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Abstract: Novel reconfigurable Intelligent Surfaces (RISs) area technology can improve the communi-
cation performance by changing the wireless transmission environment. Introducing RIS technology
into Vehicle-to-Vehicle (V2V) communication environments can enhance the communication re-
liability by creating Line-of-Sight (LoS) communication links, thereby effectively improving the
communication performance. However, in RIS-assisted V2V large-scale communication networks,
the stochasticity of network nodes and random interference can impact performance. In this article,
we examine the outage communication transmission performance of an RIS-assisted V2V commu-
nication network. We select the signal transmission mode based on the obstacle presence between
vehicles and use the stochastic geometry theory to calculate the probabilities of the two modes:
direct mode and RIS-assisted mode. By deriving the communication distance distribution and the
aggregate interference distribution, we evaluate V2V communication in the direct mode to assess its
transmission performance in two scenarios and obtain the overall outage probability. The numerical
results demonstrate a better performance in RIS-assisted V2V networks, with an improved optimal
phase shift scheme over that of the original V2V network. Monte Carlo simulation validated our
analytical findings.

Keywords: communication; reconfigurable intelligent surface; outage probability; stochastic
geometry; interference

1. Introduction

As one of the key components of Intelligent Transportation Systems (ITS), the Internet
of Vehicles (IoV) can meet ITS” needs in traffic safety and information services [1]. With the
explosive growth in the number of private vehicles, future IoV will have higher through-
put, lower latency, and higher reliability [2]. However, the currently used wireless radio
interface technologies in the IoV are deployed in sub-6G frequency bands. Most sub-6G
frequency bands have already been allocated, which cannot meet future communication
requirements for the IoV. The millimeter-wave (mmWave) frequency band has many un-
allocated bandwidths [3]; so, it should be considered for use in IoV. The communication
network based on mmWave can reduce latency and increase the data transmission rates.
Therefore, introducing mmWave technology into V2X communication can provide higher
data rates for vehicle connectivity. mmWave-based V2X communication technology has
great research value and application prospects [4]. However, there are still some unre-
solved issues with the mmWave-based vehicular network, such as: (1) High path loss [5].
Compared to existing Ultra-High Frequency (UHF) low-level microwave communications,
the mmWave band experiences greater propagation loss. (2) Vulnerability to blockage [4,6].
Compared to microwave systems, mmWave systems (with wavelengths less than 1 cm)
are more susceptible to obstacles. This includes large obstacles, such as buildings, as
well as smaller ones, such as vehicles and pedestrians, which can significantly impact the
performance of the mmWave system.
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Various technologies are being developed to achieve future reliable and high-capacity
vehicular networks. These techniques include effective modulation and coding schemes,
time-space-frequency diversity techniques to compensate for channel shadowing and
fading, dynamic power and rate control based on channel conditions, and beamform-
ing. However, these technologies cannot alter the wireless channel itself. Recently, a
new concept emerged based on the progress of programmable metamaterials: control-
lable/reconfigurable RIS. RIS solves this limitation with an innovative approach that can
change the wireless propagation environment [7]. RIS is a cost-effective and innovative
technology that can improve mmWave-based communication systems [8,9]. It enhances
transmission coverage and signal quality by controlling the direction of electromagnetic
wave propagation [10,11]. Composed of numerous low-cost passive components, RIS
can be programmed with software to adjust the phase and amplitude of the incident sig-
nal to enhance the signal quality [12]. When RIS reflects an incident signal, it generates
an additional phase shift. The controller assists RIS in guiding the incident signal in the
receiver’s direction [13]. By exploiting the characteristics of RIS, we improve the vulnera-
bility of mmWave-based communication systems to obstacles. Therefore, investigating the
performance of RIS-assisted communication networks is crucial. Unlike existing technolo-
gies, such as MIMO, relay or beamforming techniques, RIS technology improves wireless
communication systems by reflecting low-impact electromagnetic waves, which makes it
similar to multi-antenna relays. Deploying RIS in wireless communication networks assists
signal propagation between transmitters and receivers, while effectively improving fading
loss and interference problems associated with wireless channels [14,15].

As an emerging technology, RIS can effectively improve wireless communication
signal losses and multipath fading effects. Therefore, it has received widespread attention
for enhancing wireless transmissions. Numerous studies have been conducted on the
performance analysis of RIS-assisted communication network systems. For instance, the
authors of [16] analyzed path loss and the bit error rate by studying the general communi-
cation theory model of RIS in wireless networks and focused on the open research issues it
brought about. The authors of reference [17] proposed two different transmission schemes
for RIS and derived closed-form expressions for indicators, such as outage probability,
average bit error rate, and average channel capacity. In [18], a new closed-form expression
was derived to explore the impact of spatial channel correlation on the outage probability
in RIS-assisted SISO communication systems, considering an arbitrary phase shift and
indirect channel correlation matrix. Based on statistical channel state information and
traversal spectrum efficiency upper limits, the authors of [19] analyzed the performance
of large-scale antenna systems based on RIS and proposed an optimal phase shift design
to achieve maximum ergodic spectral efficiency. In [20], the author provided an analysis
framework for evaluating the Ergodic Capacity (EC) of RIS-assisted systems under a high
signal-to-noise ratio and a high reflection unit conditions, giving approximate values of
the EC. Furthermore, a novel ground-to-air communication scenario based on RIS was pro-
posed in [21]. An alternating optimization method was developed to study the maximum
sum rate of UAV trajectory and RIS phase movement.

Some have already introduced RIS into vehicular communication and studied the
performance of RIS-based vehicular communication. For example, RIS can assist in resource
allocation and spectrum sharing for vehicular communication. The authors of reference [22]
considered the resource allocation problem of RIS-assisted vehicle communication, where
V2V and V2I links with different QoS requirements share a spectrum to maximize V2I's the
total capacity. A joint optimization framework for power allocation, reflection coefficient,
and spectrum allocation was proposed to verify the effectiveness of RIS-assisted vehicle
communication. Meanwhile, the authors of [23] studied the physical security issues of RIS-
based vehicular networks, focusing on two modes of vehicular network systems: RIS-based
access points for V2V communication at the source, and RIS-based relays on buildings (in
the form of Vehicle Ad hoc Networks (VANETS)).
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Additionally, RIS enhances the transmission signals from the infrastructure to the
vehicle. In [24], the authors proposed a signal transmission model for RSU-RIS—vehicle,
which constructs a Line-of-Sight communication link between RSU and the vehicle through
RIS, jointly optimizing the resource scheduling at RSU and passive beamforming at RIS
to enhance the signal transmission performance. Furthermore, the authors of ref. [25]
designed an intelligent and efficient hybrid vehicle communication framework combining
Dedicated Short Range Communications (DSRC) based on RIS and cellular communication
to maximize the energy efficiency and achieve efficient and low-latency communication.
The authors of reference [26] investigated the downlinks in RIS-assisted vehicular com-
munication networks where vehicle distribution is modeled using a Poisson Point Process
(PPP). The article derived an expression for outage probability with central limit theorems
and series expansions. The authors of reference [27] analyzed the use of Large Intelligent
Reflective Surfaces (LIS) in vehicular networks, focusing on system performance under
Weibull fading conditions and assumed that interference from a single cellular user affects
vehicular communication. The paper derived a closed expression for the outage probability,
and also, discussed approximate values for three cases: a high signal-to-noise ratio, a
low signal-to-noise ratio, and weak interference. Therefore, the authors of most existing
research on RIS-assisted communication have applied RIS to traditional wireless communi-
cation scenarios. Some have studied RIS-assisted vehicular communication and adopted
corresponding optimization strategies to improve the communication performance. Fur-
thermore, the authors of a few studies have analyzed the performance of RIS-assisted
vehicular communication. However, unlike traditional wireless networks, the impact of
node randomness on network performance needs to be considered in vehicular network
analysis. At the same time, the impact of random interference on RIS-assisted vehicular
networks also deserves attention.

In this paper, we present a novel RIS-assisted V2V communication model that consid-
ers the stochasticity of the vehicle and RIS location distribution. Unlike previous works,
we use the Homogeneous Poisson Point Process (HPPP) and Matérn Hard Core Process
(MHCP) to model the location distribution of vehicles and RISs. Additionally, we analyze
the random interference caused by other vehicles. Our proposed framework can effec-
tively capture the impact of stochasticity in RIS and vehicle locations, as well as aggregate
interference from interfering vehicles. The main contributions are summarized below:

o  We establish an RIS-assisted V2V communication model to analyze the performance
improvement from introducing RIS technology into V2V networks. This article uses
PPP and MHCP to describe the stochasticity of vehicle and RIS location distribution.

e  We study the distance distribution between communication nodes based on the
stochasticity of vehicle and RIS positions in the proposed RIS-assisted V2V com-
munication model. Finally, we obtain the outage probability of the RIS-assisted V2V
communication network.

e Simulation results are presented to validate the analysis results and to identify the
behavior of OP for several important parameters, namely, the number of RIS reflective
elements, hard core distance of RIS distribution, signal-to-interference and noise ratio
(SINR) threshold, and vehicle density. Numerical results provide valuable insights
into the impact of RIS-assisted V2V communication networks.

The remainder of this paper is organized as follows. Section 2 introduces the RIS-
assisted V2V communication model. In Section 3, we derive the interference distribution,
distance distribution, and final outage probability. Section 4 presents a set of simulation
results to corroborate our analytical results. Section 5 provides the concluding remarks of
this paper.

2. System Model

This paper focuses on a V2V communication system assisted by RIS, which involves
multiple vehicles and RISs. Figure 1 illustrates the RIS-assisted V2V communication system
in RIS-assisted transmission and direct transmission modes. The vehicle locations follow a
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1D HPPP, whereas the locations of the RISs follow a 1D MHCP to avoid the deployment
distance between RIS being too small. We considered a communication scenario involving
one RIS in service and one V2V pair, which are represented as a user transmitter (UT) and
user receiver (UR), respectively. The distance between the UT and UR was fixed at L.

RIS-assisted mode

RIS

Direct mode

Figure 1. RIS-assisted V2V communication system.

When a vehicle obstacle is present on the communication path between UT and UR, it
blocks the direct communication link. This results in a Non-Line-of-Sight (NLoS) channel
between UT and UR, which means minimal direct communication will occur during
propagation. Instead, strong emissions or diffractions are mainly used for transmission [28].
In these cases, UT selects the nearest RIS to assist with communication. Conversely, when
no other vehicles are on the path, UT and UR establish an LoS channel for communication.

2.1. Network Deployment

In this paper, the distribution of vehicle locations on the road was modeled using a
1D HPPP @y with an intensity of Ay. The RIS’ location distribution was also modelled
using the 1D MHCP &y with an intensity of Ax. The MHCP is a two-step point process
generated from PPP ®p, with density Ap. The first step is to associate each point in ®p
with a uniformly distributed mark, m(m ~ Unif[0,1]). Secondly, points are deleted if their
marks exceed any other points within the hard-core distance dj,. Additionally, points are
removed if there are other points within a specific range (hard-core distance) around them,
and they have smaller markers for each point in [29]. Consequently, the probability that an
arbitrary point in ®p is retained as follows:

1 1 —exp(—2Apdy)

Pre(d)) = /0 exp(—2mApdy)dm = o (1)
p

2.2. Channel Model

Assuming that the RIS is equipped with N reflecting elements, we use hrs =
[hTS,lr s rhTS,nr s /hTS,N] and hgg = [hSR,lr s /hSR,n/ s /hSR,N] to characterize the
channels of both UT-RIS and RIS-UR links, respectively. Path loss can be defined as
I(r) = r~*, where « denotes the pathloss exponent, and r is the communication distance.
Subsequently, hits , and hgg , can be expressed by:

hrsn = \/1(rrs)hrs, = \/ l(rTS)‘ETS,n

ej‘Pn (2)
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hSR,n - l(rSR)ESR,n = \/@‘ESRM‘J“’” (3)

where ETS,n and Es R denote small-scale fading; 75 and rsg denote the distance between
UT-RIS and RIS-UR, respectively; ¢, and w;, are the corresponding channel phase, which
are uniformly distributed within (—7, 7t].

2.3. Signal and Interference Model
For the RIS-assisted mode, we can write the received signal at UR from the nearest
RIS as:
y1 = /Prhig®hrgxr + I + ng 4)
where © = diag([n1e/®1,- -y, yne®N]) is a diagonal matrix, 77, € [0, 1] refers to
the fixed reflecting amplitude coefficient, 6,, € [0, 7t] stands for the phase shift of the n-th
reflecting element of RIS, and xt is the desired signal, satisfying E{ |xr |2} = 1. In addition,

we let ny indicate the zero-mean complex Gaussian noise, with variance Np.
Hence, the signal power received by the typical user from the nearest RIS is given as:

2

2
Sr = PT‘h£R®hTS‘ = Pr @)

N .
2 M |hTS,n | |hSR,n |e_](‘/’n+wn+9n)
n=1

where Pr indicates the transmission power of the signal at UT in RIS-assisted mode.

Each reflecting element can be intelligently and continuously controlled using smart
software, allowing 6,,* to be the optimal setting, such as 6,,* = — (¢, + w;) stated in [30].
Assuming that the reflection amplitude of each reflecting element is approximately equal
(i.e., 4 = n for all n), and in combination with Equations (2) and (3), the optimal received
signal power at UR can be expressed as:

2
SR* — 772PT

N
Z |hTS,n||hSR,n|
n=1

N 2
= i*Pr 21 ’\/ I(rrs)hrsn||V/1(rsr) sk (6)
n—=
5 N |~ ~
=n"Prrrs “rsg " 21 hrsn||hsrn
n=
The amplitudes, ETS,n ‘ES R.n|, for the UT-RIS and RIS-UR links follow the double-

Nakagami-m distribution with parameters, my, my, (1, and (). The probability density
function (PDF) of the double-Nakagami-m distribution is given by [31]:

my+my

4ymitm—1 mymip 2 my iy
o = Ky —m, | 2 7
f\hrs,thSR,n\(u) ['(mq)T(my) <Q1QZ) B mZ( ! Q1QZ> 7

2
where m denotes the fading parameter of the channel, ) = E “h‘ ] represents the mean

power of h, T'(e) is the gamma function, and Ky(e) is the v-th order modified Bessel
function of the second kind [32].

The interference at UR in the RIS-assisted mode comes from the interfering vehicles.
The aggregate interference can be expressed as follows:

I= Z P[‘I’l]*|2d]'_oé 8)
jePy

where h; and d; are the small-scale fading channel and the distance between UR and
the interfering vehicle, respectively. The Rayleigh fading channel is used for modeling
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the interfering channel, %;, and the probability density function (PDF) of the Rayleigh
distribution is given by:
x2

_ X 202
i x) = e (x> 0) ©)
where p? denotes the variance of the components in a Rayleigh variable.
Therefore, the received SINR at UR in the RIS-assisted mode can be expressed as:

2
n*Pr

N
Zl ‘hTS,n | |hSR,n ‘

SR n= (10)

SINR; = -
7T+ N, I+ N

For the direct mode, we can write the received signal at UR as:

Yo = PTHTRxT + I+ ng (11)

where Hrr = /I(r7r )hTR indicates the UT-UR link channel, htg denote small-scale fading,
rrr the distance between UT and UR, and Pr the transmission power of the signal at UT in
direct mode.

Therefore, the power of the signal transmitted from UT to UR is:

Sp = Pr|Hrg|* (12)

where Pr is the transmission power of the signal at UT in direct mode.
Since the interference at UR in direct communication mode is equivalent to (8), the
received SINR at UR in the direct mode can be expressed as:

Sp  Prrer—|hrg|?

INR, = =
SINR I+ Np I+ Np

(13)

3. Performance Analysis

Since the reliability of the communication system is generally evaluated using the
outage probability, we examine the outage probability of RIS-assisted V2V communication
networks in this section. There are two modes of communication between UT and UR, de-
pending on the presence of obstacles: RIS-assisted V2V transmission mode and direct V2V
transmission mode. We had to separately calculate the outage probability for each mode.

The outage event occurs when the received SINR falls below a predetermined thresh-
old, 7. Hence, the outage probability can be expressed by:

Pp = P[SINR < 7] (14)

For a PPP with density A, let us denote N([a,b)) as the number of points (events)
within the interval [g, b), the distribution of which is derived as:

k
PIN([a,b)) = K = -0 RO (15)
When k = 0 and b —a = L occur, it indicates that no other vehicles are present
between UT and UR. This implies the existence of an LOS channel between UT and UR.
The probability of the UT-UR channel being unblocked (LOS) is denoted by Prg 1, while the
probability of it being blocked (NLOS) is denoted by Prg x = 1 — Prg 1. After performing
some mathematical manipulations, we obtained:

Prgy =e *vE (16)
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3.1. Outage Probability in RIS-Assisted Mode
The outage probability of UR in the RIS-assisted mode can be expressed as:
)  _|N |~ ~
Sp* n=Prres™rsg ™" X ‘hTS,n hsRn
f— j— j— n=
Po, = P+(SINR; < 7) 7PV(I+N0 < T) = Py T+ N ) (18)

, Co =nPrrrs™*rsg™%, Z = Sgp = CpyX?,and Y = I. Mean-

N |- ~
Let X = 21 hTS,n hSR,n
P

while, the outaée probability can be expressed as:

Fsing, (x

= [ [ Falxty + No) ) fo(r)drfi(y)dy (19)
0

where F7(z) is the CDF of Z; f,(r) is the PDF of r, which indicates the distance from
the closest point to the typical point in the process of 1D MHCP; f;(y) is the PDF of the
interference variable. Next, we had to derive the distribution of Z, r, and I.

According to [33], the CDF of X can be expressed by:

my—1 m—=1 N (my), i o (1=m2),
FX(x) - Z U Z H (mll—llikn)!kn! :
k=0  ky=0n=1 (20)

2 ! m
(1 e (B & (2 )

The CDF of Z under condition r can be further expressed as:

~ ml mil N (), (1-ma)y,
FZ|R(Z‘7’) :FX(\/@): Y - X II z(mll,llikn)!knfk

k1=0 kn=0n=1 (21)
(1 (e < ) K (2B < &)

N
where u = N(mj +my —1) — Y ky, and r indicates the distance from the closest point to

n=
the typical point in the process of 1D MHCP; (1), represents the Pochhammer symbol.

3.1.1. Distance Distribution

Figure 2 shows the location of the selected RIS in relation to UT and UR in the three
cases. Based on the geometric relationship of the distance between r and r75, we can
separately represent rrg and rgr in different situations (W represents the road’s width).

When the selected RIS is located between UT and UR, 715 = V12 4+ W2 and rgg =

(L —7)* + W2. The corresponding probability of case (a) is P = 1 — e *kL. When the
selected RIS is located to the left of UT, rrs = v/72 + W2 and rgg = \/ (L +r)* + W2. The
probability of case (b) is P = ¢

rrs =4/ (L+ r)2 + W2 and rsg = V12 + W2. The probability of case (c) is P =
To proceed, we had to examine the distribution of r. MHCP ®y can be seen as a
thinning process of generating PPP ®p.

ARL
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(b) RIS is located between UT and UR

A The nearest RIS

* Communication vehicle

B Obstacle vehicle
(c) RIS is on the right of UR

Figure 2. Three cases of the selected RIS position distribution.

Theorem 1. In the MHCP Dy, the thinning probability p(r) for the nearest point is conditional on
the nearest distance r, which is given by:

1—¢ AP (2dy—1) p<
plr) =y Pl o2 (22)
Apd, T2
The PDF of v can be expressed as:
r
folr) = Mp(r)exp(=2, [ p(t)dt) (23)
0

Proof of Theorem 1. We assume a typical point at (Xp, Y), and the nearest point to this
typical point at (Xg, Ys) in MHCP ®g. We denote the void range from Xj to Xg by I. The
corresponding thinning probability p(r) is defined such as in [34]:

p(r) = P[Xs € Ogldr Nl = 2] (24)

In a limited region, [, MHCP ®y can be approximated by its generating PPP ®p. The
corresponding thinning probability can be analyzed under two cases shown in Figure 3:
Case 1, where r < %h, and Case 2, where r > %}’. O

| d,l2
. Case 1 r<d,/2
XO X\
r
! d
[
— . Case2  p>d, /2
X, X
r | r

Figure 3. Spatial relationship between Xy and Xg.
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For Case 1, if the mark for X is my,, its safety region, Lx, is from (Xg — d, Ys) to
(Xs +dp, Ys). The probability for retaining this point in a region, I € Ly, is exp(—mx Apl).
Then, the corresponding thinning probability can be expressed as:

p(r) = P[Xs € ®r|Pr NI = ]
:IP;[( xs — )Nl = Xs] =P[(2d), = 1) N1 = Xs] .
= Ofe—mAp(zdh—l)dm _ %
For Case 2, the corresponding thinning probability is:
o(r) = P[Xg € ®g|PrNI = 2]
(26)

1
—mA,d ]7”\Pdh
:P[dmlzxs]:ofe "t = 1=

3.1.2. Interference Analysis

The interference, I, can be approximated by a Gamma distributed variable, I, with
parameters k and 6. We can use Campbell’s theorem to calculate the mean and variance of
I, given that the channel gain follows an exponential distribution with a mean of 1:

E[l] = { . Pilhj| da}
jedy (27)

= f PI’h]| d]'i’x)\vdd]' = )\Vp[Rclilx/(Dé — 1)
Re

Var[l] = Var{ Pr|hj | d; “}
jedy

N (28)
— (P1|h]-| d]-*“) Avdd; = AyPPRA2/ (20 — 1)
Re
Via second-moment matching, the parameters of the Gamma distribution, k and 6, can

be obtained by using the relations E[ } = k0 and Var{ } = k62, respectively. Then, we can

compute k and 6 by exploiting the mean value and the variance, k = Ay R, (2x — 1)/ (ax — 1)?
and 6 = PiR.~*(a — 1) /(2a — 1), respectively. The PDF of the interference can be expressed as:

y

fity) = £i() = g 29)

By substituting the distance distribution (23) and the interference distribution (29) into
(19), we can express the outage probability in RIS-assisted communication mode as follows:

]Zl mlz?l N (m2) ) 14, (1=m2)y,,
(1 —1—k )Tk

k1=0 kn=0n=1
2 T(y+No) T(y+No)
% [1 o=y (’5131 X\ o > Ky <2 om X TG )] (30)

_y
0

k—1
X fo (r)dr%dy
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3.2. Outage Probability in Direct Mode

The outage probability of UR with the direct mode of communication can be expressed as:

Po, = P(SINR; < 7) = PR < 7)

“a 2 (31)
=1-P (% 27) = 1—P,(PT’T1;+NS’TR > r)
where hrg and rrR are the small-scale fading channel and the distance between UT and

UR, respectively.

Since hrg follows the Nakagami-m distribution, according to [35], the partial deriva-
tion in Equation (31) can be expressed as:

o,
Pr(ipTrTﬁl\‘]:ml > T) == Pr<|hTR|2 > 733(;;?2) @ E; [7r<m'crl((nl1)+N°)>}

(b) mfl 1 k _ m—1 1 x X
VT R ICH T+ No)F expl—Ca (T + Np)] = T HCHEL[(1+ No) expl—Cr(I'+No)]|

k=0 . (32)
(c) m=1 1~k k k—nnr.n
= aC1Eq [exp[—C1(I+ No)| © I*""Ny
k=0 n=0\ "
d m—1 k k _pdkn
DU Rt £ (8 ) 0L el -CiNgNo
where C; =

p PTTTTR’“ , (a) is obtained using |z |* following a gamma distribution, (b) is de-
rived from the definition of the exponential sum function when m is an integer, (c) is obtained
by exploiting the binomial expansion, and (d) is derived by using the following property:

n —gln n
E; [6781]71} _ (_1)71[%(;1] _ (_1)7111;[1(‘)55{) (33)

The expression of L;(s) can be obtained by the following derivation:

-5 Y PT|h|2da B 11,12 3~
Ll\rTs(S) =E|e /<% =E Il eispﬂhjl dj
j€EDy
(a) 1
= E H _
Le% LtsPry Izd“] (34)
= exp )\f 7)ddj)

9 exp [—A,X(SpT) B 1~ “)}

where f(e, o) represents the beta function, (a) is obtained by applying the LT of |h; ’2 and

’h]-‘z ~ exp(1), (b) directly follows from the PGFL of 1D PPP, and (c) is obtained by
approximating the integral as a beta function.

The outage probability in the RIS-assisted communication mode can be expressed as:

m—1 kk [k
_ 1 _ 1 mt _ \k—n
Po, =1 ,EO (HISTTTR"") L <n>( 1

n=0
d- HLI(MPT’TTR * mt N ) No™ (35)
% g—n( __mt exp(_ﬂpﬂmf”‘ X 0) 0
uPpror—%

3.3. Overall Outage Probability

According to the overall outage probability given by (30), the probability of the direct
mode and RIS-assisted mode, given by (16) and (17), the outage probability of direct mode
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(35), the outage probability of RIS-assisted mode (30), and the overall outage probability
can be expressed as:

m—1 k k o k—n
Po =eMlx (1 — kZO &G ZO <n> (—1)f ”ddk_Li,féfl) exp(—ClNo)N0”>
= n=

+(1—e ML) x

co ooy —1 mi—1 N (mZ)m —1—kn (171’”2)]{’1
f/e - X II (i —T—Fy )]
00 k=0 kn=0n=1 (36)

mym N, mym N,
x [1 — G (Qi@i X Tl(c%f”) K, (2 o0, X Tl(cyir)(]))]

_Yy
0

k—1
xfp(r)dr%dy

4. Simulation Results

In this section, we evaluate the analytical results obtained in the previous section.
Monte Carlo simulations are provided to verify the analytical results. Unless they are
specified otherwise, default network parameters were used for both simulation experi-
ments and theoretical analyses. Based on [26,30,36,37], the transmission power for the
RIS-assisted mode and direct mode is Pr = 20 W and Pr = 20 W, respectively. The
transmission power for interference is P; = 5 W, and the noise power spectral density is
Np = 10710 W/HZ. Without the loss of generality, the communication distance between
UT and UR is rrg = 100 m.

Assuming that & generates PPP ®p with Ap = 0.02 nodes/m, we obtained a compar-
ison of the analytical results and Monte Carlo simulations for the approximated cumulative
distribution function of the distance between UT to the closest RIS in MHCP, as shown in
Figure 4. We plotted three sets of curves with different hard-core distances, dj, (200, 300,
and 400 m). The figure clearly shows that an increase in hard-core distance, dj, leads to an
increase in the distance, r, between UT and its closest RIS.
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Figure 4. Comparison of analytical results and Monte Carlo simulations for the approximated
cumulative distribution function of the distance between UT to the closest RIS in MHCP.

Figure 5 depicts the comparison of analytical results and Monte Carlo simulations
for the outage probability versus the vehicle density in direct mode. We assume a = 3,
and the vehicle intensity takes values distributed in (0 ~ 0.02). Different thresholds are
plotted in the figure (t = 0.5, 1, 4 dB). We observed that the analytical results of the outage
probability basically matched the Monte Carlo simulations. The vehicle density increased,
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and the outage probability became larger. This was because the increase in vehicle density
aggravated the aggregate interference from vehicles. When the vehicle density increased to
around 0.03, the outage probability tended to 1.
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Figure 5. Comparison of analytical results and Monte Carlo simulations for the outage probability
versus the vehicle density in direct mode.

Figure 6 demonstrates the influence of threshold on the outage probability in the RIS-
assisted mode and the corresponding Monte Carlo simulations. The relative parameters
were setas N = 32, d;, =200 m, « = 3, and /\p = 0.02 nodes/m. Different thresholds are
plotted in Figure 6 (T = 0.5, 1, 4 dB). We observed that with a larger vehicle density, the
outage probability increased at the same SINR threshold. We observed that as the vehicle
density increased, the outage probability also increased at the same SINR threshold. This is
also because an increase in the vehicle density intensifies the interference.
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Figure 6. Comparison of analytical results and Monte Carlo simulations for the outage probability
versus the vehicle density in the RIS-assisted mode.

To compare the outage probabilities of the original V2V communication and the
proposed RIS-based V2V communication, Figure 7 shows the Monte Carlo simulation
results and analysis results for both communication networks. The relevant parameters
were set to N = 32,d;, =200 m, « = 3, and )\p = 0.02 nodes/m. As expected, introducing
RIS to a congested V2V communication network can effectively reduce the occurrence
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of communication interruptions. When the vehicle density increases, the performance
improvement caused by introducing RIS becomes more significant.
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Figure 7. Comparison of analytical results and Monte Carlo simulations for the outage probability
versus the vehicle density in the traditional V2V communication and RIS-assisted V2V communication.

Figure 8 plots the Monte Carlo simulation results and analytical results of the overall
outage probability versus vehicle density for the RIS-based V2V communication network.
Different numbers of RIS reflective elements are provided in Figure 8 (N = 32, 64, 128).
In addition, we assume that the relevant parameters were set to d;, = 200 m, « = 3, and
Ap = 0.02 nodes/m. The overall outage probability became smaller when the number of
RIS reflective elements increased. Furthermore, the effect of improving the communication
quality by increasing the number of RIS reflective elements was more pronounced at higher
vehicle densities.
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Figure 8. Comparison of analytical results and Monte Carlo simulations for the outage probability

versus the vehicle density with different number of RIS elements, N.
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Figure 9 presents the Monte Carlo simulation results and analysis of the overall outage
probability versus vehicle density for the RIS-assisted V2V communication network with
different hard-core distances. Here, the system parameters were set to N = 32, &« = 3,
and A, = 0.02 nodes/m. As expected, when dj, increased, the distribution of RIS in the
communication network became sparser. This increases the likelihood that the RIS serving
V2V communication systems are too far away from communicating vehicles, resulting in
an increase in the outage probability.
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Figure 9. Comparison of analytical results and Monte Carlo simulations for the outage probability
versus the vehicle density with different hard-core distances, dj,.

5. Conclusions

In this work, we evaluated the RIS-assisted V2V network communication performance
using outage probability as a key indicator. Firstly, we determined the communication
mode based on whether there were obstacles between communicating vehicles: direct
transmission and RIS-assisted transmission. Then, we derived the aggregate interference
distribution and analyzed the distance distribution using the stochastic geometry theory.
Based on these results, an approximate expression for the outage probability in the proposed
network model was obtained. The analysis results, which were further validated via Monte
Carlo simulation, show that the transmission performance of V2V networks is further
enhanced by the introduction of RIS compared to that of the original V2V network.

Author Contributions: Conceptualization, K.L., S.Z. and G.T.; methodology, K.L., S.Z. and G.T;;
validation, K.L., S.Z. and G.T.; formal analysis, K.L., S.Z. and G.T.; investigation, K.L., S.Z. and G.T,;
writing—original draft preparation, K.L., S.Z. and G.T.; writing—review and editing, K.L., S.Z. and
G.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
(No. 61701168) and the China Postdoctoral Science Funded Project (No. 2019M651672).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Jameel, F; Wyne, S.; Nawaz, S.J.; Chang, Z. Propagation Channels for MmWave Vehicular Communications: State-of-the-Art and
Future Research Directions. IEEE Wirel. Commun. 2018, 26, 144-150. [CrossRef]

2. Shafi, M.; Molisch, A.F; Smith, PJ.; Haustein, T.; Zhu, P; De Silva, P.; Tufvesson, F.; Benjebbour, A.; Wunder, G. 5G: A Tutorial
Overview of Standards, Trials, Challenges, Deployment, and Practice. IEEE ]. Sel. Areas Commun. 2017, 35, 1201-1221. [CrossRef]


https://doi.org/10.1109/MWC.2018.1800174
https://doi.org/10.1109/JSAC.2017.2692307

Electronics 2023, 12, 2383 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Sheng, Z.; Pressas, A.; Ocheri, V.; Ali, E; Rudd, R.; Nekovee, M. Intelligent 5G Vehicular Networks: An Integration of DSRC and
MmWave Communications. In Proceedings of the 2018 International Conference on Information and Communication Technology
Convergence (ICTC), Jeju, Republic of Korea, 17-19 October 2018; IEEE: Piscataway, NJ, USA; pp. 571-576.

Shimizu, T.; Va, V.; Bansal, G.; Heath, R.W. Millimeter Wave V2X Communications: Use Cases and Design Considerations of
Beam Management. In Proceedings of the 2018 Asia-Pacific Microwave Conference (APMC), Kyoto, Japan, 6-9 November 2018;
IEEE: Piscataway, NJ, USA; pp. 183-185.

Sulyman, A.I; Nassar, A.T.; Samimi, M.K.; MacCartney, G.R.; Rappaport, T.S.; Alsanie, A. Radio Propagation Path Loss Models
for 5G Cellular Networks in the 28 GHz and 38 GHz Millimeter-Wave Bands. IEEE Commun. Mag. 2014, 52, 78-86. [CrossRef]
Gapeyenko, M.; Samuylov, A.; Gerasimenko, M.; Moltchanov, D.; Singh, S.; Akdeniz, M.R.; Aryafar, E.; Himayat, N.; Andreev, S.;
Koucheryavy, Y. On the Temporal Effects of Mobile Blockers in Urban Millimeter-Wave Cellular Scenarios. IEEE Trans. Veh.
Technol. 2017, 66, 10124-10138. [CrossRef]

You, C.; Kang, Z.; Zeng, Y.; Zhang, R. Enabling Smart Reflection in Integrated Air-Ground Wireless Network: IRS Meets UAV.
IEEE Wirel. Commun. 2021, 28, 138-144. [CrossRef]

ElMossallamy, M.A.; Zhang, H.; Song, L.; Seddik, K.G.; Han, Z.; Li, G.Y. Reconfigurable Intelligent Surfaces for Wireless
Communications: Principles, Challenges, and Opportunities. IEEE Trans. Cogn. Commun. Netw. 2020, 6, 990-1002. [CrossRef]
Noor-A-Rahim, M.; Liu, Z.; Lee, H.; Khyam, M.O.; He, ].; Pesch, D.; Moessner, K.; Saad, W.; Poor, H.V. 6G for Vehicle-to-Everything
(V2X) Communications: Enabling Technologies, Challenges, and Opportunities. Proc. IEEE 2022, 110, 712-734. [CrossRef]
Sainath, B.; Mehta, N.B. Generalizing the Amplify-and-Forward Relay Gain Model: An Optimal SEP Perspective. IEEE Trans.
Wirel. Commun. 2012, 11, 4118-4127. [CrossRef]

Wu, Q.; Zhang, S.; Zheng, B.; You, C.; Zhang, R. Intelligent Reflecting Surface-Aided Wireless Communications: A Tutorial. [EEE
Trans. Commun. 2021, 69, 3313-3351. [CrossRef]

Wu, Q.; Zhang, R. Towards Smart and Reconfigurable Environment: Intelligent Reflecting Surface Aided Wireless Network. IEEE
Commun. Mag. 2019, 58, 106-112. [CrossRef]

Liaskos, C.; Nie, S.; Tsioliaridou, A.; Pitsillides, A.; Ioannidis, S.; Akyildiz, I. A New Wireless Communication Paradigm through
Software-Controlled Metasurfaces. IEEE Commun. Mag. 2018, 56, 162-169. [CrossRef]

Qi, F; Liu, Q.; Li, W.; Yu, P; Qiu, X. Enhanced 5G Mobile Broadcasting Service With Shape-Adaptive RIS. IEEE Trans. Broadcast.
2022, 68, 704-711. [CrossRef]

Yang, Z.; Zhang, Y. Beamforming Optimization for RIS-Aided SWIPT in Cell-Free MIMO Networks. China Commun. 2021,
18,175-191. [CrossRef]

Basar, E.; Di Renzo, M.; De Rosny, J.; Debbah, M.; Alouini, M.-S.; Zhang, R. Wireless Communications through Reconfigurable
Intelligent Surfaces. IEEE Access 2019, 7, 116753-116773. [CrossRef]

Yang, L.; Meng, E; Wu, Q.; Da Costa, D.B.; Alouini, M.-S. Accurate Closed-Form Approximations to Channel Distributions of
RIS-Aided Wireless Systems. IEEE Wirel. Commun. Lett. 2020, 9, 1985-1989. [CrossRef]

Van Chien, T.; Papazafeiropoulos, A.K.; Tu, L.T.; Chopra, R.; Chatzinotas, S.; Ottersten, B. Outage Probability Analysis of
IRS-Assisted Systems under Spatially Correlated Channels. IEEE Wirel. Commun. Lett. 2021, 10, 1815-1819. [CrossRef]

Han, Y,; Tang, W.; Jin, S.; Wen, C.-K,; Ma, X. Large Intelligent Surface-Assisted Wireless Communication Exploiting Statistical CSL
IEEE Trans. Veh. Technol. 2019, 68, 8238-8242. [CrossRef]

Boulogeorgos, A.-A.A.; Alexiou, A. Ergodic Capacity Analysis of Reconfigurable Intelligent Surface Assisted Wireless Systems. In
Proceedings of the 2020 IEEE 3rd 5G World Forum (5GWF), Bangalore, India, 10-12 September 2020; IEEE: Piscataway, NJ, USA,
2020; pp. 395-400.

Li, J.; Liu, J. Sum Rate Maximization via Reconfigurable Intelligent Surface in UAV Communication: Phase Shift and Trajectory
Optimization. In Proceedings of the 2020 IEEE/CIC International Conference on Communications in China (ICCC), Chongqing,
China, 9-11 August 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 124-129.

Chen, Y.; Wang, Y.; Zhang, J.; Di Renzo, M. QoS-Driven Spectrum Sharing for Reconfigurable Intelligent Surfaces (RISs) Aided
Vehicular Networks. IEEE Trans. Wirel. Commun. 2021, 20, 5969-5985. [CrossRef]

Makarfi, A.U.; Rabie, K.M.; Kaiwartya, O.; Li, X.; Kharel, R. Physical Layer Security in Vehicular Networks with Reconfigurable
Intelligent Surfaces. In Proceedings of the 2020 IEEE 91st Vehicular Technology Conference (VTC2020-Spring), Antwerp, Belgium,
25-28 May 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-6.

Al-Hilo, A.; Samir, M.; Elhattab, M.; Assi, C.; Sharafeddine, S. Reconfigurable Intelligent Surface Enabled Vehicular Communica-
tion: Joint User Scheduling and Passive Beamforming. IEEE Trans. Veh. Technol. 2022, 71, 2333-2345. [CrossRef]

Pan, Q.; Wu, J.; Nebhen, J.; Bashir, A.K,; Su, Y.; Li, J. Artificial Intelligence-Based Energy Efficient Communication System for
Intelligent Reflecting Surface-Driven Vanets. IEEE Trans. Intell. Transp. Syst. 2022, 23, 19714-19726. [CrossRef]

Wang, J.; Zhang, W.; Bao, X.; Song, T.; Pan, C. Outage Analysis for Intelligent Reflecting Surface Assisted Vehicular Commu-
nication Networks. In Proceedings of the GLOBECOM 2020-2020 IEEE Global Communications Conference, Taipei, Taiwan,
7-11 December 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-6.

Ni, Y;; Liu, Y,; Zhou, J.; Wang, Q.; Zhao, H.; Zhu, H. Performance Analysis for Large Intelligent Surface Assisted Vehicular
Networks. China Commun. 2021, 18, 1-17. [CrossRef]


https://doi.org/10.1109/MCOM.2014.6894456
https://doi.org/10.1109/TVT.2017.2754543
https://doi.org/10.1109/MWC.001.2100148
https://doi.org/10.1109/TCCN.2020.2992604
https://doi.org/10.1109/JPROC.2022.3173031
https://doi.org/10.1109/TWC.2012.092112.120211
https://doi.org/10.1109/TCOMM.2021.3051897
https://doi.org/10.1109/MCOM.001.1900107
https://doi.org/10.1109/MCOM.2018.1700659
https://doi.org/10.1109/TBC.2022.3152053
https://doi.org/10.23919/JCC.2021.09.014
https://doi.org/10.1109/ACCESS.2019.2935192
https://doi.org/10.1109/LWC.2020.3010512
https://doi.org/10.1109/LWC.2021.3082409
https://doi.org/10.1109/TVT.2019.2923997
https://doi.org/10.1109/TWC.2021.3071332
https://doi.org/10.1109/TVT.2022.3141935
https://doi.org/10.1109/TITS.2022.3152677
https://doi.org/10.23919/JCC.2021.03.001

Electronics 2023, 12, 2383 16 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Li, X.; Zhou, L.; Zhou, S.; Xu, Y. Deployment Optimization Based on Hybrid Intelligent Algorithms for UAV Communica-
tions. In Proceedings of the 2019 IEEE Globecom Workshops (GC Wkshps), Waikoloa, HI, USA, 9-13 December 2019; IEEE:
Piscataway, NJ, USA, 2019; pp. 1-6.

Haenggi, M. Stochastic Geometry for Wireless Networks; Cambridge University Press: Cambridge, UK, 2012.

Shafique, T.; Tabassum, H.; Hossain, E. Stochastic Geometry Analysis of IRS-Assisted Downlink Cellular Networks. IEEE Trans.
Commun. 2022, 70, 1442-1456. [CrossRef]

Karagiannidis, G.K.; Sagias, N.C.; Mathiopoulos, P.T. NxNakagami: A Novel Stochastic Model for Cascaded Fading Channels.
IEEE Trans. Commun. 2007, 55, 1453-1458. [CrossRef]

Ansari, 1.S.; Al-Ahmadi, S.; Yilmaz, F.; Alouini, M.-S.; Yanikomeroglu, H. A New Formula for the BER of Binary Modulations with
Dual-Branch Selection over Generalized-K Composite Fading Channels. IEEE Trans. Commun. 2011, 59, 2654-2658. [CrossRef]
Agrawal, N.; Bansal, A.; Singh, K.; Li, C.-P. Performance Evaluation of RIS-Assisted UAV-Enabled Vehicular Communication
System with Multiple Non-Identical Interferers. IEEE Trans. Intell. Transp. Syst. 2021, 23, 9883-9894. [CrossRef]

Belmekki, B.E.Y.; Hamza, A.; Escrig, B. On the Outage Probability of Vehicular Communications at Intersections over Nakagami-m
Fading Channels. In Proceedings of the 2020 IEEE 91st Vehicular Technology Conference (VTC2020-Spring), Antwerp, Belgium,
25-28 May 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1-5.

Al-Hourani, A.; Evans, R.].; Kandeepan, S. Nearest Neighbor Distance Distribution in Hard-Core Point Processes. IEEE Commun.
Lett. 2016, 20, 1872-1875. [CrossRef]

Tassi, A.; Egan, M.; Piechocki, R.J.; Nix, A. Modeling and Design of Millimeter-Wave Networks for Highway Vehicular Communi-
cation. IEEE Trans. Veh. Technol. 2017, 66, 10676-10691. [CrossRef]

Yi, W,; Liu, Y; Deng, Y.; Nallanathan, A.; Heath, R W. Modeling and Analysis of MmWave V2X Networks with Vehicular Platoon
Systems. IEEE ]. Sel. Areas Commun. 2019, 37, 2851-2866. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/TCOMM.2022.3141097
https://doi.org/10.1109/TCOMM.2007.902497
https://doi.org/10.1109/TCOMM.2011.063011.100303A
https://doi.org/10.1109/TITS.2021.3123072
https://doi.org/10.1109/LCOMM.2016.2591017
https://doi.org/10.1109/TVT.2017.2734684
https://doi.org/10.1109/JSAC.2019.2947928

	Introduction 
	System Model 
	Network Deployment 
	Channel Model 
	Signal and Interference Model 

	Performance Analysis 
	Outage Probability in RIS-Assisted Mode 
	Distance Distribution 
	Interference Analysis 

	Outage Probability in Direct Mode 
	Overall Outage Probability 

	Simulation Results 
	Conclusions 
	References

