in Figs. 2. The exact analytical curves of OP for user V;
are plotted based on (6) and (14). It can be seen that
the derived analysis is corroborated with the simulation
results, where it is shown that the derived analysis and
simulation results match perfectly for both users over the
entire transmit power range. One can be observed that OP
decreases monotonously with the increase of Ps for a fixed
reflecting number of RIS N under imperfect CSI case.
Moreover, the valuable founding is that the OP performance
of the near user V,, will not always be necessarily better than
that of far user V; due to the impact of imperfect CSI, which
shows that the power allocation needs to be reconsidered
in order to serve the near user more better in the actual
scenarios.
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Fig. 2. OP vs transmitting power of V; under imperfect

CSI case with different number of N

Fig. 3 shows the influence of different levels of o> on OP
performance. Such CSI term impacts the outage of V,, and
V. It can be seen that with the increasing of o2, the outage
performance of V; becomes worse, which is due to the
smaller o2 leading to a smaller performance gap among two
vehicles. Moreover, we can observed that with the increase
of P; level, the influence of o2 on OP gradually increases.
Which indicates that limiting CSI imperfections under high
transmitting power area makes maintaining outage perfor-
mance at a reasonable value possible.

V. CONCLUSION

This paper establishes a system model of the RIS-aided
V2X network with cognitive NOMA. The outage perfor-
mance of the system is studied and analyzed from the
perspective of reliability in terms of OP under the assump-
tion of the double Rayleigh fading channel. In order to

1006

OoP

10'10 L

10718
0

Fig. 3. OP vs transmitting power of V; under imperfect
CSI case with different o2

consider the actual factors, the CEE affects is introduced to
evaluate the impact of imperfect CSI, and the new analytical
expressions of the OP have been derived. The simulation
results show that the outage performance of the considered
network can be improved in terms of transmitting power
of source vehicles, levels of CEE affects and the number
of RIS reflection units. These findings further promote
the applicability of cognitive NOMA networks and RIS
techniques in V2X networks.

APPENDIX A: PROOF OF THEOREM 1

In order to obtain the closed-form of (4), we should firstly
get the results of P), and P} ; with =0 and =1 in
4). Let i = f in (2) and substltute it into P, in (4), we
arrive at

afPSA;dJ:ﬁ
(anA?c n Ef) Psd;” + Ny

vy (PSEf + d?NO)
Pg

PO

O,

=Pr Afc (af —anyy) <

(A.1)

Let Y = A?, according to [14], the PDF and CDF of YV

can be tightly approximated as the first term of a Laguerre
series expansion as shown bellows

a—1

fr(y) = Wzamexp (_%ﬂ) ) (A.2)
1. V¥
Fy(y)W(‘” ) (A3)

F(a+1)
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where o; = 1 — 1, b, = = ki = > ko =
AMMN (1 — 16 )» Am denote the parameter that measures

the quality of the channel between the m-th reflection
element of RIS and V; when it is Rayleigh channel.

When oy < T7, we can easily obtain P(E{ F= 1; When
ay > T, we arrive at
< Vs
Py )’

Using (A.3) into (A.4), we can obtain the results of (8).

In another side, substituting (2) and letting ¢ = f into
P, 5 in (4), P ;7 can be given by (A.5) at the top of the
next page.

P);=Pr (A (A.4)

nPrdic?

8 8 8
$0e, ;TPsdy (Eptdy ydpNo

77PTdﬁ ’

Let 77 = & =

(af—anvyys)d?
% and after some manipulations, we yields
nrr

Pyp=1-Pr(|g,s* <

(k) >

S

(€fA?PS — Tf) ,€fA§PS > Tf)

., Flapse 5Py —15) fr (y)dy
EfPS

I
(A.6)
For step (k), ay > T4 is hold.
Denote X; = |p,i|?, the corresponding PDF and CDF

can be given by

1 _=
e i, (A7)

fx; (z) =
—1—e ™. (A-8)
where \; = F (|§p,i|2)7 E

As for ay < T, we can easily obtain P017 = 1.
Substituting (A.2) and (A.8) into (A.6), we arrive at

_cfPsy—r7y y“51
R P ) A
260H1T (a + 1

()

— /Oo Le_gdy —exp (Tf)
o 26T (a + 1) Aot

() denotes expectation operater.

r
I3
a—1
* y 2 erPsy VY
- J _ Y7V ) g
X/"'.f 2b“+1F(a+1)eXp< ( An, f + b >) v
EfPS N
I3
(A.9)
where
Tf
Ih=1—-F
? v <5fPS>
(A.10)

ol <a+1,% E;f%)

=1- I'(a+1)

Let t = \/y, I3 in (A.9) can be written as

> t* efPs 5 1
Iy = S (e ) ) ar
’ / ba+1r<a+1>e’q’< (Ap,f T

Iy
Tf a—1
cfPs Y2 EfPSfU \/@

- ST P | V) ) dy.
/0 2ba+1F(a+1)eXp< (/\M )W
I

(A.11)
Using Jo vt e~ B —yw —
(25)_7F(U)GXP(L;)D (%), I, can be given
by

+1

1 26]’PS N )\p f
I, = —
! ba“( Ap,f > P (852€fps

1/ A
x D_ — 2Ll
(a+1) (b 28fP5>
Itisn’t easy to get the exact closed-form of /5. The Gauss-

Chebyshev (GC) quadrature can be employed to obtain the
approximate one, which can be written as

(A.12)

a+1

L
T 1— 2 T 2 a—1
L~ R ’ (60 +1)"
L — 2hat F(a—l—l) 2€fPS
X exp Tt l) 1 (it 1)
2)\p7f b 2€fP5 '

(A.13)

With the help of (A.6)-(A.13), the final expression of P f
can be easily obtained by letting : = f in (7). We 1ntr0duce
the general expressions for Vi to unify the results of p = 1.

APPENDIX B: PROOF OF THEOREM 2

In order to obtain the closed-form of (12), we should
firstly get the results of P?  and Polm with 4 = 0 and

o,n

© =1 in (12). Letting ¢« = n and substituting (2) and (3)

into PJ,, in (12), we arrive at
PO =Pr <Ai w“’ A2 > 7’”2*"), (B.1)
) Ps
When ay < 77, we can easily obtain P(? » = 0; When
ay > T7, We arrive at
0 2 _ Un
P, =Pr|A; > , (B.2)
) Ps
Using (A.3), we arrive at
1,1,/%
(“+ b ) (B.3)

P(?,n:l_

I'(a+1) ’

In another side, letting ¢ = n in (2) and substituting (2)
and (3) into P, . in (12) and letting ;1 = 1, denotes ¢; =
enA2Ps — T, ta = €3 , A2 Ps — 7,,, we arrive at

Pol,n (;) Pr (|§p,n|2 < min (tl,tg) st > 0,19 > 0) .
(B.4)
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07

0Pr (13p.517+02 ) d, 1+ (anA3+Es) Psd; ?+No

<vf |,

As to (B.4), when &, < €3, i.e. oy < T, P}, can be
given by
P, =Pr(|gpn|* < enA%Ps — 7,6, A2 Ps > 1)

N / Flg, .2 (€nPsy — ) fy (y) dy.

enPg

(B.5)
Similar to the process for obtaining I; in (A.6), substi-
tuting € and 7 by €, and 7,, we can easily obtain the
results of (B.5).
When ¢,, > €3, t.6. ap > Th, Polm can be given by:

Py, =Pr (|gpnl® < e2,nA%Ps — Tn, €20 AL Ps > 7)

— [ Fapur GanPsy =) fr () do

e2,nPg

(B.6)
Similar to the results of (B.5), substituting ¢ and 7¢ by
€2,n and 7,, we can easily obtain the results of (B.6).
When oy < T, we can easily obtain Pol’n =1.
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