Nguyen Van Thang and Pham Thi Thuy Hien

OUTAGE PERFORMANCE OF RIS-AIDED
FSO-BASED GROUND-AIR INTEGRATED
VEHICULAR NETWORKS

Nguyen Van Thang and Pham Thi Thuy Hien
Posts and Telecommunications Institute of Technology

Abstract—Significant obstacles to the practical design
of free-space optical communications (FSOs) include
atmospheric  turbulence and pointing  problems.
Reconfigurable intelligent surface (RIS) is an emerging
technology that uses inexpensive inactive reflecting
materials to intelligently gently change the beam in the
appropriate  direction, enabling  reflective  radio
transmission conditions for next-generation 5G/6G
wireless frameworks. In this study, we suggested an FSO
system with RIS assistance to mitigate the effects of signal
blockage in the communication system, atmospheric
turbulence, and UAV’s misalignment-induced fading. In a
free-space environment with obstacles, the probability
density function and cumulative distribution functions of
an FSO system made up of RIS are derived. We obtained
closed-form formulas for the outage probability of the
proposed system. The performance analysis of the
considered system under different weather conditions,
pointing errors, and RIS vibration is done in terms of the
outage probability. The findings are presented in relation
to the transmitted power, the transmission distance, and the
outage performance. Because the considered system will
offer dependable connectivity in urban settings with dense
populations and tall structures, it will be advantageous for
the ground-air integrated vehicular network applications.

Keywords— Reconfigurable intelligent surface (RIS);
Free-space optical (FSO); Vehicular network.

[. INTRODUCTION

Nowadays, more than half of the world's population
resides in cities, with an increasing number of them being
densely inhabited. Urbanization is one of the biggest shifts
that has affected human civilization and its living
environment, along with industrialization and economic
development. The hubs of human social and economic
activity are cities. As a result of the development of science
and technology, city dwellers' ways of living have evolved
together with human civilization [1, 2]. Ensuring
individuals have long-term access to buildings,
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Figure 1. RIS-assisted FSO system for vehicular network.

infrastructure, and vital services is critical. The urban area
model is being considered by many well-known cities
throughout the world in an effort to enhance living
conditions for citizens and maximize the use of resources
and infrastructure. Intelligent services that support better
performance and operations in transportation, healthcare,
education, and other fields can be provided thanks to a
range of modern technologies. These services assist smart
cities in reducing operating costs and maximizing the use
of available resources [3]. Information and communication
technology integration is the foundation of the urban area
concept as a whole. Communication technologies used in
smart cities to provide wired and wireless connectivity
include millimeter wave, terahertz, radio frequency, and
free-space optical communication (FSOC). Of them,
FSOC is most frequently used because of its cheap cost,
high data rate, bandwidth, and license-free nature.

Since the traditional FSOC architecture depends entirely
on a line-of-sight (LOS) component, alignment between
the transmitter and receiver is never easy, especially in
urban areas. System’s performance decrease results from
misalignment and pointing errors as a result of this
requirement [4]. The deployment of a building-to-building
FSOC communication system or a terrestrial FSOC link is
inherently difficult due to the constant presence of
obstacles and unavailability of clear line-of-sight paths.
Due to atmospheric turbulence, occlusion from blockages,
and the pointing error phenomenon that a beam
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experiences in the medium, the performance of an FSOC
system deteriorates with distance. To learn more about how
these disruptions affect the FSOC signal's behavior, one
can take a closer look at the behavior in real time. For
FSOC systems, which are mounted on the roof of a
multistory building, the pointing inaccuracy phenomena is
typically observed. Pointing mistakes are caused by weak
earthquakes, strong winds blowing toward the
transmitter/receiver, and other prevailing variables [5]. As
a result of mismatched fading and diffraction, the source
will be momentarily obstructed and unable to connect with
the destination, leading to random and bursting errors.
Reconfigurable intelligent surface (RIS) is a novel
project that uses micro-controller units and meta-surfaces
to reflect electromagnetic waves and optical signals in the
appropriate direction [6]. This technology's main benefit is
that it can improve and regulate the emitted beam's feasible
properties, including its frequency, phase, and intensity [7].
In order to provide a real-time re-configurable propagation
environment, RIS, which is made up of passive and
inexpensive parts, may efficiently alter the phase,
frequency, amplitude, and even polarization of the
impinging signal [8]. The module can function in special
circumstances by manipulating the optical beam with the
aid of a RIS structure, depending on the communication
design framework. Specifically, depending on the angle of
arrival and angle of departure, the RIS module can be
utilized to reflect and beamform to a particular receiver [9].
A review of an underwater wireless optical communication
link that makes use of both RIS and conventional direct
links is provided in [10]. In [11], the performance metrics
of a triple-hop RIS-assisted RF-FSO convergent with
underwater wireless optical communication system were
given and examined. The authors of [12] used a coherent
array optical transmitter for a 20-deg angular range signal

reflection to show an experimental non-line-of-sight FSO
link with an optical-phased-array RIS. The primary benefit
of RIS-based FSOC is an improved signal quality and
extended link range [13]. The literature has included
selection beamforming techniques to facilitate the
formation of a communication link via a non-line-of-sight
communication path [14]. In order to improve coverage
and reliability, the authors of a recent paper [15] suggested
a multiuser communication strategy that uses the RIS to
improve a sizable group of multiple input multiple output
antennas and extrapolate the beam in the designated
direction. To determine the system data rate, the authors in
[16] examined the performance using constrained phase
shifts. The system total rate is entirely reliant on the RIS's
size, as seen in [16]. The performance of RIS in dual-hop
decode and forward relay empowered asymmetric RF/FSO
systems was examined by the authors in [17]. Assuming
intensity modulation, the authors of [18] looked at the
unified first- and second-order performance evaluation of
an FSO RIS-assisted communications connection over F-S
F turbulence-induced fading channels.-fading channels in
different situations of TI fading severity.

In this study, we present a RIS-based FSO system for
ground-air  integrated  vehicular  networks.  The
effectiveness of the suggested method is examined when
propagation loss, pointing error effects, and atmospheric
turbulence are present. To model the behavior of
atmospheric turbulent channels, we employed the gamma-
gamma distribution function. In order to handle moderate
to high atmospheric turbulence regimes, it is frequently
used in FSOC [19-21]. The following are the contributions
made by this work.

In the presence of RIS-vibration, UAV hovering,
atmospheric turbulence, the cumulative distribution
function (PDF) and probability density function
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Figure 2. RIS vibration induced fading modeling.
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(PDF) of the combined channel model are derived.

e Performance analysis is done on the outage
probability of RIS-assisted FSO-based ground-air
integrated vehicular networks.

o We looked at the outage probability performance of
the RIS-assisted FSO link and finding the optimum
value for the system parameter to reach the target.

The remainder of the document is structured as follows:
The concept of the system and channel model is presented
in Section 2; system performance is explained in Section 3;
and findings are discussed in Section 4. In Section 5, we
offer some futuristic thoughts to wrap up the paper.

II. SYSTEM AND CHANNEL MODEL

A. System model

We consider an RIS-assisted FSO-based ground-air
integrated vehicular network, in which the system has
certain robustness to obstacles or long channel length with
the help of RIS as shown in Fig. 1. The source node (S)
communicates with a destination node (D) via RIS with
reflecting elements, and it is assumed the direct links
between transmitter and receiver are blocked due to
obstructions. RIS is positioned in building wall as a relay
node and then multiple controllable optical channels are
constructed without extra demand for equipment.

Each RIS element receives incident waves and forwards
the signal to the desired receiver by adjusting phase and
amplitude shift controlled by a programmed controller.
Assuming full reflecting and full phase compensation, the
signal received at the destination can be written as,

y=hgx+n, 1)
where x is the transmitted signal with power P.. h and g

denote the channel fading coefficients between transmitter
to i-th reflecting surface and i-th reflecting surface to

receiver, respectively. N N(0,N,) is the additive white
Gaussian noise (AWGN) with zero mean and variance N,
. The random variables h=hhh, and g=g.,9,9, are

assumed to be independent and non identically distributed,
which include the effect of atmospheric attenuation,
atmospheric turbulence, and pointing error.

B. Propagation Loss

The composed of gas molecules and aerosol particles in
the atmosphere severely affect the FSO link by absorbing
the lase beam energy or changing the light direction.
Depending on the optical wavelength A, the total
attenuation coefficient can be shown as

S(A)=a,+a,+ B, +5,, )
where «, and ¢, are the molecular and aerosol absorption
coefficients, respectively. £, and f,, respectively denote

the Rayleigh and Mie scattering coefficients. To describe
the propagation loss, the Beer- Lambert law is applied as a
function of the link length and attenuation coefficient, and
can be shown as

h, =exp[ 5(4)d, |, ©)
where d, is the distance from the transmitter, i.e., OGS,
to the RIS-mounted building wall or from the RIS to the
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destination, i.e., UAVs (it is depending on the considered
hop). The gas is similarly computed by considering the
weather condition and propagation distance, drp, for the
second hop from RIS to UAV. In our analysis, we chose
the wavelength of 1550 nm to minimize the absorption and
to satisfy the eye-safety requirement. Several typical
values of the total attenuation coefficient in different
weather conditions can be referred to in Table | [26].
Table 1. Typical values of the attenuation coefficient.

Weather conditions 5(,1) (dB/km)
Heavy fog 125
Light fog 20
Heavy rain 9.2
Moderate rain 5.8
Haze 4.2
Clear air 0.43

C. Atmospheric turbulence

Inhomogeneity in the temperature and the pressure, the
atmospheric turbulence causes random power fluctuation
of the received signal. This leads to the redistribution of the
signal energy. To fully describe the characteristic of
turbulence-induced fading, gamma-gamma distribution is
used in our analysis because of modeling a wide range of
turbulence strength from weak to strong. The probability
density function (PDF) of h; can be expressed as

a+p

2(aB) 2 £

f =————h?K, |2 , 4
h[(ht) F(a)l‘(ﬂ)h‘ a—/]( (Zﬂh[) (4)
where K,_,(.) is the modified Bessel function of the
second kind and order (a—f) and T'(.)is the gamma

function. « and f represent effective number of large- and

smallscale turbulence cell, and can be determined as
— -1

2
a={exp _ 049 - -1t (®)
(1+1.110%")
- 4
05157
B=qexp| ————5 |-1p (6)
(1+0.690%"°)

where &/ is Rytov variance. For the plane wave, the Rytov
variance can be determined as

272_ 7/6
ol =1.23(7j Cidye )

fso
where C? is the index of refraction structure parameter.

D. Pointing Error Model

The first hop's pointing error due to the building sway
vibration leads to RIS vibration. The misalignment
between surface of RIS and the Gaussian beam center can
be modeled by zero boresight pointing error as follow

f(h)=S-(n) 0shsa @

A
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. . W,
where A, is the fraction of the collected power. &=_—"%
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o, Is the approximated RIS jitter variance. V:M,
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2
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the beam-waist at L, =0, A is the optical wavelength,
ags IS the radius of RIS surface, and ¢ is the coherence
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where || is the norm of a vector, [.]" is the transpose of a

matrix, =t +r UN ( Py 04, +o-§x) and

— 2 2
ry—rgy+rRy[N(py,ogy+aRy). In our case, the

(15)
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1 AhAG, -1 -1 -1 @2-1 a,-1 B,-1 -1/t
length [22]. horizontal and vertical displacement of r, i.e., I, and r,

The pointing error model can not use the same model
due to UAV hovering. The misalignment between the
center of reflected beam footprint and that of UAV detector
leads to the pointing errors and considerably degrades the
system performance. In our model, the misalignments
illustrated in figure above are due to (i) the operation of
UAYV within a wide reflected beam coverage at a distance
of o, which is not necessarily at the center of beam

footprint, (ii) the hovering of UAV around a certain
possition of UAV indicated by the displace ment vector

I :(rux,ruy), in which r, and r, are modeled as
independent zero-mean Gaussian random variable, i.e.,
6, LN(002) and 1, LN(0,07 ), then the radial

vector from this instantaneous position of UAV to the

center of beam at P (in case of no vibration) can be
expressed as I =(rgx,rgy) with 1, [ N(px,agzx) and

r, N (py,agzy ) and (iii) the vibration of reflected beam

footprint modeled by the radial vector Iy = (r Ry)from

its initial position at P, where I, [ N(O,aéx) and
Iy, O N(O,aéy) and the values of o and o can be

expressed via the incident angle &, . Thus, the total radial

inc *

displacement vector is expressed as r=r, +I,s and its
absolute value is shown as
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are two independent Gaussian random variables with

H H 2 2
different non-zero mean {px,py} and variances {UX,Uy}
2 2 2 2 2 2
, Where o, =0, +0y and Oy =0y +0'Ry, then, r

follow Beckmann distribution with PDF given as [23, 24]

f(r)=-—r

2ro,0,
| (rosg—p,) (rsing-p,)
0 x y

(10)
The Beckman distribution can be accurately approximated
by a modified Rayleigh distribution as follow

r r
f.(r)L ?exp —20_:1 ,r>0,

where A, :[erf (vg )]2 is the fraction of the collected

11)

power at =0, erf(x)= jexp dt is the error
erf (v
function, w2, =w? \/; 2( 9)2 is the
2v, exp(—v; )cos® (6,)

equivalent beam-width [23] with the reflected angle,

ar
N7

denoted as 6, . v, = and w; is the effective beam-

width at the distance L,,

. given  as

w, :WO\/(®§+A§)(1+1.6250*§2’5A1)Where ol is the
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24
W, =

divergence

Rytov variance, is the beam waist at

L, =0 with 64

divergence =
g

O.rce [HLEJ is the reflected

divergence angle, @, =1—% with F, is the raidus of
0

2L, . : .
curvature, A, = 9 _ with K. is the optical wave

'wave © "0

number, and A, = From (8) and (9), the PDF of

0
2 2
0 0
! ivi
h? can be derived as

:] g o
w-Ee)

1 1 1 2 P
where An=A;eXD[—2——2———%— Y ZJ

w, . W, W, .
@ =%, while ¢ =2 and ¢, === are the jitter
o, 2 lo

m X y

variances in the x and y directions, respectively [26].

. SYSTEM PERFORMANCE ANALYSIS

A. Composite Channel Model

The composite channel of the first hop from source to
RIS can be similarly approached in [24] and can be
expressed as,

fh (h) aﬂéz

~ AR ()T (B)

(13)
3230 |:ﬁ hi

Ah,

& ’
-1 a-1 p-1

x10°

----- Analytical model, 0= 1.5 mrad
- - -Analytical model, Hs =2 mrad
4 Analytical model, #_ = 2.5 mrad

O Simulation

SeQ,
A Qo s O
e %005 gﬁ'ﬁ:{p& nq:r&x;%“@
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Composite channel coefficient, R x10®

Figure 3. Confimation between analytical
model and Monte-Carlo simulation.

SO 04 (CS.01) 2023

Regarding the second hop from RIS to the destination,
By applying [Eq. (9.31.5), 27] and [Eq. (21), 28], the
composite PDF of g =g,0,9, can be shown as

_ ahﬁhagﬂgézq)nzw

fo(9)=

A’lhaAngar(ag)F(ﬁg>r(ah)r(ﬂh)
oo Ay €108
2 ARAGR T | -La, -L B -Le) -La, -1 B, -1

X

(14)

The figure 3 shows the accuracy of the analytical model
comparision with monte-carlo (MC) simulation in different
ground station’s divergence angles. From these results, the
analytical model completely matches with the MC model.
From now on, we use the analytical model to plot the result.

B. Outage Probability

First, we derive the generalized formulation of PDF and
CDF of the instantaneous SNR for two case of receiver’s
detection including (1) coherent heterodyne detection
(HD) and (2) intensity modulation/direct detection
(IM/DD). The PDF and CDF of the instantaneous can be
expressed as in Eq. (15) and Eq. (16), where t =1 account
for HD, and t =2 represents IM/DD.

The instantaneous SNR is defined as y=y,R" and

t

Vo= P denotes the average SNR. The outage probability
0

can be expressed as

Pout:Pr(7<7th):Fy(7th)l 7

IV. RESULTS AND DISCUSSIONS

The system parameters are setting as shown in Table 2 and
other parameters are noted in each result.

Table 2. System Parameters.

Name Syorrb Value

, 1.38x102%
Bolzmann’s constant ks WHZ K1
Electronic charge q 1.6x10°C
Light velocity c 3x108 m/s
Load resistance RL 50 Ohm
Temperature T 300 K
PD responsivity R 0.8 A/W
Optical wavelength A 1550 nm
Transmission distance diotar | 3000 m
Aperture radius A 10 cm
Background power R -30 dBm
SNR threshold Y 0dB
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Figure 4. Outage probability versus transmitted power in the
case of different position of RIS.

Figure 4 illustrates the outage performance in the case of
the different positions of RIS over the range of the
transmitted power from 10 to 30 dBm. In the figure, dg

describe the distance from source to RIS, and d,

illustrate the propagation length from RIS to UAV. The
RIS location decides the value of the virtual divergence
angle, which emerges after the optical beam heads to the
RIS surface. This led to the distance ratio between the
source to RIS and RIS to the destination, an important
parameter that needs to be investigated to see how the
considered system's outage probability is going.
Obviously, the outage performance reduces when the
transmitted power increases. An interesting point from the
result shows that the system’s performance is better if RIS
is located far from the source or RIS is situated near the
destination. This can be explained by using Eqg. (9); if the
RIS is located near the destination, the virtual divergence
angle is approximated by the source’s divergence angle
(i.e., it is small), the power is focused on the UAV lead to
the good outage performance. For example, from this
result, we can easily observe that the outage probability can
achieve 10 with the transmitted power of 12.5 dBm, 15.5
dBm, and 22 dBm, corresponding to the ratio of dsr/diotal
of 0.25, 0.5, and 0.75.

The impact of weather conditions, i.e., fog condition, on
the outage performance in the presence of the moderate and
strong turbulence environment is shown in Fig. 5.
Obviously, the outage probability is increased when the
attenuation coefficient, denoted &, grow up. It is can be
proved via Eqg. (3). Besides, the outage probability is
seriously affected by turbulence-induced fading condition.
As it predicted, the outage performance is quickly
decreased when the turbulence strength down from strong

regime (C,f :10‘1“) to moderate regime (an :10‘13).

The impact of fog condition on the outage performance
will be stronger in the case of moderate turbulence than the
strong turbulence regime.
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Figure 5. The impact of weather conditions, i.e., fog
condition on the outage probability in the presence of
moderate and strong turbulence environment.
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Figure 6. The relationship between outage probability and
transmission distance in difference of divergence angle and
UAV’s aperture radius.

The relationship between outage probability and the
total transmission distance is depicted in Fig. 6. In this
result, we consider two cases of the different source’s
divergence angle with 1 mrad and 2 mrad and two values
of UAV’s receiver aperture radius of 5 cm and 10 cm.
Basically, the transmission propagation length is longer;
the outage performance is poor. Through the comparison
between two cases of the source’s divergence angle, we can
see that the bigger the angle, the worse the system
performance is. The reason behind this is that the bigger
angle leads to more spreading out of the beam footprint;
then, the UAV receives smaller power; however, we can
serve more users in this case. If we use the smaller angle,
the limited users are served; nevertheless, the outage
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performance is ensured to reach the target because the
focused power is collected at the UAV’s detector. In
addition, we investigate the different values of the UAV’s
aperture radius to express the impact of radius size on the
outage performance. In fact, the bigger the radius, the
better the outage performance is better due to the more
power received at the destination. For instance, given the
target outage probability of 10 and the ground station’s
divergence angle of 1 mrad, the maximum transmission
distance can reach 2.05 Km and 2.25 Km, respective to the
design of UAV’s radius size of 5 cm and 10 cm.

V. CONCLUSION

In this work, we have examined the performance of the
RIS-assisted FSO-based integrated vehicular network in
terms of outage probability under the influence of
propagation loss, atmospheric turbulence, RIS vibration,
and UAV hovering. The medium contains a wide variety
of impediments and particles, which hinder or obstruct the
optical signal. By adding RIS elements, a RIS-based
approach exacerbates the system performance. The outage
probability characteristics of RIS-based FSO links have
been computed and plotted with respect to transmitted
power and transmission distance. We have displayed the
outage probability performances for various system
parameters such as divergence angle, UAV’s aperture
radius, distance ratio, etc., to investigation the system
performance comprehensively. In the face of many
impacts, the suggested RIS-assisted FSO-based ground-air
integrated  vehicular networks guarantee improved
information integrity for urban areas.

For the future works, it is interesting to explore more
impact of the environment conditions as well as the
hardware impairment on the considered system. In
addition, several system’s performance metrics can be
calculated such as bit error rate (BER), capacity, and so on.
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PHAN TiCH HIEU SUAT CUA MANG PHUONG
TIEN TICH HOP MAT PAT-TREN KHONG DUA
TREN RIS-HO TRQ FSO

Tém tit-. Nhiing tro ngai dang ké d6i vai thiét ké thuc
té cua thong tin quang trong khong gian ty do (FSO) bao
g6m nhiéu loan khi quyén va cac van dé vé 15i léch huéng.
Bé mat thong minh cé thé cau hinh lai (RIS) 1a mot cong
ngh¢ mdi ndi st dung vat liéu phan xa thu dong ré tién dé
thay d6i huéng chum tia mot cach thong minh theo huéng
thich hop, tao didu kién truyén song vo tuyén phan xa cho
hé théng khong day 5G/6G thé hé tiép theo. Trong nghién
clru nay, ching t6i di d& xudt mot hé thong FSO c6 hd tro
RIS dé giam thiéu tac dong cuia viéc nghén tin hiéu trong
hé thong lién lac, nhiéu loan khong khi va 13i chi duong.
Trong moéi truong khong gian tyr do cd chudng ngai vét,
ham mat d¢ xéc sudt va ham phan b tich lily cua hé thong
FSO duoc tao thanh tir cac phan tir RIS dugc danh gia.
Chung t6i da thu dugc cac cong thirc dang tudong minh cua
X4c sut ngung hoat dong cua hé théng duoc dé xuét. Viée
phan tich hiéu ning cua hé théng dugc dé xuét trong cac
diéu kién thoi tiét khac nhau, 151 dinh hudng va tic nghén
tin hiéu dugc thyc hién dudi dang BER, xac sut ngung
hoat dong va dung lugng kénh. Céac phat hién dugc trinh
bay lién quan dén ty 16 tin hiéu trén tap 4m trung binh va
s6 luong phan tir RIS. B&i vi hé thdng dwoc dé xuat s& cung
cép kha ning két ndi dang tin cdy trong moi truong do thi
v6i dan sb dong dic va cac cong trinh kién triic cao tang,
nén no6 s€ thuan loi cho cac img dung & cac khu vuc dong
dan cu.

Tir khéa- Bé mat phan xa théng minh (RIS), truyén
thong quang vo tuyén (FSO), mang phuong tién.
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