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Abstract—This paper investigates the impact of imperfect
channel state information (ipCSI) on the performance of RIS-
assisted NOMA vehicular networks while considering the effect of
imperfect successive interference cancellation (ipSIC). Moreover,
we present novel closed-form pairwise error probability (PEP)
expressions with arbitrary L users. The PEP is used to evaluate
the union bound on the bit error rate of NOMA users. Finally, the
analysis is supported by numerical and Monte Carlo simulation
results. We show that the impact of ipCSI with ipSIC on each
user’s error rate performance is great at the high Ps. We also
confirm that the error rate performance of the system decreases
with the increase of RUs.

Index Terms—Imperfect channel state information, imperfect
successive interference cancellation, NOMA, RIS, pairwise error
probability.

I. INTRODUCTION

It is envisioned that Vehicle-to-everything (V2X) will play
an important role in autonomous driving as the sixth genera-
tion (6G) of wireless networks evolves. While V2X is designed
to provide traffic-efficient message transmission in certain cir-
cumstances, a substantial volume of sensed data from vehicles
must be transferred to infrastructure or other vehicles. As
a result, the essential topic is maintaining continuous and
reliable communication in a moving environment [1]. Meeting
the stringent requirements for low latency and high reliability
(LLHR) required for the V2X services is challenging.

In recent years, reconfigurable intelligent surfaces (RIS)
have attracted attention. Deploying RISs can enhance the
links without line-of-sight (LoS) propagation [2]. The ben-
efits introduced by RIS hold great promise for the advanced
V2X applications specified [3]. For massive and ubiquitous
vehicular access, non-orthogonal multiple access (NOMA) has
emerged as a promising wireless paradigm. NOMA techniques
were proposed to allow various users simultaneously access
the network at the same time and frequency band by using
non-orthogonal resources, such as different power levels or
low-density spreading codes, to improve spectrum efficiency
and reduce the access latency [4].

Furthermore, non-ideal wireless communication character-
istics, including imperfect successive interference cancellation
(ipSIC) and imperfect channel status information (ipCSI),
should be considered when evaluating system performance.
As for the ipSIC implementation, there has been extensive

research on how it affects the system performance for NOMA
transmission [5], [6]. Secondly, especially in V2X commu-
nications, due to the mobility of vehicles and complicated
cross-interference caused by the dense topology, perfect CSI
is challenging for the BS to obtain in a mobile environment,
which means that channel estimation errors may exist during
the channel estimation process [7], [8].

However, the above papers mainly studied the system’s
outage probability, ergodic capacities and energy efficiency.
Since BER analysis with ipSIC is intractable, the pairwise
error probability (PEP) as the union bound of bit error rate
(BER) can evaluate the error performance of the system well,
which gained more attention [9]. To the best of the authors’
knowledge, the only relevant papers on the PEP performance
of RIS-assisted NOMA system have been reported in [10],
[11], in which the authors investigated the error probability
performance of RIS-assisted NOMA system. However, the
authors didn’t consider the impact of ipCSI with ipSIC.

Motivated by the above discussion, in this article, we inves-
tigate the effect of ipCSI on the PEP performance of a RIS-
assisted NOMA system with ipSIC. Notably, we derive closed-
form PEP expressions under the particular two scenarios.
Further, the PEP performance is analysed for arbitrary L users,
which is then utilized to obtain a union bound on the error rate.

The rest of this article is arranged as follows. Section II
describes the considered system model. Section III takes the
PEP as the performance index to evaluate the influence of
imperfect CSI on the downlink RIS-NOMA system. In Section
IV, numerical results are given to prove the correctness of the
analysis. Ultimately, Section V is the conclusion.

Notation: (·)∗ and |·| denote the complex conjugate oper-
ation and the absolute value, respectively. Re {Z} represents
the real part of the complex number Z. ∥x∥22 denotes 2-norm
of vector x.

II. SYSTEM MODEL

This article considers a downlink RIS-assisted NOMA sys-
tem consisting of one base station (BS), one RIS consisting
of N RUs, and L single-antenna users. The BS transmits the
superimposed symbols xs =

∑L
l=1

√
ωlPsxl to each vehicle,

where Ps is the total transmitted signal power, ωl is the l-
th sorted power allocation coefficient with

∑L
l=1 ωl = 1, and



xl is the transmitted symbol for Ul. Due to long-distance or
major obstacles, we presume there is no direct connection
between the BS and the vehicles. Without loss of generality,
we assume that large-scale fading is dominant, and hence,
channel qualities are determined based on the users’ distances
from the RIS. Then we consider the first vehicle has the
weakest channel gain while the L-th vehicle has the strongest,
i.e., |gid1|2 < |gid2|2 < ... < |gidL|2, and all the channels
follow independent Rayleigh fading. Subsequently, the first
user is allocated the highest power coefficient, while the L-th
user is assigned the lowest power coefficient, i.e., ω1 > ω2 >
· · · > ωl. According to the principle of NOMA, Ul will utilize
SIC technique to detect and subtract the signals of weaker
users, i.e., x1, ..., xl−1, whilst treating the signals of stronger
users, i.e., xl+1, ..., xL as additive noise. However, in actual
scenarios, detection errors may occur during the process of
SIC, which results in imperfect SIC. Accordingly, the output
signal of the l − 1 SIC process can be expressed as:

ŷl =

(
N∑
i=1

hsirigidl + el

)
√
dαBd

α
R,l

(√
ωlPsxl +

√
Psθl

)
+ nl, (1)

θl =
∑l−1
n=1

√
ωn∆n +

∑L
s=l+1

√
ωsxs, where dB is the

reference distance between BS and RIS, and dR,l as the
distance between the RIS and the l-th vehicle. Further, α
as the pass-loss exponent, ri = βiexp (jϕi) is the response
of the i-th RU, and the reflection coefficients of phase shift
and amplitude of the i-th RU are represented by ϕi and
βi respectively. Without loss of generality, we assume that
βi = 1. Moreover, el represents the channel estimation
error which can be modelled as a complex Gaussian random
variable (CGRV) with el ∼ CN

(
0, σ2

el

)
, where σ2

el
=

δ2
∥∥∥vec(∑N

i=1 hsirigidl

)∥∥∥2
2
, δ ∈ [0, 1), which represents the

relative amount of CSI uncertainties. ∆n=xn − x̂n is the
difference between the transmitted and detected signals of
the l-th vehicle and

∑l−1
n=1

√
ωn∆n represents the interference

due to the ipSIC from users U1, ..., Ul−1. nl ∼ CN
(
0, σ2

n

)
denotes the additive white Gaussian noise (AWGN).

We focus on the error transmission performance, so we
consider the case where the detected signals x̂n are not equal
to xn in the following. We assume that RIS are completely
aware of the phase ϕhsi

of BS → RIS channel hsi and the
phase ϕgidl of RIS → Ul channel gidl, and choose the best
phase shift, i.e. ϕi = − (ϕhsi

+ ϕgidl).

The received signal of Ul can be rewritten as

ŷl =
1√

dαBd
α
R,l

ql
√
ωlPsxl

︸ ︷︷ ︸
≜desired information signal

+
1√

dαBd
α
R,l

ql
√
Psθl

︸ ︷︷ ︸
≜SIC noise

+
1√

dαBd
α
R,l

el
√
Ps (

√
ωlxl + θl)

︸ ︷︷ ︸
≜ipCSI noise

+ nl︸︷︷︸
≜white noise

.
(2)

where ql =
∑N
i=1 |hsi| |gidl| is the estimated channel coeffi-

cient.
Based on the considered system model, there are four

scenarios, namely 1) pCSI and pSIC; 2) pCSI and ipSIC; 3)
ipCSI and pSIC; 4) ipCSI and ipSIC. As for the first and the
third scenarios, we only need to set ∆n = 0, which results
in θl =

∑L
s=l+1

√
ωsxs for all users in (3). In the sequel, we

focus mainly on the PEP performance analysis for the ipSIC
assumption under both ipCSI (i.e., scenario 2) and pCSI cases
(i.e., scenario 4).

III. PEP ANALYSIS

In this section, we derive an accurate expression for the
PEP, defined as the probability of detecting symbol x̂ given
that symbol x was transmitted, where x̂ ̸= x. As a result of
the maximum-likelihood rule, the conditional PEP of the l-th
user on the channel fading coefficient ql may be evaluated as
PEP (xl, x̂l |ql ) = Pr (g(x̂l) ≤ g(xl)),

where

g(y) =

∣∣∣∣ŷl − 1√
dαBd

α
R,l

ql
√
ωlPsy

∣∣∣∣2. (3)

By substituting (2) into (3), one obtains

PEP (xl, x̂l |ql ) = Pr

(
N ≤ 1√

dαBd
α
R,l

ql
2
√
Psξ̃l

)
, (4)

where ξ̃l = −√
ωl|∆l|2 − 2Re {∆lθ

∗
l }

and

N = 2Re
{ ql∆l√

dαBd
α
R,l

(el√Ps(√ωlxl + θl)√
dαBd

α
R,l

+ nl

)∗}
. (5)

Further, N can be modelled by a Gaussian RV with zero
mean and variance σ2

N with

σ2
N =

4q2l |∆l|2

dαBd
α
R,l


(
wlx

2
l + |θl|2

)
dαBd

α
R,l

σ2
el
Ps + σ2

n

 . (6)

Further, (4) can be evaluated by

PEP (xl, x̂l |ql ) = Q

(
qlξl

√
γ̄l

2|∆l|
√
ψlγ̄l+dαBd

α
R,l

)
. (7)

where ξl = −ξ̃l, ψl=σ2
el

(
ωlx

2
l + |θl|2

)
and γ̄l = Ps

σ2
n

, Q (·) is
the Gaussian Q-function [12, eq. (6.287.3)].

Remark 1:

• For U2 and U3, according to NOMA decoding rules, they
must decode the high-power signal first and then their
own signal. In the case of ipSIC, the decoding error will
make θl larger, thus making ψl and ξl in (7) large, but due
to the numerator goes up faster than the denominator, so
that the overall value in Q function will become larger.
Moreover, since the Q function is a monotone decreasing
function, the PEP of the formula (7) will become smaller.
That is, the PEPs of U2 and U3 under the ipSIC condition
are significantly lower than that under pSIC condition.



PEP (xl, x̂l) =
AΘl

ba+1 [Γ (a+ 1)]
l+k

L−l∑
k=0

(
L− l

k

)
(−1)

k

( ∞∑
n=0

cnFl

)
. (13)

Fl = 1
2
√
π

(√
2
εl

)al+1

×H1,2
2,2

√
2

bεl

∣∣∣∣∣∣ (−al
2 ,

1
2

)
, (−1− al, 1)

(0, 1) , (−al, 1)

 . (14)

PEP (xl, x̂l) =

AΘl
L−l∑
k=0

(
L−l
k

)
(−1)

k

ba+1 [Γ (a+ 1)]
l+k

∞∑
n=0

cn

∫ ∞

0

xa+(1+a)(L−l+k)+nexp
(
−x
b

)
Q

 ξl
√
γ̄lx

2 |∆l|
√
ψlγ̄l + dαBd

α
R,l

 dx.

︸ ︷︷ ︸
Fl

(15)

In order to evaluate the PEP, one shall average (7) on all of
the possible values of the RV ql, whose PDF and CDF can be
written as [13]:

f̃ql (x) =
xa

ba+1Γ(a+1)exp
(
−x
b

)
, (8)

F̃ql (x) =
γ(1+a, xb )
Γ(a+1) , (9)

where a =
k21
k2

− 1, b = k2
k1

, k1 = Nπ
2 , k2 = 4N

(
1− π2

16

)
.

Using order statistics [14], the PDF of the ordered variable
is given as

fql (x) = Θlf̃ql (x)
[
F̃ql (x)

]l−1[
1− F̃ql (x)

]L−l
, (10)

where Θl =
L!

(l−1)!(L−l)! . By substituting (8) and (9) into (10)
and performing some additional some manipulations, one gets

fql (x) =
Θlx

a(−1)k

ba+1 [Γ (a+ 1)]
l+k

L−l∑
k=0

(
L− l

k

)
exp

(
−x
b

)
×
(
γ
(
1 + a,

x

b

))L−l+k
.

(11)

Then, substituting (11) into (7), we can get the uncondition
PEP expressions of Ul

PEP (xl, x̂l) =
Θl

ba+1 [Γ (a+ 1)]
l+k

L−l∑
k=0

(
L− l

k

)
(−1)

k

×
∫ ∞

0

xaexp
(
−x
b

)
×
(
γ(1 + a,

x

b
)
)t

×Q

 ξl
√
γ̄lx

2 |∆l|
√
ψlγ̄l + dαBd

α
R,l

 dx.

(12)

As seen from (7), the PEP depends on the distance between
the transmitted and detected symbols, which is determined by
the constellation of the adopted modulation scheme and the
channel estimation error variance.

Since the derivations will be highly different under the
two scenarios: σ2

el = 0 and σ2
el ̸= 0, so in the following

subsections, we will show PEP expressions under the two
scenarios.

A. PEP under Scenario 4

Lemma 1: The PEP of Ul under scenario 4, i.e., σel ̸= 0,
can be evaluated as (13) which shown at the top of this page.
In (13), Γ(·) is the complete gamma function, Hm,n

p,q (·|·) is the
bivariate Fox’s H-function, Fl shown at the top of this page
as (14), where al = a+ (1 + a) (L− l + k) + n,

and

εl =
ξl
√
γ̄l

2 |∆l|
√
ψlγ̄l + dαBd

α
R,l

. (16)

Proof: By the properties of incomplete gamma functions
[12, Eq. (0.314) and Eq.(8.354)], γ (µ, t) =

∑∞
n=0

(−1)ntµ+n

n!(µ+n)

and
(∑∞

k=0 akx
k
)n

=
∑∞
k=0 ckx

k, where c0 = a0
m, cm =

1
ma0

∑m
k=1 (kn−m+ k) akcm−k, for m ≥ 1, n is a nature

number, substituting µ = 1+ a, t = x
b into (12), PEP (xl, x̂l)

can be written as (15), which shown at the top of this page,
where A =

(
1
b

)(1+a)(L−l+k)
.

Using Q(x) = 1
2erfc(

x√
2
) and [15, Eq. (07.34.03.0228.01)],

Fl in (15) can be expressed as:

Fl =
1

4πj

∮
Cz

b−zl Γ (z) dz

∫ ∞

0

x−z+alerfc

(
εx√
2

)
dx, (17)

where Cz is a complex contour of integration ensuring
the convergence of the above Mellin-Barnes integral (i.e., a
vertical line separating left poles of the above integrand from
the right one (e.g. −j∞+ ϵ; j∞+ ϵ) with ϵ > 0. Using [16,
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Fig. 1: (a) PEP of three vehicles under all four scenarios versus Ps, (b) PEP versus Ps under different δ, (c) PEP versus Ps
with ipCSI and ipSIC under different N

Eq. (4.1.11)] and Γ(x+1) = xΓ(x), (17) can be expressed as

Fl =
1

4πj

∮
Cz

b−zl Γ (z)
Γ
(
−αz

2 + al
2 + 1

)
(−αz + al + 1)

√
π
(
ε√
2

)−αz+al+1 dz

=
1

4πj
√
π

∮
Cz

((√
2

ε

)α
bl

)−z

×
Γ (z) Γ

(
−αz

2 + al
2 + 1

)
Γ (−αz + al + 2)

Γ (−αz + al + 1)
dz.

(18)

Finally, using the definition of Fox’s H-function [17], (14)
can be easily obtained from (18).

B. PEP under Scenario 2

Scenario 2 corresponds to the ideal conditions that perfect
CSI. Let σel = 0 in (7), we have ψl = 0 for all users. Under
this case, we can have the following modified parameters:
εl =

ξl
√
γ̄l

2|∆l|
√
dαBd

α
R,l

. Furthermore, the conditional PEP of (7)

becomes PEP (xl, x̂l |ql ) = Q

(
qlξl

√
γ̄l

2|∆l|
√
dαBd

α
R,l

)
. The expres-

sion of PEP under scenario 2 can be obtained by (13) using
the modified εl.

C. BER Union Bound

The average of PEP represents an upper bound for the BER,
which gives insight into the error rate performance when the
BER’s form expression is intractable. It is worth noting that
the PEP depends on both transmitted and detected symbols
of the vehicles. Hence, it should be averaged on all possible
values of the transmitted and erroneously detected symbols
for a fixed vehicle. Consequently, utilizing the derived PEP
expression, the BER union bound of Ul can be evaluated as

Pe ≤ 1
b

∑
xl

Pr (xl)
∑

xl ̸= x̂l

q (xl → x̂l) PEP (xl, x̂l). (19)

where b is the number of transmitted bits in xl, Pr(xl) is the
probability of transmitting symbol xl, and q (xl → x̂l) is the
number of bit error when choosing x̂l instead of xl.

IV. NUMERICAL AND SIMULATION RESULTS

In this section, numerical and Monte Carlo simulation
presents the error rate performance of the considered RIS-
NOMA system to validate the derived analytical results under
both pCSI and ipCSI cases with imperfect SIC process.
Without loss of generality, we consider a NOMA system with
three vehicles where each vehicle is equipped with a single
antenna.

Unless otherwise stated, the transmitted and detected sig-
nals are selected randomly from a binary phase shift keying
(BPSK) constellation. It is noted that xl, x̂l can be either +1
or −1 in BPSK modulation, resulting in |∆l| = 2. Unless
otherwise specified, the simulation parameters are set as shown
in TABLE I.

TABLE I: simulation parameters.

Parameter Value
Noise level -30 dB
Distance dB 80 m

Distance dR,1, dR,2, dR,3 150 m, 120 m, 90 m
Path-loss exponent a 2.2
ipCSI impact factor δ 0.8

RIS’s RUs N 8
Power allocation ratio α1, α2, α3 1/2, 1/3, 1/6

The PEP performance for three vehicles under the four
scenarios is illustrated in Fig. 1 (a). Here, we assume that
the ipSIC is implemented by users, i.e., inter-user interference
from weaker users that has higher power allocation may
exist. It can be seen that the derived analysis, given by (13),
is corroborated with the simulation result, where they have
shown that the derived analysis and simulation results match
perfectly for all of the users over the entire SNR range. The
figure shows exciting results in three aspects: (i) The PEP
for U1 under four cases are the same. This is because the
first user, i.e., the weakest user, does not implement SIC.
Notably, we find that the PEP of U2 and U3 under the ipSIC
case are significantly lower than that under the pSIC case,
which validates the analysis results as elaborated in Remark
1. (ii) We find that ipCSI has a different impact on U2 and
U3 under ipSIC and pSIC cases. For example, imperfect CSI



significantly affects users’ error rate performance when the
ipSIC is considered, especially for strong users; when pSIC is
considered, the impact of ipCSI is negligible.

Fig. 1 (b) illustrates the error rate performance versus Ps
for various values of δ. From the figure, we observe that the
user’s PEP increase with the increase of δ. This means the
greater the number of CSI uncertainties, the worse the user’s
error rate performance. Moreover, we also find that δ has a
different impact on three users, it can be seen that the ipCSI
has a more significant effect on strong users, especially at the
high Ps.
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Fig. 2: BER of three users under four scenarios

Fig. 1 (c) shows the PEP performance for the three vehicles,
where the analytical and simulation results are presented for
N = 4, 8 and 12. It can be seen from Fig. 1 (c) that the
performance gaps between the three vehicles become large
with the increase of RUs. Moreover, we also observe that the
users’ PEP gaps become larger and larger with the transmit
power Ps increases, particularly for U3, which means that
increasing the value of N has a more significant impact on
more robust users.

Fig. 2 presents the simulated BER and the derived union
bound, where N = 8 and the transmitted symbols are
randomly chosen from the BPSK constellation. The PEP is
averaged over all possible codewords of all users. The figure
shows that the near users show strong performance, while the
far user has a relatively weak performance.

V. CONCLUSIONS

In this paper, we investigate the joint impact of imperfect
channel state information and imperfect SIC on the error
rate performance of the RIS-assisted NOMA system. The
exact PEP expressions are derived under ideal and non-ideal
scenarios. Numerical and analytical results show that ipCSI
worsens PEP performance and, with increased N, results in
a better error rate performance. Moreover, we found that
ipCSI has a different influence on users’ PEP under ipSIC and
pSIC assumptions. When considering ipSIC, the ipCSI clearly
influences PEP, especially for more robust users. When pSIC
is taken into account, ipCSI has a negligible impact on the
PEP of users.
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