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ABSTRACT Vehicle-to-infrastructure (V2I) communication facilitates seamless interaction between

vehicles and the surrounding infrastructure. Recently, there has been a notable surge in research interest

in ambient backscatter communications (AmBC), primarily due to its ability to enable battery-free

communication. Concurrently, reconfigurable intelligent surfaces (RISs) have garnered attention as a

promising technology, particularly for the advancement of cellular systems beyond 5G. Additionally,

non-orthogonal multiple access (NOMA) assumes a pivotal role in enhancing spectrum utilization. This

paper proposes a new RIS-enhanced NOMA-AmBC system where all channels are characterized by

Nakagami-m fading and with the main objective of assessing the performance of such system. To this

end, new closed-form expressions for the outage probabilities (OPs) were derived under the practical

assumption of imperfect successive interference cancellation (SIC). In addition, to gain a deep insight

into the system’s performance, we derived asymptotic, upper-bound, and lower-bound expressions for the

OPs. Furthermore, we proposed a power allocation optimization problem to achieve an outage-optimal

performance. To validate the analytical results, we conducted extensive investigations using Monte Carlo

simulations, which indicates a high degree of consistency. Moreover, our results underscore the remarkable

performance improvements achieved by the RIS-assisted AmBC-NOMA system when compared to both

the traditional benchmark AmBC-NOMA system and the RIS-assisted orthogonal multiple access (AmBC-

OMA) counterparts.

INDEX TERMS Ambient backscatter communications, non-orthogonal multiple access, reconfigurable

intelligent surfaces, vehicle-to-infrastructure, outage probability, imperfect SIC, Nakagami-m.

I. INTRODUCTION

THE advancement of intelligent transportation systems

(ITS) is expected to enhance traffic efficiency,

control, reliability, and passenger safety [1], [2]. Vehicle-

to-infrastructure (V2I) communication is identified as a

promising technology for achieving these improvements [3].

However, challenges persist in current transportation systems

that necessitate further investigation in spite of the recent

deployment of 5G and the anticipated introduction of

beyond 5G (B5G) systems. V2I communication systems

are highly sensitive to reliability, making the outage prob-

ability framework essential in practical V2I communication

c© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 5, 2024 4371



SAMIR et al.: OUTAGE PERFORMANCE OF RIS-ASSISTED AmBC-NOMA COOPERATIVE V2I COMMUNICATIONS

for autonomous driving and ITS [4]. Another concern

revolves around the high data rate and massive connec-

tivity demands in V2I networks, which may exceed the

capabilities of existing orthogonal multiple access (OMA)

resources. Consequently, novel spectrum access technologies

are imperative to ensure high spectral efficiency within

B5G V2I networks. In recent times, non-orthogonal multiple

access (NOMA), employing power domain multiplexing,

has emerged as a prominent air interface technology

known for its superior spectral efficiency and minimal

latency [5], [6]. A key attribute of NOMA is its ability

to concurrently accommodate multiple devices on the same

spectrum resource [7], [8], [9], which is realized through two

distinct techniques: superposition coding (SC) and successive

interference cancellation (SIC).

Another key concern in V2I systems is the substantial

growth of the number of roadside units (RSU) involved,

which, when coupled with their diverse quality of service

(QoS) requirements, poses a significant energy consumption

challenge [10]. In response to this, both academia and indus-

try are actively exploring various energy-efficient solutions

to address this critical situation. Some potential strategies

involve leveraging existing ambient radio frequency (RF)

signals for communication within the V2I system, which is

commonly known as ambient backscatter communications

(AmBC). The core idea behind AmBC involves the develop-

ment of a device capable of harvesting energy from existing

RF signals, thus enabling it to power its circuit while simulta-

neously modulating and reflecting its own information [11].

These unique attributes position the AmBC system as a

strong candidate technology for battery-free communication

in the B5G era. Over the past few years, researchers have

extensively investigated the performance of these devices

in various communication scenarios in combination with

the NOMA technology. For example, in [12], the authors

proposed a symbiotic AmBC battery-free IoT system, that

exploits a downlink transmission of a NOMA multiplexing-

enabled cellular network to permit an IoT spectrum-efficient

uplink communication. Also, the authors in [13] introduced

an AmBC-NOMA network specifically designed for ITS.

In this network, a vehicle strategically chooses the optimal

antenna to transmit a random power signal satisfying a

uniform distribution to communicate with a covert vehicle.

A cognitive AmBC-NOMA Internet-of-Vehicle (IoV) mar-

itime transportation systems network was proposed in [14].

The authors explored the reliable and secure performance

of the proposed system with in-phase and quadrature-

phase imbalance (IQI) at radio-frequency (RF) front-ends

with the existence of an eavesdropper. In particular, they

obtained analytical expressions for the outage probability

(OP) and intercept probability. In addition, the authors

in [15] provided an analytical framework for studying the

impact of delayed QoS on the AmBC-NOMA systems, they

provided an effective capacity analysis for a typical downlink

scenario and proved that larger reflection coefficients at

the backscatter device (BD) leads to increased effective

capacity for the BD but decreased effective capacities for the

NOMA-users.

Notwithstanding the considerable potential of AmBC,

this communication paradigm faces two major challenges:

weak backscatter signals and the presence of strong direct

interference signals. These challenges contribute to a notable

degradation in the performance of AmBC [16]. On another

related front, an emerging and promising technology that is

expected to be deployed in B5G systems is reconfigurable

intelligent surfaces (RIS), which has recently garnered

considerable attention. RIS involves the deployment of

passive reflecting elements to dynamically reconfigure the

wireless channel environment [4], [17]. Recently, there has

been a growing focus on RIS-assisted vehicular com-

munications [4], [18]. In [4], for instance, a model of

RIS-assisted V2I network model in the highway environment

was proposed. Assuming Rayleigh fading channels, the

authors derived the downlink OP of the proposed V2I system

while considering inter-cell interference. The secrecy OP

in the presence of an eavesdropper was analyzed in [18]

for both Rayleigh-fading-based vehicle-to-vehicle (V2V)

and V2I communication when the RIS acts as a relay

aid.

Based on the above literature, the combination of RIS and

AmBC systems presents a potential direction for substantial

performance improvement. For example, in [19], using the

moment-generating function approach, the authors derived

an expression for the symbol error probability and provided

tight upper bounds for both fully correlated and mutually

independent channels for a large intelligent surface-aided

backscatter communication systems.

The investigation of RIS-assisted downlink NOMA was

introduced in [20], [21], [22], where the authors in [20]

derived the OP closed-form expressions concerning both near

and far users, and based on the analysis, they reached the

fact that adding a RIS helps NOMA systems to improve

the performance when compared to a RIS-OMA one.

While in [21], the authors investigated the enhancement

of V2V communication systems utilizing RIS and simulta-

neous transmitting and reflecting intelligent omni-surfaces

(STAR-IOS). By integrating these technologies, the paper

addressed the performance under both NOMA and OMA

schemes in environments characterized by composite fading

channels modeled with the Fisher-Snedecor F-distribution.

The authors demonstrated significant performance improve-

ments in terms of outage probability, ergodic capacity,

and energy efficiency when using RIS/STAR-IOS con-

figurations, particularly under NOMA schemes compared

to OMA.

Recently, by incorporating RIS into AmBC-NOMA

systems, notable enhancements can be realized, particularly

in terms of amplifying backscatter signals and effectively

suppressing interference. The authors in [23] proposed an

innovative system that enhances backscatter communication

links using RIS in conjunction with NOMA technology.

This paper addressed the double fading effect inherent in
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TABLE 1. Comparison of this paper with other related work.

NOMA-assisted backscatter communication (RIS-AmBC-

NOMA) systems by introducing a joint optimization problem

for power reflection coefficients at the backscatter devices

and phase shifts at the RIS. Employing a combination

of alternating optimization, successive convex approxi-

mation, and manifold optimization algorithms, the study

demonstrated significant improvements in the data rate of

the proposed RIS-AmBC-NOMA system over conventional

AmBC-NOMA systems without RIS. This paper addressed

the collaboration between RIS, AmBC, and NOMA from an

optimization perspective. However, there remains a research

gap in the performance analysis of this collaboration.

A. MOTIVATION

Based on the literature, we can conclude that the fundamental

challenges that face V2I communication systems are the

RSU energy consumption challenge, the weakness of the

RSU signal, and the spectrum utilization efficiency. To

overcome the RSU energy consumption challenge, we

replace the battery-operated RSU with a backscatter device

that relies on ambient power in its operation. To handle

the remaining challenges, we deploy a RIS and exploit a

NOMA multiplexing scheme in the proposed system. Despite

extensive work on AmBC, NOMA, and RIS networks, as

summarized in Table 1, much of the focus has been on

addressing singular or dual aspects of these challenges.

To the best of our knowledge, none have addressed all

of these three challenges altogether. Motivated by this, we

propose a system model aimed to gain the benefits of the

RIS technology when combined with NOMA and AmBC

technologies within the context of V2I communication.

The proposed RIS-enhanced AmBC-NOMA cooperative V2I

communication model specifically integrates RIS-AmBC to

facilitate information transmission from backscatter nodes

to their vehicular destinations, leveraging NOMA to aug-

ment spectrum efficiency. In particular, we investigate the

performance of the proposed system in terms of outage

probability and to gain more insight, we derive an asymp-

totic outage probability and formulate and solve a power

allocation optimization problem. Accordingly, the proposed

system has various practical applications within autonomous

vehicles and ITS. For example, it facilitates reliable and low-

latency communication for autonomous vehicles, ensuring

safe and efficient operations by enabling real-time interaction

with traffic lights, road signs, and other infrastructure

components. In the context of smart cities, the framework

supports the deployment of wireless sensor networks and

IoT devices, with energy-efficient communication provided

by AmBC ensuring sustainability and scalability.

B. CONTRIBUTIONS

In consideration of the aforementioned motivation and chal-

lenges, and to the best of our knowledge, this paper presents

the first analysis of the outage probability performance

for the proposed RIS-enhanced AmBC-NOMA cooperative

V2I communication model in the open literature. The main

contributions of this paper are summarized as follows:

• Characterizing the statistical distribution of the received

signal-to-interference-plus-noise ratio (SINR) of the

proposed system at the end users, by deriving the

probability density function (PDF) via the Central

Limit Theorem (CLT) and moment-based Gamma

approximation, assuming that the wireless channels are

characterized by Nakagami-m fading with additive white

Gaussian noise (AWGN) under the practical assumption

of imperfect SIC at receivers.

• Deriving new closed-form expressions for the outage

probabilities (OPs) at each end user and the total system

outage.

• Deriving asymptotic expressions and diversity order for

the OPs assuming high base station transmission power,

also we derived upper and lower bounds on the OPs to

be used for optimizing the NOMA power allocations.

• Formulating and solving a power allocation

optimization problem to obtain NOMA optimal power

allocation factors to minimize the system OP.

• Validating the analytical derivations through extensive

Monte-Carlo simulations and studying the impact of

system parameters on the OPs performance.

• Comparing the proposed system and both the traditional

benchmark AmBC-NOMA system (with no RIS) and

the RIS-assisted AmBC-OMA system.
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TABLE 2. Description of important parameters.

FIGURE 1. RIS-enhanced AmBC-NOMA cooperative V2I System model.

The rest of the paper is organized as follows. The system

model is introduced in Section II. The performance of

the considered system is analytically evaluated by deriving

the OPs in Section III. The power allocation optimization

problem is then proposed and solved in Section IV.

Analytical and simulation results are discussed and compared

with benchmark systems in Section V before the conclusions

are finally provided in Section VI. A description of important

parameters is provided in Table 2.

II. SYSTEM MODEL

We consider a RIS-enhanced AmBC-NOMA cooperative

V2I communication system, as illustrated in Fig. 1. The

system consists of an ambient carrier source (CS), two

BDs denoted as (Bn,Bf ), which act as RSU, a RIS with

K reflecting elements, and two vehicles, (Dn,Df ), which

act as the backscatter receivers (BRs). In this paper, we

consider a low-speed vehicular mobility model1 where the

vehicles remain static during consecutive time slots of

the transmission, also we make the following assumptions:

1) The CS, BDs, and BRs use a single antenna; 2) The BRs

perform imperfect SIC; 3) The channels between different

devices are independent and characterized by Nakagami-m

fading; 4) The channel state information (CSI) is considered

to be perfect.2

In the presented scenario, the CS transmits a sinusoidal

carrier signal, which represents the ambient power source

that supports the BDs in their operation and in transmitting

their information. Specifically, the CS transmits a sinusoidal

carrier signal, while the BDs modulate their information over

this incident carrier signal and backscatter it to the BRs. For

the sake of enhancing spectrum efficiency, we assume that

each BD modulates a message intended for a specific BR

at different power allocation levels via NOMA technology.

We assume that Bn and Bf want to communicate with their

associated vehicles, Dn and Df , respectively, and that Dn
is a NOMA-near user while Df is a NOMA-far one. The

backscattered signal at the ith BD can be written as

Zi =
√

PβiTisi, (1)

where i ∈ {n, f }, P is the total power transmitted from CS, si
represents the message signal of the ith BD with a unit mean

power, βi denotes the power reflection coefficient of the ith

BD, which plays the role of the NOMA power allocation in

determining the decoding order. Without loss of generality,

we assume that βn < βf , βn + βf = 1. Ti denotes the gain of

the wireless channel between CS and BDs, which is assumed

to be Nakagami-m faded, i.e., Ti ∼ Nakagami-m (mTi , 1).

The backscattered signal will reach the intended BRs through

two different paths, i.e., the direct link and the RIS-supported

link, so the received signal at the far and near vehicles can

be expressed as

yDj =
∑

i∈{f ,n}

(

hij +
K

∑

k=1

Lk,irkgk,j

)

Zi + ωj, (2)

where j ∈ {n, f }, hij represents the gain of the direct

link between ith BD and jth BR, while Lk,i denotes the

channel gain from the ith BD to the kth RIS element and

gk,j denotes the reflected channel gain from the kth RIS

element toward the jth BR. All these channels are assumed to

follow Nakagami-m fading with severity factors of mλ and a

1This is a realistic assumption, especially at road intersections and urban
scenarios where the vehicles tend to drive slowly across the junctions and
intersections.

2Channel estimation in AmBC systems is radically different from
that for conventional wireless systems due to the power and processing
limitations that prevent tags from transmitting training symbols. In [26],
the authors proposed a blind channel estimator that focuses on the RIS-
assisted backscatter communication system. The estimator is based on
the expectation-maximization algorithm to acquire the modulus values of
channel parameters. Also, in [27], the authors provide a good summary
in Table I that delineates the latest research endeavors in the field of CSI
of AmBC systems. Such estimation techniques can be employed in the
considered system.
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unity expectation where λ ∈ {hij,Lk,i, gk,j}. Furthermore, ωj
represents AWGN with ωj ∼ CN (0, σ 2

ωj
) and rk = |rk|ejϕk is

the reflection coefficient of the kth RIS element. To maximize

the received signal strength, we assume that all magnitudes

|rk| = 1, while ϕk is the kth RIS element adjustable phase.

We assumed an ideal phase shift for each element, i.e.,

ϕk = ∠hij − (∠Lk,i + ∠gk,j), so that the received signals at

each vehicle from all channels are in-phase [28], [29], [30].

Accordingly, we can write

yDj =
∑

i∈{f ,n}

ξij
︷ ︸︸ ︷
»

¼
¼
¼
¼
¼
½

∣
∣hij

∣
∣ +

K
∑

k=1

∣
∣Lk,i

∣
∣
∣
∣gk,j

∣
∣

︸ ︷︷ ︸

αij

¿

À
À
À
À
À
Á

Zi∠hij + ωj. (3)

Therefore, the received SINR at Df to detect its own message

sf is

γ f
Df

=
ρβf ξ

2
ff

∣
∣Tf

∣
∣
2

ρβnξ
2
nf |Tn|

2 + 1
. (4)

Following the NOMA principle, Dn decodes sf firstly and

then applies the SIC operation, which is assumed to be

imperfect, to decode its own message sn. So, the SINRs for

decoding sf and sn at Dn are expressed as [31], [32]

γ f
Dn

=
ρβf ξ

2
fn

∣
∣Tf

∣
∣
2

ρβnξ2
nn|Tn|2 + 1

, (5)

γ n
Dn

=
ρβnξ

2
nn|Tn|2

ερβf ξ
2
fn

∣
∣Tf

∣
∣
2 + 1

, (6)

respectively, where in (4)–(6), the transmitted SNR ρ =
P/σ 2

wf
= P/σ 2

wn
, and 0 < ε < 1 is the residual power factor

due to imperfect SIC [9].

In the following, we highlight the distributions of the

three SINRs obtained above. Based on the CLT and the

moment-based Gamma approximation approach, assuming a

large number of RIS elements, αij can be approximated as

a Gamma distribution [33], [34], such that αij ∼ �(kαij , θαij)

where

kαij =

(

E
(1)
αij

)2

E
(2)
αij −

(

E
(1)
αij

)2
, θαij =

E
(2)
αij −

(

E
(1)
αij

)2

E
(1)
αij

, (7)

with E
(p)
X being the pth moment of X such that

E(p)
αij

= K
�

(

mLk,i + p
/

2
)

�
(

mgk,j + p
/

2
)

(

mLk,imgk,j
)p/2�

(

mLk,i
)

�
(

mgk,j
) , (8)

where �(·) is the well-known gamma function.

Consequently, according to [33], [34], ξij can be

approximated by a Gamma distribution such that ξij ∼
�(kξij , θξij) where

kξij =

(

E
(1)
ξij

)2

E
(2)
ξij

−
(

E
(1)
ξij

)2
, θξij =

E
(2)
ξij

−
(

E
(1)
ξij

)2

E
(1)
ξij

, (9)

and

E
(1)

ξ2
ij

= E
(2)
hij

+ E(2)
αij

+ 2E
(1)
hij
E(1)

αij
, (10)

E
(2)

ξ2
ij

= E
(4)
hij

+ E(4)
αij

+ 6E
(2)
hij
E(1)

αij
+ 4E

(3)
hij
E(1)

αij
+ 4E

(1)
hij
E(3)

αij
,

(11)

E
(p)
hij

=
�

(

mhij + p
/

2
)

m
p/2
hij

�
(

mhij
) . (12)

Since Ti is characterized by a Nakagami-m distribution,

i.e., |Ti|2 ∼ �(mTi ,
1
mTi

), and Ti
2, ξ2

ij are independent

and non-identically distributed (i.n.i.d.), consequently δij =
ξ2
ij |Ti|

2 follows a gamma distribution, viz., δij ∼ �(kδij , θδij)

where

kδij =

(

E
(1)
δij

)2

E
(2)
δij

−
(

E
(1)
δij

)2
, θδij =

E
(2)
δij

−
(

E
(1)
δij

)2

E
(1)
δij

, (13)

and E
(p)
δij

= E
(p)

|Ti|2
E

(p)

ξ2
ij

,E
(1)

|Ti|2
= 1,E

(2)

|Ti|2
= �(mTi+2)

m2
Ti

�(mTi )
.

Finally, to derive the PDFs of different SINRs in (4)–(6),

we can rewrite them as γ f
Df

= ψff

χnf
, γ f

Dn
= ψfn

χnn
, and γ n

Dn
= ψnn

χfn
,

where ψij ∼ �(kδij , ρβiθδij) based on the gamma distribution

scaling property. According to [35] and using the shifted

gamma distribution, χij is also gamma distributed as χij ∼
�(kχij , θχij), where

kχij =

(

E
(1)
χij

)2

E
(2)
χij −

(

E
(1)
χij

)2
, θχij =

E
(2)
χij −

(

E
(1)
χij

)2

E
(1)
χij

, (14)

and

E(1)
χij

=

{

ρβnE
(1)
δij

+ 1 ij ∈ {nn, nf }
ερβfE

(1)
δij

+ 1 ij ∈ {fn}
, (15)

E(2)
χij

=

{

ρ2β2
nE

(2)
δij

+ 2ρβnE
(1)
δij

+ 1 ij ∈ {nn, nf }
ε2ρ2β2

f E
(2)
δij

+ 2ερβfE
(1)
δij

+ 1 ij ∈ {fn}
. (16)

Finally, in accordance with the premise that if ψ ∼
�(kδ, ρβθδ) and χ ∼ �(kχ , θχ ) represent two independent

Gamma-distributed random variables, the ratio γ = ψ/χ fol-

lows a Beta prime distribution [36], γ ∼ β ′(kδ, kχ , 1,
ρβθδ

θχ
)

and has a PDF of

fγ (x) =
θχ

(
θχ x

ρβθδ

)kδ−1

ρβθδ

(

1 + θχ x

ρβθδ

)kδ+kχ
B

(

kδ, kχ
)
, (17)

where γ donates each of the three different SINRs in (4)–(6).
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III. OUTAGE PROBABILITY ANALYSIS

Outage can result in the incomplete delivery of traffic

information, impacting road safety. Consequently, OP is

regarded as a critical quality of service metric [37]. In this

section, an extensive performance analysis of the proposed

system is conducted, focusing on the OP. The OP is defined

as the probability of the receiver being unable to decode

the message, an event that transpires when the received

SINR drops below a specified threshold value. We derive

the analytical closed-form, asymptotic, and bounds on OPs.

A. OUTAGE PROBABILITY AT DF

The outage event at Df occurs if it can not decode sf ,

i.e., when the received SINR at Df falls bellow a specific

threshold, which can be formulated as

OPDf = P

(

f
γ
f
Df

(x) < γ
f
th

)

=

γ
f
th∫

0

f
γ
f
Df

(x)dx, (18)

where γ
f
th = 2Rf −1 and Rf is the target data rate for receiving

sf . Substituting (4) and (17) into (18), we get

OPDf =
θχnf

ρβf θδffB
(

kδff , kχnf
)

γ
f
th∫

0

(
θχnf

x

ρβf θδff

)kδff −1

(

1 +
θχnf

x

ρβf θδff

)kδff +kχnf
dx.

(19)

By applying the variable transformation z = θχnf x/ρβf θδff ,

we can write

OPDf =
1

B
(

kδff , kχnf
)

ηff∫

0

(z)
kδff −1

(1 + z)
kδff +kχnf

dz, (20)

where ηff = θχnf γ
f
th/ρβf θδff , using [38, Eq. (3.194.1)], we

obtain a closed-form expression of OPDf as

OPDf =
η
kδff
ff 2F1

(

kδff + kχnf , kδff ; 1 + kδff ;−ηff
)

kδffB
(

kδff , kχnf
) , (21)

where 2F1(., .; .; .) is the Gauss hypergeometric function [38,

eq. (9.14.1)].

B. OUTAGE PROBABILITY AT DN

The outage event at Dn occurs when it can not decode sf
or sn; this is due to the NOMA SIC concept that involves

receiving sf and canceling it before receiving sn. This can

be formulated as

OPDn = 1 − P

(

f
γ
f
Dn

(x) > γ
f
th, fγ nDn

(x) > γ nth

)

(a)= 1 −

»

¼
¼
¼
½

1 − P(f
γ
f
Dn

(x) < γ
f
th)

︸ ︷︷ ︸

B1

¿

À
À
À
Á

»

¼
¼
½

1 − P(fγ nDn
(x) < γ nth)

︸ ︷︷ ︸

B2

¿

À
À
Á

,

(22)

where γ nth = 2Rn − 1 with Rn being the target data rate for

receiving sn and (a) is a consequence of the independence

between f
γ
f
Dn

and fγ nDn
. Furthermore, we can write

B1 =

γ
f
th∫

0

f
γ
f
Dn

(x)dx, B2 =

γ nth∫

0

fγ nDn
(x)dx. (23)

Substituting (5), (6) and (17) into (23), we obtain

B1 =
θχnn

ρβf θδfnB
(

kδfn, kχnn
)

γ
f
th∫

0

(

θχnnx

ρβf θδfn

)kδfn−1

(

1 + θχnnx

ρβf θδfn

)kδfn+kχnn
dx,

B2 =
θχfn

ρβf θδnnB
(

kδnn , kχfn
)

γ nth∫

0

(
θχfn

x

ρβf θδnn

)kδnn−1

(

1 +
θχfn

x

ρβf θδnn

)kδnn+kχfn
dx. (24)

Similar to OPDf , by applying the variable transformation and

using [38, eq. (3.194.1)], we obtain a closed-form expression

of OPDn as in (25) on bottom of the page, where ηfn =
θχnnγ

f
th/ρβf θδfn , and ηnn = θχfnγ

n
th/ρβnθδnn .

C. TOTAL SYSTEM OUTAGE PROBABILITY

The total system outage OPsys occurs if Df fails to decode

sf or Dn fails to decode any of the two messages sf , sn. It

is expressed as

OPsys = 1 − P

(

f
γ
f
Df

(x) > γ
f
th, fγ fDn

(x) > γ
f
th, fγ nDn

(x) > γ nth

)

,

(b)= 1 −
(

1 − P

(

f
γ
f
Df

(x) < γ
f
th

))

×
(

1 − P

(

f
γ
f
Dn

(x) < γ
f
th

))
(

1 − P
(

fγ nDn
(x) < γ nth

))

,

(26)

OPDn = 1 −

»

¼
¼
¼
¼
½

1 −
η
kδfn
fn 2F1

(

kδfn + kχnn , kδfn; 1 + kδfn;−ηfn
)

kδfnB
(

kδfn , kχnn
)

︸ ︷︷ ︸

B1

¿

À
À
À
À
Á

»

¼
¼
¼
¼
½

1 −
η
kδnn
nn 2F1

(

kδnn + kχfn, kδnn; 1 + kδnn;−ηnn
)

kδnnB
(

kδnn , kχfn
)

︸ ︷︷ ︸

B2

¿

À
À
À
À
Á

. (25)
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where (b) results from the independence between f
γ
f
Df

, f
γ
f
Dn

,

and fγ nDn
. With the aid of definition of OPDf and OPDn , we

can write OPsys in terms of OPDf , B1, and B2 as

OPsys = 1 −
(

1 − OPDf
)

(1 − B1)(1 − B2), (27)

substituting (21) and (24) into (27), we obtain a closed-form

expression of OPsys as in (28) on the bottom of the page.

D. ASYMPTOTIC OUTAGE PROBABILITY

A deep insight into the system performance under a high

SNR regime is achieved by deriving asymptotic outage

probabilities. At high SNR, i.e., ρ → ∞, by substitut-

ing (15), (16) into (14) and performing some mathematical

manipulations, we can rewrite θχij as

θ∞
χij

=
{

ρβnθδij ij ∈ {nn, nf }
ερβf θδij ij ∈ {fn} , (29)

then we can write η∞
ff = βnθδnf γ

f
th/βf θδff , η∞

fn =
βnθδnnγ

f
th/βf θδfn , and η∞

nn = εβf θδfnγ
n
th/βnθδnn . Additionally,

kχij can be simplified as

k∞χij =

(

ρβnE
(1)
δij

)2
+ 2ρβnE

(1)
δij

+ 1

ρ2β2
nE

(2)
δij

+ 2ρβnE
(1)
δij

+ 1 −
(

ρβnE
(1)
δij

)2
− 2ρβnE

(1)
δij

− 1

=

(

ρβnE
(1)
δij

)2
+ 2ρβnE

(1)
δij

+ 1

ρ2β2
nE

(2)
δij

−
(

ρβnE
(2)
δij

)2
=

(

E
(1)
δij

)2

E
(2)
δij

−
(

E
(2)
δij

)2
, (30)

thus, at ρ → ∞, k∞χij = kδij . The asymptotic expressions of

OPDf , B1, and B2 can finally be given as

OP∞
Df

=

(

η∞
ff

)kδff
2F1

(

kδff + kδnf , kδff ; 1 + kδff ; −η∞
ff

)

kδffB
(

kδff , kδnf
) , (31a)

B∞
1 =

(

η∞
fn

)kδfn
2F1

(

kδfn + kδnn , kδfn ; 1 + kδfn ; −η∞
fn

)

kδfnB
(

kδfn , kδnn
) , (31b)

B∞
2 =

(

η∞
nn

)kδnn
2F1

(

kδnn + kδfn , kδnn ; 1 + kδnn ;−η∞
nn

)

kδnnB
(

kδnn , kδfn
) . (31c)

E. DIVERSITY ORDER

To obtain further insights, we consider the achievable

diversity order of the proposed system outage probabilities,

which describes the rate at which outage probability decays

as SNR grows large. Based on [9], [17], we can define the

diversity order as dOPl = − lim
ρ→∞

(log(OPl)/log(ρ)) where

FIGURE 2. The OPs against transmitted SNR ρ with βf = 0.6, K = 60, and ε = 0.1.

l ∈ {Df ,Dn, sys}. It is clear from the analysis carried out in

Section III-D and the result in (31), that the value of OPl is

independent of the value of ρ at high SNR, or equivalently

dOPl ∝ ρ0, which means dOP = 0. This result is consistent

with the plots that will be shown later in Fig. 2 where the

three OPs saturate with zero slopes.

F. BOUNDS ON OUTAGE PROBABILITY

In order to derive upper and lower bounds on the system’s

OPs, we utilize [39, eq. (4.20)], which gives upper and

lower bounds on the Gauss hypergeometric function as in

the following inequality
(

1 +
b

c
z

)−a
≤ 2F1(a, b; c;−z) ≤ 1 −

b

c
+
b

c
(1 + z)−a. (32)

As a result, we can write the lower and upper bounds for

OPDf , B1, and B2 as in

OPLBDf =
η
kδff
ff

(

1 +
kδff

1+kδff
ηff

)−kδff −kInf

kδffB
(

kδff , kχnf
) , (33a)

BLB1 =
η
kδfn
fn

(

1 +
kδfn

1+kδfn
ηfn

)−kδfn−kχnn

kδfnB
(

kδfn , kχnn
) , (33b)

BLB2 =
η
kδnn
nn

(

1 + kδnn
1+kδnn

ηnn

)−kδnn−kχfn

kδnnB
(

kδnn , kχfn
) , (33c)

and

OPUBDf =
η
kδff
ff

(

1 −
kδff

1+kδff
+

kδff
1+kδff

(1 + ηff )
−kδff −kχnf

)

kδffB
(

kδff , kχnf
) , (34a)

OPsys = 1 −

»

½1 −
η
kδff
ff 2F1

(

kδff + kχnf , kδff ; 1 + kδff ;−ηff
)

kδffB
(

kδff , kχnf
)

¿

Á

»

½1 −
η
kδfn
fn 2F1

(

kδfn + kχnn , kδfn; 1 + kδfn;−ηfn
)

kδfnB
(

kδfn, kχnn
)

¿

Á

×

(

1 −
η
kδnn
nn 2F1

(

kδnn + kχfn, kδnn; 1 + kδnn;−ηnn
)

kδnnB
(

kδnn , kχfn
)

)

. (28)
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BUB1 =
η
kδfn
fn

(

1 −
kδfn

1+kδfn
+

kδfn
1+kδfn

(1 + ηfn)
−kδfn−kχnn

)

kδfnB
(

kδfn , kχnn
) , (34b)

BUB2 =
η
kδnn
nn

(

1 − kδnn
1+kδnn

+ kδnn
1+kδnn

(1 + ηnn)
−kδnn−kχfn

)

kδnnB
(

kδnn , kχfn
) , (34c)

respectively.

IV. POWER ALLOCATION OPTIMIZATION

Enhancing system performance with respect to outages

represents a crucial and intricate challenge of practical

significance. In pursuit of this objective, we address

the optimization of power allocation to minimize the

system outage probability. The proposed formulation of this

minimization problem is as follows

min
βf

OPsys (35a)

s.t. 0.5 < βf < 1 (35b)

βf + βn = 1. (35c)

where OPsys is given in (28). Obviously, the problem can

not be solved directly since the expression of OPsys is

complicated. For the sake of simplicity, we use its asymp-

totic representation derived in Section III-D. Additionally,

we introduce two further assumptions. First, we consider

uniform fading across all channels, such that all Nakagami-m

channels share the same severity factor denoted as m. This

assumption results in the equality of kδff = kδnf = kδfn =
kδnn = kδ and θδff = θδnf = θδfn = θδnn = θδ . Consequently,

we can express

η∞
ff = η∞

fn =
(

1 − βf
)

γ
f
th

βf
, η∞

nn =
εβf γ

n
th

(

1 − βf
) . (36)

Furthermore, in accordance with [40], [41], [42], the values

of γ
f
th and γ nth for BRs are consistently small, always

remaining less than or equal to 0.1. Under this assumption,

the value of η∞
ij is relatively small, thus we can approximate

2F1(a, b; c;−η∞
ij ) ≈ 1. Finally we can write the approxi-

mated OPsys as

OPsys = 1 −

(

1 − A

(
1 − βf

βf

)kδ
)2(

1 − B

(
βf

1 − βf

)kδ
)

,

(37)

where A = (γ
f
th)

kδ
/kδB(kδ, kδ) and B = (εγ nth)

kδ
/kδB(kδ, kδ).

The suitability of this approximation will be graphically

confirmed later in the sequel.

Lemma 1: Problem (35) has the optimal power allocation

factor value as

β∗
f =

1

1 +
(
AB+

√
AB(8+AB)
4A

)1/kδ
, (38)

Proof: See the Appendix.

TABLE 3. Parameter values used for simulations.

FIGURE 3. The OPs against transmitted SNR ρ with different values of K , βf = 0.6,

and ε = 0.1.

V. RESULTS AND DISCUSSIONS

In this section, we will examine the outage performance of

the proposed system. This exploration involves a comprehen-

sive study of the effect of various system parameters, which

significantly impact the system’s efficiency. To substantiate

our analytical findings, we conduct extensive Monte-Carlo

simulations, thus providing validation for the theoretical

outcomes obtained through our analytical approach. Unless

mentioned otherwise, the values of parameters used in the

plots are given in Table 3, also we set mTn = mhnn =
mhfn = mLk,n = mgk,n = 3, and mTf = mhff = mhnf =
mLk,f = mgk,f = 4.

Figure 2 presents the OPs of the proposed system. We can

clearly see the enhancement of the OPs as ρ increases, while

at high SNR, it saturates due to the saturation of SINRs

in (4), (5), and (6). Also, we notice the perfect agreement

between the analytical and simulation results over the entire

range of SNR, which proves the validity of the derived PDFs

that characterize the statistical distribution of the received

SINR at the BRs. Also, the figure confirms the validity of

the obtained closed-form expressions for the OPs. This is

in addition to the perfect agreement between the analytical

and the asymptotic results at high SNR, which validates the

obtained asymptotic formulas. According to Section III-E,

we expect a diversity order of 0, which agrees with the

results in Fig. 2 as well. Finally, the figure presents the lower

and upper bounds from (33) and (34), respectively, clearly

indicating their tightness.

The effect of the number of RIS reflecting elements

on the outage performance is then demonstrated in Fig. 3.

As expected, irrespective of whether K is high or low,

the OPs decrease with the increase of ρ. The notable

observation is that the increase in K significantly improves

the OPs. This trend can be explained by observing that

increasing K contributes to an improvement in the received
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FIGURE 4. The OPs against transmitted SNR ρ with different values of ε, βf = 0.6,

and K = 60.

SINRs. The figure also presents a comparison between

our proposed RIS-enhanced system and the conventional

AmBC-NOMA benchmark without RIS. This comparison

illustrates the significant performance enhancement achieved

by incorporating RIS into the proposed system, which

strengthens the backscattered signal.

Figure 4 illustrates the effect of the imperfect SIC, where

signal detection complexity at Dn will increase. The figure

shows how the value of the imperfect SIC residual ε affects

the OPs curves. We assume three levels of ε = 0, 0.2, 0.4.

From the figure, we can notice that the higher the value of

ε, the worse the OPs performance. The best performance is

achieved with the perfect SIC scenario (ε = 0), where in this

case the SINR for decoding sn suffers minimal interference

level.

Fig. 5 illustrates the effect of imperfect CSI on the system

outage performance. The figure is generated via simulation of

the OPsys with different levels of uncertainties in estimating

the CSI. The uncertainty level, i.e., the error variance in

CSI, σ 2
e , is adjusted to different values such that σ 2

e ∈
{0.001, 0.003, 0.01, 0.03}. Fig. 5(a) shows that in the perfect

CSI scenario, the system achieved the best performance of

the OPsys. As the uncertainty level increases, the system

suffers a degradation in the outage performance. This degra-

dation aligns with the fact that a higher level of uncertainty

corresponds to lower-quality CSI estimation, which in turn

results in a higher outage probability. Moreover, to overcome

this degradation, we show in Fig. 5(b) that increasing the

number of RIS elements can effectively mitigate the negative

impact of the imperfect CSI. Specifically, to achieve an OPsys
of 10−1, perfect CSI requires around 57 RIS elements while

in the case of imperfect CSI with σe = 0.001 and with

σe = 0.01, a RIS with 63 and 80 elements, respectively,

will be needed. Additionally, increasing σe will degrades

the system performance too, e.g., for K = 20, the OPsys
with σe = 0.001 is approximately half of the OPsys with

σe = 0.01, i.e., 0.1 vs. 0.19.

Next, Fig. 6 depicts the impact of the power allocation

parameter βf ; which varies from 0.5 to 0.99; on the OP

FIGURE 5. The system outage performance under different imperfect CSI scenarios.

FIGURE 6. The OPs against power allocation factor βf with ρ = 10 dB and K = 60.

performance with ρ = 10 dB, K = 60 and ε = 0.1.

We can see that the OP for Df exhibits improvement with

increasing βf due to the increase in its own message power.

Conversely, the OP of Dn initially experiences improvement

as βf increases since Dn must decode sf firstly before its

own message sn. However, with the progressive rise in βf , an

inflection point is reached, since increasing βf corresponds
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FIGURE 7. The OPs of the proposed system under different schemes NOMA and

OMA for βf = 0.6, K = 60, and ε = 0.1.

to a reduction in the allocated power for Dn message (βn =
1−βf ). This consequently leads to a deterioration in the OP

of Dn. Moreover, OPsys mirrors the behavior of the OP of

Dn, exhibiting a marginal increase in the OP value. Also,

the figure shows the convexity of OPsys as a function of βf ,

which hints at the ability to find a global optimal point β∗
f .

To assess the efficacy of the system proposed in this

study, we compared its performance against a benchmark

scheme; an OMA-based RIS-enhanced AmBC system. This

is presented in Fig. 7, illustrating the performance contrast

between the proposed NOMA-based and the OMA-based

systems in terms of OPs under identical system settings.

The depicted results indicate that the proposed system

outperforms the benchmark in terms of OPDf , OPDn , and

OPDsys at low SNR, which is typical for low-power IoT

and backscatter applications. This performance advantage

can be attributed to the spectrum efficiency of the NOMA-

based system, where NOMA allows for more efficient

use of the available spectrum by serving multiple users

simultaneously in the same resource block. This enables

users with poor channel conditions to still receive signals

at lower power levels by adjusting the power allocation

factor, which results in reducing the likelihood of outage

compared to OMA. On the other hand, at high SNR, where

the received signals are strong, interference can have a

more significant impact on NOMA-based systems. OMA

avoids this interference by allocating separate resources to

each user. From a mathematical perspective, we studied the

system under the imperfect SIC scenario, which adds a

residual term of interference in each of the SINR values

as indicated in (4), (5) and (6). With a simple examination

of these equations, we can notice that at high SNR, i.e.,

as ρ → ∞, all three values of SINR will saturate, which

leads to a lack of improvement in the outage probability

terms. On the other hand, OMA avoids this scenario as the

equations regarding the SINR of the OMA-based indicate a

direct proportionality with the value of ρ, which suggests a

continuous improvement with the increase of ρ.

FIGURE 8. The system outage probability, exact and approximate, against power

allocation factor βf with ρ = 10 dB.

TABLE 4. Exact and approximate power allocation optimal values.

Finally, Fig. 8 depicts OPsys versus the power allocation

factor for different cases, namely, case 1 (m = 2,K =
50, ε = 0.1), case 2 (m = 5,K = 50, ε = 0.1), and case

3 (m = 7,K = 60, ε = 0.2). The figure illustrates the

robustness of the approximate analysis outlined in (37) in

comparison to the exact formula outlined in (28), thereby

confirming its suitability for optimizing the power allocation

factor. Table 4 lists the exact value of β∗
f , which is obtained

via plotting OPsys using (28) and identifying the optimal

value from the figure that minimizes system outage, while

the approximate values of β∗
f are calculated using (38). It

is clearly seen that the exact and approximate values are

virtually indistinguishable from each other. Furthermore, the

figure examines the influence of varying the fading parameter

m on OPsys. It is noteworthy that OPsys experiences

improvement with an increase in the fading parameters.

VI. CONCLUSION

In conclusion, this paper has proposed and analyzed a

novel RIS-enhanced NOMA-AmBC system in the context

of V2I communication. By considering Nakagami-m fading

for all channels, we investigated the system’s performance,

particularly focusing on OPs under the realistic assumption

of imperfect SIC. We derived closed-form expressions for

the OPs and provided asymptotic, upper- and lower-bound

expressions. Next, we formulated and solved a power

allocation optimization problem to minimize the system

OP. The validity of the derived analytical expressions is

confirmed through Monte-Carlo simulations. Besides, we

discussed the influence of different parameters on the OPs.

The results indicate the suitability of the proposed system for

communicating the battery-free BDs through low ambient

power. Also, the study revealed significant performance

improvements in the proposed RIS-enhanced NOMA-AmBC
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system compared to both traditional benchmark AmBC-

NOMA systems and RIS-assisted AmBC-OMA systems.

This underscores the potential of the proposed system for

enhancing V2I communication, offering valuable insights

for the practical implementation of advanced communication

systems B5G. A promising future research direction is to

extend the number of BDs as well as BRs served by the

system while applying a non-ideal phase shifts at the RIS.

APPENDIX

PROOF OF LEMMA 1

To attain the optimal power allocation factor that mini-

mizes the value of OPsys in (37), we proceed by making the

substitution x = (1 − βf )/βf , which enables us to reformulate

the equation as

OPsys = 1 −
(

1 − Axkδ
)2(

1 − Bx−kδ
)

. (A.1)

The optimal value of x is obtained by equating

∂OPsys/∂x|x=x∗ to zero, where x∗ is the optimal value of x.

Executing this leads to

2Akδ
(

x∗
)kδ−1

(

1 − A(x∗)kδ
)(

1 − B(x∗)−kδ
)

− Bkδx
−kδ−1

(

1 − A(x∗)kδ
)2

= 0, (A.2)

which, after some mathematical manipulations and applying

the general law of solving the quadratic equations, leads to

the optimal value of x as

x∗ =
(
AB+

√
AB(8 + AB)

4A

)1/kδ

. (A.3)

Finally, a feasible optimal power allocation factor can be

obtained by substituting in β∗
f = 1/(1 + x∗), which gives the

optimal power allocation factor as

β∗
f =

1

1 +
(
AB+

√
AB(8+AB)
4A

)1/kδ
, (A.4)

which concludes the proof.
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