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Abstract

In intelligent vehicular networks, vehicles should be able to communicate with their
surroundings while traveling. This results in more efficient, safer, and comfortable
driving experiences, as well as new commercial prospects in a variety of industries.
Connected vehicles and autonomous vehicles expect 100% reliable connectivity with-
out any compromise in quality. However, due to challenges such as difficult channel
terrains in urban scenarios and dead zones, the reliability of current vehicle-to-infra-
structure (V2I) and vehicle-to-vehicle communication systems cannot be guaranteed.
The performance of vehicular networks can be considerably enhanced with recon-
figurable intelligent surfaces (RIS). Non-orthogonal multiple access (NOMA) allows

for massive connectivity with the surroundings. In vehicular networks, the RIS-assisted
NOMA can ensure regulated channel gains, better coverage, throughput, and energy
efficiency. In this work, a blind RIS-assisted fixed NOMA (FNOMA) system is proposed
for a downlink V2| scenario. The closed-form analytical outage probability and through-
put expressions are derived by considering RIS as an intelligent reflector and as a
roadside unit. It is observed that the analytical and Monte Carlo simulation results are
closely related. In simulations, it has been discovered that RIS-assisted FNOMA outper-
forms the traditional NOMA variants in terms of outage and throughput. Even with-
out precise channel knowledge, blind RIS transmission outperforms traditional NOMA
variants due to huge array gain. The increase in the number of reflective elements

also results in a significant improvement in signal-to-noise ratio gains.

Keywords: Fixed non-orthogonal multiple access (FNOMA), Next-generation
networks, Outage probability, Reconfigurable intelligent surfaces (RIS), Throughput,
Vehicle-to-infrastructure (V2I)

1 Introduction

In spite of a worldwide pandemic in 2020, 38,680 persons died in vehicular crashes [1].
By 2030, the World Health Organization hopes to have cut down on vehicular-related
injuries and fatalities by 50% [2]. Vehicular ad hoc network (VANET) has received con-

siderable interest from academic, government, and automotive industries as a critical
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component of intelligent transportation system (ITS) to improve efficiency and safety
of road. To enable safety applications such as lane change warnings, collision avoid-
ance, and harsh braking warnings, data such as the vehicle’s position and speed must be
broadcasted to nearby vehicles on frequent intervals [3]. Low latency and high reliabil-
ity are required for safety applications. Non-safety applications such as internet access,
online games, online payments, and infotainment are also expected to be supported by
VANET [4]. Users of infotainment services expect to have a more efficient and enjoyable
driving experience. The timely and dependable distribution of this data is critical for a
variety of safety applications. In order to get services related to road safety, traffic man-
agement, infotainment, and environmental monitoring for autonomous driving, vehicles
must maintain a seamless connection with infrastructure units known as roadside units
(RSU). Even though VANET is capable of providing all services to its users, ensuring
connectivity and signal propagation remains a challenge. The unstable network topolo-
gies prevent reliable vehicle-to-everything (V2X) communication, which has become a
challenging investigation direction.

For connected autonomous vehicle applications, V2X communications must be sup-
ported. Because these communications rely on the wireless channel’s signal-to-noise
ratio (SNR) and fading characteristics, higher frequency bands must be explored to
compensate for the spectrum demand in the sub-6 GHz band. The millimeter wave
(mmWave) is utilized in the new radio (NR) concept, which is supported in third-gen-
eration partnership project (3GPP) Release-15 is used for cellular-V2X communication
(C-V2X). When there is high path loss and low SNR values, it also imposes some lim-
its on reliability issues. Theoretically, the options proposed by the scientific community
to address these challenges are to enhance transmit power and minimize the distance
between transmitter and receiver. However, this is not feasible in practice. As a result,
software-controlled reconfigurable intelligent surfaces (RIS) are offered as a way to
increase V2X communication reliability, and they will be widely adopted in sixth-gen-
eration (6G) networks [5]. Future self-driving vehicles will require reliable and better
quality connectivity between vehicles and between vehicles and infrastructure. The per-
formance of VANET can be considerably enhanced with the RIS [6, 7].

Without the use of a dedicated energy source, a large number of tiny, low-cost pas-
sive elements make up RIS, which reflect the incoming signal with a suitable phase shift
[8, 9]. RIS functions like mirrors that beamform the incoming signals to the intended
users. It has been demonstrated that RIS can improve data rate performance as well as
mitigate the Doppler effect of high-mobility users [10]. With the help of RIS, the propa-
gation environment can be controlled [11, 12]. The placement of RIS is energy efficient
and environmentally friendly. RIS has the compatibility to work with full-duplex relays,
non-orthogonal multiple access (NOMA), index modulation (IM), simultaneous wire-
less information and power transfer (SWIPT), VANET, etc. Due to the above benefits,
RIS has become one of the promising technologies of 6G networks [13].

Beamforming, range extension, positioning, and remote sensing are all potential use
cases for RIS in VANET communication [14]. Some of the VANET safety applications
that leverage the beamforming concept are incident detection, hazardous warning,
cooperative collision avoidance, and trajectory alignment. Range extension, support

for information interchange in autonomous driving, accurate data, and platooning are



Kumaravelu et al. J Wireless Com Network ~ (2023) 2023:83 Page 3 of 25

all incorporated features. It also covers non-safety applications including video shar-
ing, traffic information sharing, customized information, location-aware information,
and environmental factor detection, in addition to the RIS’s potential use cases stated
above.

To improve the spectral efficiency and massive connectivity of RIS, power-domain
NOMA can be integrated with RIS. In NOMA, the signals corresponding to different
users are superimposed in power domain so that the spectrum is exploited more effi-
ciently [15—17]. The users are explored opportunistically based on the channel condi-
tions [18]. In a VANET, an RSU should be able to accommodate a larger number of
vehicles at the same time while meeting their quality of service (QoS) demands. As a
result, NOMA’s integration with RIS is important.

A sample scenario for downlink RIS-assisted V2I is shown in Fig. 1. Because of the
blockage, the RSU may deliver very poor services to the vehicles. However, the RIS on
the building creates a virtual line of sight (LoS) between the RSU and the vehicles. The
array gain and diversity gain benefits are improved by the reflective elements, result-
ing in improved received signal quality. Figure 2 depicts an example of RIS-assisted
vehicle-to-vehicle (V2V). A source vehicle wants to exchange information with a des-
tination vehicle. However, the vehicle in between may be a blockage or eavesdrop-
per. The RIS in the propagation environment functions as an intelligent reflector (IR),
allowing for high-quality, seamless communication between source and destination

vehicles.
RIS
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Vehicle 1 Vehicle 2 Vehicle 3

Fig. 1 A sample scenario for downlink RIS-assisted V2|
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RIS

Destination vehicle Source vehicle

Fig. 2 A sample scenario for RIS-assisted V2V

1.1 Related work

RISs have been studied extensively for use in wireless communication, including RIS-
assisted unmanned aerial vehicle (UAV) systems, RIS-assisted multicast communi-
cation, and RIS-assisted MIMO [19]. However, there have been very few studies on
RIS-assisted vehicular communication. The use of RIS for secure vehicle communica-
tions was examined in [20]. The secrecy outage probability of two vehicular scenarios,
V2V and V2I, was derived. In V2V, RIS served as a relay node, while in V2], it served as
a receiver. In [7], the expressions for secrecy outage probability was derived by utilizing
series expansion and central limit theorem (CLT). The numerical results suggested that
RIS could significantly reduce the outage probability for the vehicles in its vicinity. The
secrecy outage probability was the function of the number of reflective elements. The
performance could be enhanced by increasing the number of RIS elements.

In [21], the authors suggested a QoS-driven spectrum sharing scheme for RIS-assisted
vehicular networks in order to maximize the sum capacity of V2I links utilized for high-
rate content delivery, while also ensuring the reliability of V2V links utilized for the
transmission of safety data. The authors of [22] modeled inter-vehicle links with Fox’s
H-function and studied outage probability and effective rate expressions using a passive
RIS-equipped beacon vehicle. The authors of [23] modeled vehicular networks using RIS
as an access point (AP). The instantaneous data rate was calculated as a function of the
beam width, vehicle speed, and distance.

In [24], the weighted sum capacity of all the users was maximized by jointly designing
the beamforming at base station (BS) and phase shift angles at RIS. Through the joint
optimization of beamforming at the BS and phase shifts at the RIS, the blockage in the
links from the BS/satellite to multiple users was addressed in a hybrid satellite-terres-
trial relay network [25]. The total transmit power of the BS and satellite was minimized,
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while users’ QoS requirements were met. In [26], a physical layer security (PLS) method
for cognitive satellite-terrestrial integrated network (STIN) was developed to combat
multiple eavesdropper threats. Active RIS was used in this work to alter the amplitude
and phase of the signal being received. The proposed method strived to maximize the
secrecy rate while meeting the transmit power constraint and the interference threshold.
When compared to passive RIS and no RIS systems, active RIS eliminated the impact
of double fading and improved security performance. The effectiveness of RIS-assisted
communication systems in improving the security and spectrum efficiency of multiple
users was examined in [27].

Because V2X communication involves the exchange of a large volume of data, it
causes increased latency and unequal connectivity. When compared to orthogonal mul-
tiple access (OMA) approaches, NOMA techniques exhibit better spectrum efficiency
and lower latency [28]. Massive connectivity with the same resources is possible with
NOMA. In exchange for additional receiver complexity, it also incorporates controllable
interference to superpose different vehicle signals. In [18], the closed-form outage prob-
ability expressions for ordered NOMA (ONOMA) uplink and downlink communication
systems were derived using generalized fading channels. The authors studied both sta-
tistical and instantaneous channel state information (CSI)-based ordering schemes. The
performance of cell-edge users could be improved in cooperative NOMA (CNOMA)
[29] and SWIPT-CNOMA [30] by compromising the performance of nearby users. In
[31], NOMA-assisted cooperative relaying was presented for reliable communication.
In this scenario, the source and relay transmit a superimposed signal at the first- and
second-time slots of the cooperative communication. The exact analytical closed-form
outage probability expressions were derived considering Rayleigh fading channel and
imperfect successive cancellation decoding. The outage probability of the presented
scheme was compared with the conventional cooperative relaying-assisted NOMA.

In [32], a joint optimization design for NOMA -assisted STIN was developed. To maxi-
mize the sum rate of STIN, while satisfying the power constraints of each antenna and
the QoS needs of satellite and cellular users, a constrained optimization problem was
defined. To accommodate more than two users, a unique user clustering was also pre-
sented. NOMA and cognitive radio are two potential technologies that can effectively
use satellite resources. The effectiveness of NOMA-aided STIN, when numerous pri-
mary users share the spectrum, was examined in [33]. The outage probability and sum
capacity expressions were developed considering the interference limits enforced by
multiple primary users. The NOMA-aided cognitive satellite-UAV terrestrial network
was presented in [34] to improve spectrum efficiency and facilitate exponential user
growth. Even with imperfect channel knowledge, the joint power allocation and sub-
channel assignment algorithm improved the transmission performance of the recom-
mended system. In [35], the authors proposed a novel index-coded NOMA to increase
VANET spectral efficiency. The authors of [36] employed the NOMA technique for
decentralized V2V communication, with a focus on channel modeling.

The outage behavior of a STAR-RIS-enabled cognitive non-terrestrial UAV with
NOMA was studied in [37] under Rician fading and perfect/imperfect succes-
sive interference cancellation (SIC) situations. The outage probability expressions
for secondary vehicular users were derived by considering primary vehicular users’
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as interference. The proposed scheme outperformed both the STAR-RIS-OMA and
non-STAR-RIS schemes. The majority of the existing literature assumed RIS-IR con-
figuration, in which the channels between the BS-RIS and the RIS-vehicle (user) were
known in advance in order to compensate for channel distortions. It is difficult to
have ideal channel knowledge of every vehicle in V2X applications. Many of the works
assumed RIS between the BS and vehicles. Because it is passive, RIS can only reflect
the signal that has been received in the desired direction. As a result, the received
signal power at the RIS is very poor, and the benefits that have been conversed about
for RIS are not practical. RIS was rarely considered near/at the BS or vehicles in the
works.

The blind RIS-aided FNOMA framework was proposed in [38] with IR and AP
configurations for uplink transmission. In [39], the blind RIS-assisted framework
was investigated for ONOMA, where channel gains ascertain the vehicle decoding
order. In both [38, 39], an optimization problem for power allocations was formulated
to maximize the sum capacity of near and far users. Monte Carlo simulations were
employed to validate the theoretical outage expressions. These systems outperformed
conventional NOMA by = 30% for 20 dB SNR and 32 reflective elements.

1.2 Contributions

Motivated by the benefits of RIS-assisted NOMA system for vehicular communica-
tion, the performance of blind RIS-assisted FNOMA for a downlink V2I is considered
in the proposed work. The key contributions of this work are emphasized here.

« To address the aforementioned issues, blind RIS as an IR (RIS-IR)-assisted FNOMA
and RIS as an RSU (RIS-RSU)-assisted FNOMA methods are proposed in this work.

+ The closed-form analytical outage and throughput expressions for RIS-IR-
FNOMA and RIS-RSU-FNOMA are derived.

« The derived analytical outage probability and throughput expressions are validated
through extensive Monte Carlo simulations. There is a tight bound between the
analytical and simulation results. This validates the accuracy of derived analytical
expressions.

+ The proposed RIS-assisted FNOMA and conventional NOMA variants are
compared in terms of outage probability and throughput. The blind RIS-RSU-
FNOMA is shown to perform comparably to the blind RIS-IR-FNOMA in terms
of throughput and outage.

1.3 Organization

The rest of the manuscript is presented in the following order: The analytical closed-
form outage probability and throughput expressions for the proposed blind RIS-IR-
FNOMA and RIS-RSU-FENOMA methods are derived in Sect. 2. Extensive Monte
Carlo simulations are used in Sect. 3 to validate the derived analytical expressions.
Conclusions summarize the findings and suggest future research.
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2 Methods

In this section, two different blind RIS-assisted FNOMA methods are proposed to
reduce outage and increase throughput of both near and far vehicles. The blind configu-
ration of RIS is practical since it does not require prior channel knowledge. In the first
proposed method namely blind RIS-IR-FNOMA, FNOMA is combined with a blind
RIS-IR configuration and the RIS is deployed far from the transmitter and receiver in
the IR configuration. In the second proposed method, namely blind RIS-RSU-FNOMA,
ENOMA is combined with a blind RIS-RSU configuration. RIS is positioned very
close to the RSU. In both methods, passive RIS is used. Passive RIS can only reflect the
received signal in the desired direction. Closed-form analytical expressions are derived
for outage and throughput for both proposed methods.

2.1 Blind RIS-IR-FNOMA

The conceptual diagram of blind RIS-IR-FNOMA for a downlink V2I scenario [20] is
shown in Fig. 3. RIS with N reflecting elements is mounted on the wall of a building. RIS
can be installed on various surfaces, including building facades, highway polls, advertis-
ing panels, vehicle windows, pedestrian clothing, and so on [8]. Even though there is a
blockage, the RIS introduces a virtual LoS between RSU and vehicles. As the building
with RIS is appropriately far from the RSU and vehicles, RIS serves as a smart reflector.
This results in a dual-hop channel. It is impractical to have accurate channel informa-
tion at RIS due to a large number of vehicles and their high mobility. This implies blind

RIS
ENEEEEN
ENEEEER

gpj=2+1.N

Near vehicle Far vehicle

Fig. 3 Conceptual diagram of blind RIS-IR-FNOMA system for a downlink V2| scenario
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transmission, in which the RIS elements introduce no phase shift. Due to the blind RIS
configuration, only array gain is achieved based on the number of passive reflecting ele-
ments. However, no diversity gain is achieved.

In this proposed method, two vehicles are allotted with an equal number of reflecting
elements. Single antenna is used at RSU, near and far vehicles. More power is allocated
to the far vehicle than the near vehicle to meet QoS criteria. The order in which the vehi-
cles’ signals are decoded is fixed in FNOMA. The signal from the far vehicle is decoded
first, with the signal from the near vehicle treated as interference. The far vehicle’s signal
is decoded at the near vehicle, and its impact is removed from the received signal via
SIC. The near vehicle’s signal is decoded from the residual signal.

A superposition-coded signal is generated at BS/RSU. It is given by

xs = \/ BovPs xnv + / B Ps xgy (1)

where By and g, are the fraction of the total transmit power P; allocated to near and far
vehicles, respectively. xny and xy, are the transmitted unit energy symbols corresponding
to near and far vehicles, respectively. The power is allocated by BS/RSU to near and far
vehicles such that the following constraint is met.

Bav + By =1, Bty > By > 0 (2)

The channel between the BS/RSU and the jth RIS element is /z; = aje_i¢/, hj ~ CN(0,1),
where o and ¢; are the magnitude and phase of /;. The channel between jth RIS ele-
ment and the vehicle is gj = )//e_i‘/’f, g~ CN(0,1), where y;j and v are the magnitude
and phase of gj. The number of reflecting elements assigned to the near and far vehicles
are denoted by (Nyy) and (Ng,) , respectively. Assuming that they are equal, the received
signal at the far vehicle is given by

N
Vv = Z higi | %5 + we
j=N+1

L

where wy, is the additive white Gaussian noise at the far vehicle, which follows
CN(0,N,), N, is the noise variance. In Eq. (3), L is the dual-hop channel effect corre-
sponding to a far vehicle. According to the CLT, L follows a complex Gaussian distribu-
tion when the number of reflecting elements assigned to the far vehicle is greater than
16,i.e., L ~ CN (0, Ng,) [40]. By substituting (1) in (3), the received signal at far vehicle is

rewritten as

Yty = L/ BavPs xnv + L \/ B Ps xgy + wpy (4)

In FNOMA, the near vehicle receives less power, while the far vehicle receives more
power. The first term in (4) is not dominant over the second term because the cumula-
tive dual-hop channel for the far vehicle is weaker and By is smaller. As a result, the far
vehicle’s signal is detected by considering the near vehicle’s signal as interference. The
signal-to-interference plus noise ratio (SINR) for decoding a signal from a far vehicle
while treating a signal from a near vehicle as interference is given by
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Xy _ |L|2,3fv,0s )
ML Bavps + 1
where p; = ]I\)—[i) is the transmit SNR. The outage occurs at the far vehicle when [18],
log, (1+04F) < Ry, (6)

where Ry, is the desired rate demand of the far vehicle. Substituting (5) in (6), it is rewrit-
ten as

LI Bey s ~
log, |1+ —— ) <Rgy 7
2( |L|2,3nvps +1 ( )

Let Ry, = 2R _ 1and ne = |LI?, (7) is simplified as

ey < R—fv
(Bt — BuvRey) s (8)
—_—
Tty

The comprehensive derivation of (8) is given in “Appendix 1” ng, follows Chi-square dis-
tribution with two degrees of freedom. The corresponding mean of ng, is E{ng,} = (SfZVNfV,
where 8f2v is the average channel gain of far vehicle. The probability density function (pdf)

of ng, is given by
()
() — e 8%, Ng, >0 9)
= » Nty =
82 Npy

The outage probability for the far vehicle is calculated using
Tty
Py = /0 S dng, (10)

Substituting (9), the outage probability for the far vehilce is expressed as

0o _1_ - e
Py =1-exp { ((ﬁfv - ﬂanfv)szvaVps) } "

The comprehensive derivation of (11) is given in “Appendix 2 The received signal at the

near vehicle is given by

(12)

where wyy is the additive white Gaussian noise at the near vehicle, which follows
CN (0, N,). M is the dual-hop channel effect corresponding to the near vehicle. Accord-
ing to the CLT, M follows a complex Gaussian distribution when the number of
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reflecting elements assigned to the near vehicle is greater than 16, i.e.,, M ~ CA (0, Npy)
[40]. By substituting (1) in (12), the received signal at the near vehicle is rewritten as

Yoy =M / BuvPs xny + M V Bt Ps xgy + way (13)

The second term in (13) is dominant over the first term, because both the value of M
and By, are higher. As a result, the signal from the far vehicle is detected first by the near
vehicle. The SINR of decoding a signal from a far vehicle at a near vehicle is given by

g — _ IMIPBrps

= 14
" IMPBavps + 1 (1)

After eliminating the influence of xg, from yyy using SIC, the received signal at the near
vehicle is given by,

5’nv ~ M~/ Buv Ps oy + Wny (15)

The signal of a near vehicle is detected using (15). The SNR for decoding xyy at near vehi-

cle is given by

e = My s (16)
The decoding of the far vehicle’s signal fails at the near vehicle when [18]

log, (1+ 93) < Ry, (17)

By substituting (14) in (17),

|M?Bg os .
log, |1+ ————— | <Rg 18
2( M2 By s + 1 49

After simplification, (18) is written as,

M < ——

= Ber — PovRen) 05 (19)

The comprehensive derivation of (19) is given in “Appendix 3” The decoding of the near

vehicle’s signal fails at the near vehicle when [18],
logy (1 + 9%%) < Ray (20)
where R,y is the desired rate demand of the near vehicle. Substituting (16) in (20) gives
log, (1+ IMPBuvps) < R 1)
After simplification, (21) is written as,

|]\/1|2 < &
 Bavps
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where R,y = kv _ 1, “Appendix 4” illustrates the comprehensive derivation of (22). As
a result, the condition for which decoding of a near vehicle’s signal fails at a near vehicle
is provided by

R R
nnv=|M|2§maX{ il d }

(Bty — BuavRey) os ’ Buv s

Tnv

(23)

Ny follows Chi-square distribution with two degrees of freedom. The corresponding
mean is E{nny} = 82, Nny, where 82, is the average channel gain of near vehicle. The pdf

of 1y is given by
1 _ nv
(Mnv) — e (5%anv> > (0 (24)
My 5r2wNnv » Tnv =

The outage probability of near vehicle is calculated using
Tny
wa = / fn(,:IVnV)dnnV (25)
0
By substituting (24) in (25) and simplifying,

P 1 Rg, Ry
w = 1T N\ B = BuvRe)ns” Bauhs (26)

The comprehensive derivation of (26) is given in “Appendix 5 The throughput of blind
RIS-IR-FNOMA is given by [41],

T = Ruy (1= P,) + R, (1— P§,) (27)

where P7, and Pg are given in (26) and (11), respectively.

2.2 Blind RIS-RSU-FNOMA

The conceptual diagram of the blind RIS-RSU-FNOMA system for a downlink V2I sce-
nario is shown in Fig. 4. Enhanced performance is obtained when RIS is deployed in close
proximity to the transmitter or receiver units [40, 42]. In Fig. 4, RIS with N reflecting ele-
ments is supposed to be near RSU. As a dedicated link is used to connect the RSU and RIS,
the RSU-RIS channel is deterministic, and its fading effect is minimal. As a result, com-
munication between the RIS-RSU and the vehicles is limited to a single hop. In this section,
closed-form analytical outage probability and throughput expressions are derived for blind
RIS-RSU-FNOMA. The received signal at the far vehicle is given by

N
= >, g|x+twy

j=5+1

—_——
H

(28)
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Near vehicle Far vehicle

Fig. 4 Conceptual diagram of blind RIS-RSU-FNOMA system for a downlink V2| scenario

In (28), H is the cumulative channel effect corresponding to the far vehicle, and it follows
complex Gaussian distribution based on CLT, i.e.,, H ~ CN (0, Ng,). By substituting (1)
in (28), the received signal at the far user is rewritten as

¥tv = H \/ BuavPs xny + H V Bt Ps xgy + Wiy (29)

As per the concept of FNOMA, power is allocated for near and far vehicles in RIS-
RSU-FNOMA system. The first term in (29) is not dominant over the second term
because the cumulative channel for the far vehicle is weaker and B,y is smaller. As a
result, the far vehicle’s signal is detected by considering the near vehicle’s signal as
interference. The SINR for decoding a signal from a far vehicle while treating a signal

from a near vehicle as interference is given by

N (Y

=—0 " (30)
N H P Bayps + 1

The outage occurs at far vehicle when condition in (6) is met [18]. Let pg, = |H |2, the

condition for the outage of the far vehicle is given by
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O < R—fv
(Btv — BovRey) ps (31)
—_———
Tty

oty follows Chi-square distribution with two degrees of freedom. The corresponding
mean of pg, is E{pgr} = KfzvaV, where Kfzv is the average channel gain of far vehicle. The
pdf of pg,can be written similar to (9). Using the expression similar to (10), the probabil-
ity of outage for the far vehicle is obtained as

Rg,
Pl —1-— -
=l { ((ﬂfv - ﬁanfv)K?vaVpS) } (32

The received signal at the near vehicle is given by

[M] =
)

Ynv = Xs + Wny

(33)

where G is the cumulative channel effect corresponding to the near vehicle, and it fol-
lows complex Gaussian distribution based on CLT, i.e., G ~ CA/ (0, Nyy). By substituting
(1) in (33), the received signal at the near user is rewritten as

Ynv = G /BavPs Xny + G /B Ps %y + Wy (34)

The second term in (34) is dominant over the first term, because G and Sy, are higher. As
a result, the signal from the far vehicle is detected first by the near vehicle. The SINR of
decoding a signal from a far vehicle at a near vehicle is given by

G 2
|G|*Bavps + 1
The influence of xy, is eliminated from yy,y using SIC after it has been decoded.
5’nv ~ G \% By Ps Xny + Wy (36)

The signal of a nearby vehicle is then detected. The SNR for decoding x, at near vehicle
is

9 = |G| By s (37)

The decoding of the far vehicle’s signal fails at the near vehicle when the condition in
(17) is met. By substituting (35) in (17), the condition is given by

[—

= B — PuvRe)rs (38)

The decoding of a near vehicle’s signal fails at a near vehicle when the condition in (20) is
met. By substituting (37) in (20), the condition is given by
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G < =

~ Buvps (39)

The condition for which decoding of a near vehicle’s signal fails at the near vehicle is
provided by

R R
pny = |G? < max{ fv o }

(Bt — ﬁanfv)Ps, By Os

Tny

(40)

pnv follows Chi-square distribution with two degrees of freedom. The corresponding
mean is E{pny} = k2, Npy, where 2, is the average channel gain of near vehicle. The out-
age probability at near vehicle is obtained as

7= t-e e (v G )
o P Kr%anv max (Iva_lganfv),Os’ Buv s (41)

The throughput of blind RIS-RSU-FNOMA is computed by using (27). Here, Pg, and Pg,
are given in (41) and (32), respectively.

3 Results and discussion

In this section, the outage and throughput performances of blind RIS-IR-FNOMA
and blind RIS-RSU-FNOMA are validated through simulation results. The simulation
setup is given in Table 1. The parameters for the simulation study are chosen based on
previous works [18, 29, 30, 38, 39]. The Monte Carlo simulation results are averaged
over 10° random channel realizations. The outage probability performance of the RIS-
IR-FNOMA far vehicle is compared for different numbers of RIS elements in Fig. 5.
The simulated outage closely matched closed-form analytical curves produced by (11)
for greater values of N. N = 32, N = 64, N = 128 and N = 256 systems require SNR
of ~ 29 dB, ~ 26 dB, &~ 23 dB, and ~ 20 dB, respectively, to achieve the required outage

Table 1 Parameters for simulation study [18, 29, 30, 38, 39]

Parameter Typical value
Block size 106

Desired data rate demand of far vehicle (f?fv) 1b/s/Hz
Desired data rate demand of near vehicle (f?w> 1b/s/Hz
Number of reflecting elements (N) 32, 64,128, 256,512
Number of users 2

Average channel gain of far vehicle 1

Average channel gain of near vehicle 3

Power fraction allocated to near vehicle (Bny) 0.1

Power fraction allocated to far vehicle (Bs,) 0.9

Target outage probability for analysis 1074

Target throughput (b/s/Hz) 2b/s/Hz
Bandwidth 1 GHz

Noise variance (o2) =174 dBm
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Fig. 5 Outage probability comparison of RIS-IR-FNOMA far vehicle for various N
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Fig. 6 Outage probability comparison of RIS-IR-FNOMA near vehicle for various N

probability of 1074, The SNR requirement is found to be reduced by ~ 3 dB when the
number of reflecting elements is doubled.

The outage probability performance of RIS-IR-FNOMA near vehicle for various num-
bers of RIS elements is compared in Fig. 6. The simulated outage resembled the closed-
form mathematical curves resulting from (26), especially for higher values of N. N = 32,
N =64, N = 128 and N = 256 systems require SNR of ~ 33 dB, ~ 30 dB, =~ 27 dB, and

Page 15 of 25
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~ 24 dB, respectively, to achieve a target outage probability of 107, It has been noted
that increasing the number of reflecting elements by twofold lowers the SNR required
by = 3 dB. From Figs. 5 and 6, it is observed that the far vehicle’s outage performance is
superior to the near vehicle’s because the far vehicle is supplied more power.

In Fig. 7, the throughput (b/s/Hz) performance of blind RIS-IR-FNOMA is compared
for different numbers of RIS elements and I~€nv = I~€fv = 1 b/s/Hz. The throughput curves
are plotted based on the expression in (27). The throughput of RIS-IR-FNOMA system
is increased by increasing transmit power at RSU. At about ~ 0 dB, the sum throughput
of blind RIS-IR-FNOMA with N = 512 reaches 2 b/s/Hz. Blind RIS-IR-FNOMA, for
example, with N = 32 reflecting elements, achieves a maximum throughput of 2 b/s/Hz
at &~ 15 dB. It is also been noted that the increase in N decreases the SNR requirement
to reach the target throughput. It is also obvious that the Monte Carlo simulation curves
for blind RIS-IR-FNOMA system closely match closed-form analytical curves.

The outage probability of RIS-RSU-FNOMA far vehicle for varying N is shown in
Fig. 8. For N =32, N = 64, N = 128 and N = 256 reflecting elements, the far vehicle
attains an outage probability of 107* at & 29 dB, ~ 26 dB, ~ 23 dB, ~ 20 dB. The SNR
gain grows as N increases. Based on the outage expression in (32), analytical curves for
various N are obtained. For all N, there is a close match between the Monte Carlo simu-
lation curves and the analytical curves. The outage probability of the RIS-RSU-FNOMA
near vehicle for varying N is shown in Fig. 9. The analytical curves for various N are
drawn based on the outage expression in (41). When comparing Figs. 8 and 9, it is evi-
dent that the far vehicle’s outage performance is better to the near vehicle’s. Figure 9’s
other trends follow Fig. 8. In Fig. 10, the throughput (b/s/Hz) performance of blind RIS-
RSU-FNOMA is compared for different numbers of RIS elements and ﬁnv = INva = 1b/s/
Hz. Figure 7’s explanations are applicable to Fig. 10.
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Fig. 7 Throughput comparison of RIS-IR-FNOMA for various N and Eﬁ, =Ry =1b/s/Hz
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To demonstrate the efficacy of the suggested RIS-aided approaches, comparisons are
made with classic time division multiple access (TDMA), FNOMA [18], ONOMA [18],
CNOMA [29], and SWIPT-CNOMA [30]. N = 64 reflective elements are assumed in
the RIS. The probability of outage attained by the far vehicle using various systems is
shown in Fig. 11. The outage probability of far vehicle for OMA (TDMA), ENOMA,

ONOMA, CNOMA, and SWIPT-NOMA is given by

Page 17 of 25
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0-OMA
Py,

where ¢ =22Rt — 1.

c
=1—-exp|— fv

,Os(SfZV

(42)
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R
po-FNOMA _; _ exp{ — tv (43)
v (Bt — BrwRe )82, 0,
PR;ONOMA =1 —exp § - e (44)
(Bt — BovRe)870,
where ézé + %

POCNOMA _ in 11 —exp [ — i ,1—exp|— o (45)
fv 0582 (Bty — PuvCry) PsSog

where §2; is the average gain of channel between near and far vehicle.

2
PYSWIPT-CNOMA _ 1 _ ¢ _% (46)
Préie

where o2 is the variance of noise and Py is the harvested energy during direct trans-
mission. The outage probability of near vehicle for OMA (TDMA), FNOMA, ONOMA,
CNOMA, and SWIPT-NOMA is given by

POOMA — 1 _exp (— ch2 ) (47)
PsOhy

where cpy=22Rn _ 1,

1 R R
Pr(:‘-,FNOMA -1— exp {_2 (max { fv ) nv }) } (48)
6nv Bty — BavRey)os™ Buv s
PE;ONOMA =1 — exp —l; — exp <—(§) + exp (-ﬁ) (49)
3, 8z, 8y
— Rfv Rny
where ¢ = max { (Bty —BnvRe)ps” Py s }
- 1 Ctv Cnv
PO CNOMA =1 —_ e)(p (— max { , }> 50
w 8r21v (Bty — Buvery) Ps Buvpos (50)

PO-SWIPT-CNOMA _y _ oy (_ 1 o { Cty Coy })
" 82, (Bt — Baver) (L — %) ps” (1 — ¥)Bay ps

(51)
where  is the fraction for energy harvesting. To simulate SWIPT-CNOMA system,
Sﬁf =2, ¥ = 0.5 and efficiency of energy harvesting circuit neg = 0.7 are considered.
The increase in transmit power at RSU improves the outage performance of all the sys-
tems. Both proposed RIS-aided FNOMA systems (IR and RSU) perform nearly equally
well and reach the desired outage probability of 10~* at ~ 29 dB. FNOMA and CNOMA
systems outperform other NOMA variants due to their higher power allocation and
selection diversity. Because of the constraints on resources, TDMA performs poorly.
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SWIPT-NOMA’s performance is subpar compared to other systems due to constraints
on resources and fractional harvested power used for relaying. The suggested RIS-aided
ENOMA systems outperform TDMA, FNOMA, ONOMA, CNOMA, and SWIPT-
CNOMA systems by ~ 16 dB, ~ 11 dB, ~ 13 dB, ~ 12 dB, and ~ 23 dB, respectively.

The probability of outage achieved by the near vehicle using various methods is com-
pared in Fig. 12. It is obvious that the suggested RIS-aided system performs better than
all previous systems, particularly up to ~ 25 dB SNR. After ~ 25 dB, ONOMA performs
better since user channel gains determine the order of decoding. Here, N = 64 is used
by the RIS-aided systems. Increasing the number of RIS elements improves the perfor-
mance of the RIS-aided system over other systems. Due to very lower power allocation,
FNOMA performs poor than ONOMA. When compared to all other systems, CNOMA
and SWIPT-CNOMA perform the worst due to time resource constraints. The rec-
ommended RIS-aided FNOMA systems outperform TDMA, FNOMA, CNOMA, and
SWIPT-CNOMA systems by &~ 9 dB, ~ 14 dB, = 20 dB, and ~ 25 dB, respectively. In
comparison with other OMA and NOMA variants, the outage probability of far and
near vehicles is relatively low for blind RIS-assisted schemes in high SNR regions. As the
SNR increases, the gain of blind RIS-assisted methods becomes substantially higher.

The throughput attained by various systems is compared in Fig. 13. At & 10 dB SNR,
the RIS-assisted systems achieve the target throughput of 2 b/s/Hz. ONOMA, FNOMA,
and TDMA systems achieve the desired throughput by ~ 25 dB, & 29 dB, and ~ 29 dB,
respectively. Even at 30 dB SNR, desired throughput is not achieved with CNOMA and
SWIPT-CNOMA. Even though the ONOMA near vehicle outperforms the suggested
RIS-aided systems with N = 64 in terms of outage probability, the proposed systems
exhibit a & 15 dB SNR gain in terms of throughput over ONOMA system.
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Fig. 12 Near vehicle’s outage probability comparison for different methods
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4 Conclusions

This paper has presented the blind RIS-IR-FNOMA and RIS-RSU-FNOMA systems’
closed-form analytical outage probability and throughput expressions for downlink
V21 scenarios. The analytical and Monte Carlo simulation curves are almost identical.
To guarantee QoS fairness, FNOMA gives far vehicles more power than nearby vehi-
cles. As a result, for both blind RIS-IR-FNOMA and RIS-RSU-FNOMA systems, the far
vehicle’s outage performance is better than the near vehicle’s. As the number of reflect-
ing elements grows, so does the outage and throughput performance. The blind RIS-IR-
FNOMA and RIS-RSU-FNOMA systems outperform the OMA and NOMA variants in
terms of outage probability and throughput. RIS-assisted FNOMA is better than NOMA
variants for vehicular environments because of its massive connectivity, stronger reli-
ability, and ability to give improved outage and throughput even without channel knowl-
edge. As RIS-RSU-FNOMA system performs identically to RIS-IR-FNOMA system in
terms of throughput and outage performance and more realistic in practical circum-
stances, it could be a viable contender for vehicular applications.

Blind RIS can be substituted with discrete phase shifter-assisted RIS in the future,
and its usefulness in vehicular environments can be studied. Random power allocations
for FNOMA are performed in the suggested study, which could be changed to achieve
optimal power allocation. The proposed systems can be tested with multiple vehicles by
considering user pairing. The performance of far vehicles can be improved further by
employing a CNOMA system, in which cooperative combining is performed at the far
vehicle. The proposed RIS-aided system can be modified with CNOMA in the future,

and its performance for uplink and downlink transmissions can be tested.
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Appendices
Appendix 1. Condition for outage at far vehicle
Taking antilog on both sides of (7)

2 ~
|2L| Bty os < Ry
[L]*Bavpos + 1

2 ~
|2L| Bt Ps < oRe _ 1
IL]”Bnvpos + 1 T
fv

ILI*Btyps < Rey + Rey|LI* Brv s

ILI*0s(Bty — BavRey) < Rg,

Simplifying this results in expression (8).

Appendix 2. Probability of outage expression for far vehicle
Substituting (9) in (10)

1 e — ((Sznf]:,[ )

P =7/ e \F'/dp

fv fv
‘szvav 0

2
1 e \%Ny

C 82 Np  ——
Y 52 Niy

P,

0

.
P =|1—exp| ———

Substituting g, results in expression (11).

Appendix 3. Condition for decoding of the far vehicle’s signal fails at the near vehicle
Taking antilog on both sides of (18)

2 ~
M ns o,
[IM|*Bavps + 1

2 -
MPBos _of,
IMPBavps +1 ~ ——

fv

IMI?Btps < Rey + Rey|M|* By ps

(57)

Page 22 of 25



Kumaravelu et al. J Wireless Com Network (2023) 2023:83

IM|?0s(Bey — BnvRe,) < Rey,

Simplifying this results in expression (19).

Appendix 4. Condition for decoding of the near vehicle’s signal fails at the near vehicle

Taking antilog on both sides of (21)

1+ M By ps < 2Rne

|M|2,anps =< 2Rm’ -1
RnV

|M|2 < &
By Ps

Appendix 5. Probability of outage expression for near vehicle

Substituting (24) in (25)

Po . 1 /rnv e— (8%3‘;\‘]’“ ) dn
w 6;21VNnv 0 nV

0 Tny
_ nv

1 e <5r2wNnv )

PO

Y VR N A U
nv*'nv 5%VNnv

—Iny
PO = [1—exp (=2
b=[i-ew (50

Substituting ry,y results in expression (26).

Abbreviations

AP Access point

BS Base station

CLT Central limit theorem

FNOMA Fixed NOMA

R Intelligent reflector

TS Intelligent transportation system
MIMO Multiple input-multiple output
NOMA Non-orthogonal multiple access
OMA Orthogonal multiple access

PLS Physical layer security

QoS Quiality of service

RIS Reconfigurable intelligent surfaces
RSU Roadside unit

SNR Signal-to-noise ratio

6G Sixth-generation

SIC Successive interference cancellation
3GPP Third-generation partnership project

V2X Vehicle-to-everything

(66)

(67)
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V2l
V2V

Vehicle-to-infrastructure
Vehicle-to-vehicle

VANET Vehicular ad hoc network
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