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Abstract—In this paper, we explore the use of reconfigurable
intelligent surface (RIS) in unmanned aerial vehicle (UAV) based
multiuser downlink communications, where a flying UAV serves
multiple single antenna users through multiple RISs mounted on
various buildings. More specifically, we consider the selection
of RISs based on the outdated and imperfect channel state
information (CSI) of the composite UAV-RIS-User channels at
the UAV. After selection process, the UAV communicates to
the user via the selected RISs and also with the direct link.
Particularly, we derive an infinite series based expression for
selection probability of RISs under both the outdated and
imperfect CSI of composite channels based selection scheme. We
also derive the statistical distribution of instantaneously received
signal-to-noise ratio (SNR) under outdated and imperfect CSI
conditions of both the direct and composite links at the user.
Next, using the derived statistics, we analyze the network’s
performance in terms of the average coverage probability (ACP)
and average bit error rate (ABER) over the complete UAV flight
time. Moreover, we discuss the behavior of ACP and ABER
for very small and very large values of UAV transmit power,
respectively. It is depicted through numerical results that selecting
more RISs from a group of small-sized RISs may not be as
advantageous as selecting fewer RISs from a group of large-
sized RISs. Moreover, we also demonstrate the effect of several
system parameters such as number of RIS reflecting elements,
number of selected RISs, the severity of UAV-RIS and RIS-User
links, and the severity of imperfect and outdated CSI on the
network’s performance. The analytical results are corroborated
with Monte-Carlo simulations.

Index Terms—Reconfigurable intelligent surface (RIS), un-
manned aerial vehicle (UAV), outage probability, nultiuser down-
link communication, outdated channel state information (CSI),
imperfect CSI, RIS selection schemes.

I. INTRODUCTION

UE to rapid growth in the mobile-ready devices and
connections, fulfilling the high data-rate demand with
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the available limited spectrum resources is really challenging
for upcoming communication systems. Along with this, the
wireless communication systems are expected to cater to the
low latency, ultra reliability and low energy consumption de-
mands. To support such explosive growth of traffic demand and
the massive connectivity of internet of things (IoT) devices,
unmanned aerial vehicle (UAV), which acts as on-demand
flying/aerial base stations (BSs), has recently emerged as a
promising technology [1]-[4] and can be used to offload
traffic, relay, broadcast, and collect information. Thus, UAV-
assisted networks turn up as a key enabler to deal with higher
data rate and massive connectivity demands in beyond 5G
(B5G) and 6G wireless communication systems [5]-[10].

There are two types of UAVs, namely i) rotary-wing type
and ii) fixed-wing type [5], [11], [12]. While multiple pro-
pellers are deployed at the UAV in case of a rotary-wing
type UAV which hover over fixed position [11], a fixed-wing
type UAV which generally moves in a curvilinear path at
certain height [12], cannot have vertical movement. The fixed-
wing type UAV takes less power in contrast to the rotary-
wing type UAV, and therefore it is an important candidate for
power-limited temporal wireless networks. However, in the
urban areas, the communication signals between UAV and
user equipment may be blocked due to high-rise building
or other obstacles. Consequently, reconfigurable intelligent
surface (RIS) has been proposed to address these challenges
in UAV-based communications.

The RIS has the potential to improve the communication
quality by adjusting the signal reflections in desired directions.
In general, the RIS consists of an array of low cost and passive
reflecting elements, each of which is able to reflect the incident
signals by smartly adjusting the phase shift, which has the
potential to improve the achievable data rate significantly [13],
[14]. Due to these advantages over conventional amplify-and-
forward and decode-and-forward relaying protocols, the RIS
has been extensively investigated in recent literature [15]-
[17]. Numerous research works in the areas of RIS-aided
communications have been recently reported in [18]-[20].
An UAV-based RIS-assisted communication has been studied
in [21], [22] and several schemes have been proposed to op-
timize the network performance. In [23], an efficient resource
allocation algorithm has been investigated for RIS-assisted
cognitive radio network (CRN). Motivated by the advantages
of UAV and RIS, in this work we consider joint RIS-UAV
system and explore UAV-based multiple RIS-assisted multiuser



communications.

The integration of UAV and RIS has recently come up as
an important framework to enhance the energy efficiency and
spectrum efficiency in B5SG and 6G communications [24]-
[30]. In [27], an algorithm has been proposed to jointly design
active and passive beamforming and UAV’s trajectory in RIS-
assisted UAV networks. While the secrecy rate maximization
problem has been formulated in [28] for jointly optimizing
the transmit power, UAV trajectory, and RIS phase shifts, an
iterative algorithm has been proposed in [30] to maximize
the sum-rate of the RIS-assisted UAV orthogonal frequency-
division multiple access (OFDMA) communication systems.
Recently, considering practical models and designing a ro-
bust beamforming in RIS-assisted communications becomes
very important. Accordingly, in [31], an algorithm for robust
beamforming design has been proposed for RIS-aided commu-
nication where a multi-antenna access point serves a single-
antenna user with the aid of an RIS. Similar to [31], the authors
in [32] have jointly optimized hybrid access point energy
beamforming, time allocation, receive beamforming, transmit
power allocation at user, RIS energy and information reflection
coefficients under the constraints of non-linear energy harvest-
ing and imperfect channel state information (CSI) for RIS-
aided wireless powered network. Furthermore, an algorithm
for robust beamforming and resource allocation has been
investigated in [33] for RIS-assisted hybrid massive multiple-
input multiple-output (MIMO) uplink networks. However, the
works [31]-[33] have investigated robust beamforming design
algorithms for convention RIS-aided wireless communication
systems and have not yet explored it in RIS-aided UAV-based
networks. In [34]-[36], more practical RIS-aided UAV based
communication systems have been studied. For example: the
authors in [34] have studied an RIS-aided millimeter-Wave
UAV communication and focused on learning-based design of
robust beamforming at the UAV, phase shifts at the RIS along
with the UAV trajectory in order to enhance the sum secrecy
rate. In parallel to [35], a robust resource allocation and the
UAV’s trajectory design algorithm has been proposed for RIS-
aided secure UAV communications. A deep reinforcement
learning (DRL) algorithm has been investigated in [36] to
optimize power control, phase shifts at the RIS, and the
UAV trajectory for RIS-assisted ground-aerial non-orthogonal
multiple access (NOMA) communication system. However,
the existing works in [24]-[36] have considered a single RIS-
assisted network with or without UAV and focused only on
optimization and did not analyze the network’s performance
in terms of the outage probability. Consequently, investigating
RIS selection schemes and analyzing their outage performance
metric in UAV-based multiple RIS-aided multiuser communi-
cation network become an interesting and important problem.
To the best of our understanding, the RIS selection by the UAV
based on the outdated and imperfect channel state information
(CSI) of the composite UAV-RIS-User channels has not been
explored analytically in the literature of RIS-assisted UAV-
based multiuser downlink communications. Motivated by the
above fact, we emphasize on analytical performance of an
UAV-based multiple RIS-assisted multiuser downlink network
considering the availability of direct UAV-user links. The

paramount contributions of this work are as follows:

e An UAV-based multiple RIS-assisted multiuser downlink
communication network is considered, where a rotary-
wing type moving UAV communicates to several down-
link users in orthogonal spectrum bands through a direct
link and few selected RISs. The RIS selection is done at
the UAV based on the outdated and imperfect CSIs of the
composite UAV-RIS-User channels.

e For outdated and imperfect CSI based RIS selection
scheme, we derive an expression for the probability of
selecting a set of RISs (amongst the total RISs available)
in the form of a single integral. Although, the series-based
expression for the selection probability is obtained for the
case when only one RIS (with the worst channel gain of
composite channel) does not get selected. Moreover, the
approximate statistical distribution of the instantaneous
signal-to-noise ratio (SNR) under the imperfect and out-
dated CSIs of both the direct as well as composite fading
links at a given user is derived by following the Rician
fading distribution for all the communication links.

e By using the cumulative distribution function (CDF) of
instantaneous SNR at user, we derive the series-based
expressions for average coverage probability (ACP) and
average bit error rate (ABER) over the entire flight
duration of the UAV. In addition, we analytically evaluate
the ACP performance under low transmit power regime
to observe the rate of rise in ACP values. Similarly, we
also derive the asymptotic ABER expressions under high
transmit power conditions and observe that it varies with
number of selected RISs only.

e Through numerical results, it is depicted that the network
with small number of selected RISs from a set of large-
sized RISs provides better network performance as com-
pared to the one with large number of selected RISs from
a pool of small-sized RISs. Furthermore, it is depicted
through numerical results that increasing the reflecting
elements beyond a certain limit does not yield significant
improvement to the network performance, under a given
system settings.

e At last, we demonstrate the effect of various system
parameters and channels condition such as number of
RISs selected and available in the network, and severity
of imperfect and outdated CSI conditions, and severity
conditions of UAV-RIS and RIS-User channel fading, etc.,
on the network’s performances.

Framework of the paper: The remaining parts of the paper is
structured as follows. Section II represents the considered sys-
tem framework along with channel model for the considered
UAV-based multiple RIS-aided multiuser downlink network.
While Section III depicts the approximate statistical analysis
of SNR at user, Section IV describes the schemes for selection
of RISs by the UAV based on the outdated and imperfect
CSI knowledge. The ACP and ABER under the imperfect and
outdated CSI conditions at user are analyzed in Section V for
the entire flight duration of the UAV. Section VI represents
the detailed simulation results and Section VII concludes the
findings of the paper.



Symbols and notations: Throughout the paper, we utilize
the following symbols and notations. A matrix and a vector
are denoted by The uppercase and lowercase boldface letters
(for-instance: A and a), respectively. While the hermitian
of vector a is represented as afl, I, and 1541 signify
an identity matrix of size M x M and a column vector
of all ones, respectively. The symbols || - ||> and the [|a|
represent the square norm of a vector and the distance of
vector a from origin, respectively. CA/(+,-) and C indicate the
complex Gaussian distribution and a set of complex numbers,
respectively. Moreover, the expectation operator is denoted by

II. SYSTEM MODEL

Fig. 1 shows the system model for UAV-assisted RIS-aided
multiuser communication network, where a flying UAV having
single transmit antenna serves K single-antenna based users
in orthogonal spectrum bands via direct as well as multiple
reflected links through RISs.

A. Preliminaries

The complete UAV flight time (denoted by T¢) is divided
into T equal time slots with length §; = TTC, for t € T,
T = 1,2,...,7T [34], [35], [37]. Normally, we choose T
to be large enough so that the UAV location during each
time slot can be considered as fixed. It is considered that
the UAV flies over a horizontal X — Y plane at a constant
height Hy;. The initial and final location coordinates of the
UAV in a 3-D system are taken as x/[t] = (zv[0], yu[0], Hv)
and x;|T] = (zv[T], yu[T)], Hv), respectively, whereas in an
arbitrary time slot ¢, the location coordinate may be considered
as xylt] = (J;U[t],yU[t},HU? such that UAV speed over
X —Y plane is v[t] = M, in the given time
slot £. In order to serve K ground users, frequency division
multiple access (FDMA) scheme is used at the UAV in each
time slot where same amount of bandwidth is allocated to all
the users orthogonally. We also assume that the considered
network has M RISs, each having N reflecting elements,
for serving a user in an orthogonal spectrum. The location
coordinate of m-th RIS and k-th ground user are taken as
Xr, = (TR, YR+ ZR,,) and X}, = (Tk, Yr,0), respectively,
where m € M, M = {1,2,...,M} and k¥ € K, K =
{1,2,...,K}.
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Fig. 1: UAV-based multiple RIS-aided multiuser communication
network.

B. Channel Model

We assume that all the downlink channels considered in this
work undergo multipath fading along with the existence of a
non-zero LoS component. Hence, all the channel coefficients
are modelled with a complex Gaussian distribution with non-
zero mean such that the envelope of the complex channel
coefficient follows Rician distribution. The channel coefficient
of the k-th direct link between the UAV and the User in time

slot ¢ is considered as hg i [t] ~ CN | po.k[t], O{‘;L%‘ ; where
0,kL”
dox[t] = lIxult] — x4l is the distance between the UAV

and k-th user over given time slot; for k-th direct channel,
o,k [t] is the mean in ¢-th time slot and €, is normalized
average gain; a = ﬁ is a constant denoting the losses at
wavelength \; and [ represents path loss exponent. If h,,[t]
denotes the m-th UAV-RIS channel vector, m € M, over time
slot ¢, we may define h,,[t] ~ CN (um[t]lel, QT%MIN)'
It may be noted that for two different values of m € M,
vectors h,,[t] are independent but non-identically distributed
due to different distances of the corresponding RISs from the
UAV. However, all the elements of a vector h,,[t], i.e., oy, n[t],
n = 1,2,..., N, are independent and identically distributed
(i.i.d.) as complex Gaussian random variable (RV) with mean
Wm[t] and variance g,,'[t]; where g,[t] = jf“% with Q,,
being the normalized average gain of the m-th UAV-RIS link
and d,,[t] = ||xy(t] — xg, || is the Euclidean distance of
the m-th RIS from the UAV in the ¢-th time slot!. Further,

we assume that f,,, , denotes the {m, k}-th RIS-User channel

2
a“A Jk
m IN

vector defined as f,,, ; ~ CN | v k1N x1, gk , where

m,k
dm.k = |[X g, — X4l is the distance of the k-th user from the
m-th RIS, v, ), denotes mean, and A, j represents normalized
average gain of the considered RIS-User link.

C. Transmission Scheme

To establish a communication link with a ground user, at
first, a set of RISs is selected by the UAV based on the
available instantaneous CSI (which is practically imperfect and
outdated) of the composite UAV-RIS-User links. Secondly, the
information signal is transmitted by the UAV over the direct
path as well as cascaded paths via selected RISs only. Note
that perfect channel estimation is an important problem in RIS-
aided communications, especially under the consideration of
dynamic UAV. Recently, many works have been reported on
the CSI estimation in RIS-aided communication systems [38]—
[40], however, practically, the moving UAV can only manage
to have imperfect and outdated CSI of composite UAV-RIS-
User channels. If the selected J RISs (in a given time slot t)
have indices mq, mo,...,my € M, we can write the received
signal at k-th user as

J
uilt] =\/ Puklt] | hoxlt] + > £ 1 Om [ty [t] | zk[t]

j=1
+ ex[t], (D

't may be noted that the location coordinate of an RIS refers to the location
coordinate of the center of the reflecting surface.



where matrix ©,,,[t] is a diagonal matrix of size N x N,
generally known as reflection matrix of an RIS, with n-th
element representing the reflection coefficient in time slot ¢
as Op; nlt] = pmj,n[t]emmf #[ It may be noted that each
reflection coefficient has a controllable amplitude (o, » [t])
and a controllabe phase (¢, x[t]), for all m; € M, n € N.
Over a time slot ¢, the additive white Gaussian noise (AWGN)
at k-th user is denoted as ey[t] ~ CN(0,07) and the power
utilized at UAV is Py [t] for the downlink transmission of
k-th user’s data symbol z[t]. It is assumed that symbol x][t]
has unit norm, for all k € K, ¢ € T.

Let the UAV posses an overall power of Py for it’s
complete flight operation including hovering, flying, and data
transmission, the amount of power accessible at UAV for the
communication purpose would be Py = Py — P,, where P,
denotes the propulsion power of the UAV needed for hovering.
Following [41], we can calculate P, as

P 1
= |+ O Ly vt
tzp 2
0 o]
vt v\t
Pl 1 _ 2
+ 1 + 41)3 21}(2]] ) ( )

where constants Py, P; denotes the blade profile power and
induced power of the UAV; u,;, is speed of rotor blade; v
denotes mean velocity while hovering; p, and A are air density
and rotor disc area, respectively; s is the solidity of rotor and
dy is the fuselage drag. Moreover, the total accessible power
Py should be utilized over all the users and time slots and thus,
must satisfy the constraint as Py = Zthl Zkl,(zl Py ilt].

IITI. STATISTICAL DISTRIBUTION OF SNR WITH
IMPERFECT AND OUTDATED CSI

In this section, we derive the approximate analytical ex-
pression for the statistical distribution of instantaneous SNR
received at k-th user during ¢-th time slot under the assumption
of imperfect and outdated CSI at the user. Let us first write
the instantaneous SNR at k-th user node under the perfect CSI
case, by following (1), as

P
Dilt] = Uk hOk +Z k®mj[t]hmj[t] )
JPU,k[t]_ 2, o |on 2
~ S ol + Y |E8 5@, [ 1]
o =
~ [ J
J Py |t 2
é%[] hoslt)? + 37 | X, 4l 3)
k =1

where we use the approximation [Ag + A; + ...+ A|? ~
J(|Ao|?+|A1|?+...+|A,|?), for tractability of analysis. For

practical reflection coefficients defined in Subsection II-C, we
have

ij k [t]

zpmj \

mvn[He J(@m ntl=Pm; e n—m; nt])
7 b

“4)

where ¥, xn and @, o[t] denote the phase angles of n-
th channel coefficients fm, ko and Ry, 5 [t], respectively, of
RIS, -Usery, and UAV-RIS,,; channels. It may be noted
that the value of reflection phase at n-th RIS element (i.e.,
(bmj,n[t]) can be chosen through optimization-based resource
allocation’? for FDMA-based multi-user communication by
maximizing the key performance metrics (such as the sum
rate over all K Users) [42]. Furthermore, it is reasonable to
assume that for optimized phase shift values at RIS, the phase
difference in (4) is sufficiently small and can be neglected for
the purpose of performance analysis. Hence, for perfect CSI
case with ideal reflections at RISs, for all m; € M and ¢t € T,
we can rewrite (4) as

N
- Z |fm_7-,k,n| |hm_7,n[t
n=1

Since f,,; » and hy,,[t] are independent complex Gaussian
random vectors with non-zero means, the mean and the
variance of product of the absolute of their n-th elements can
be obtained by following [43] as

E[ij,k n[t]]

Um] Um;,k

4\/’C1m IC2m]

VIXom, o]
(i)

8] fm; .,

N
12 Xkl )

n=1

£3(=Kum, 10) £ (= Ko, )

L]
ICQ,TI‘L]‘

— B[ X, o lt]], (6)

= U, U,

respectively, where Ky, [t] = ufnj G [t] With W = | |
2 .d
and Ko, = W with vy, 1 = |V, ks 6%(-) defines

the Laguerre polynomlal [44]; and V][] denotes the variance
operator. For sufficiently large values of NV, we can consider
that X, [t] (defined in (5)) follows real Gaussian distribution
(as per the central limit theorem) with mean E[Xm, x[t]] =
NE[X,n, 4,n[t]] and variance V[ X, x[t] = NV[ Xy, 1.0 [t]].

A. Characterization of SNR under Imperfect and Outdated
CSI at User

Due to the mobility of the UAV and the time varying nature
of the channel, the CSI available at the ground user in a
given time slot may be delayed and hence becomes outdated.
Furthermore, there may be errors while estimating the direct
as well as the composite channel coefficients at the user nodes.

2This approach is widely adopted in the literature for RIS-assisted com-
munication networks [23]-[25], however, the formulation and solving of such
optimization problems using standard optimization methods is a cumbersome
and tedious mathematical problem that requires a separate independent study.



Considering both the outdated and imperfect CSI at the ground
users, we can redefine the expression for the approximate
instantaneous SNR from (3) as

8 TPyt |
nuf) ~ 220 g

J
Z (7)

where Ao [t] and X, x[t] represent the imperfect and out-
dated versions of ho x[t] and X, r[t], respectively. For the
k-th direct UAV-User channel, hg ;[t] can be defined as [34]

hok[t] = o[tlhoklt] + okltlhe x[t] + /1 — 02 [tTha[t], (8)
where he i [t] ~ CN(0,202 ;) denotes the complex estimation
error and hgilt] ~ CN(0,202%,) represents the error due
to the delay at k-th user node, and ot] is the correlation
coefficient between the estimated and outdated CSIs at the k-
th user node in ¢-th time slot. For Clarke’s fading model with
a delay of 74 ;[t] between the estimated and the outdated CSI
at k-th user node in t-th time slot, the correlation coefficient
can be given as gi[t] = Jo(27 fa k[t]Ta,x[t]), where To(-) is
the zeroth order Bessel function of first kind, and fq x[t] is
the Doppler spread at k-th user node in time slot d; due to the
movement of the UAV.

Similarly, for the composite UAV-RIS-User channel with
m-th RIS and k-th user, X’m].,k[t] can be defined as [34]

ij,k[t] :Qmj,k[t]XmJ, [ ] + Om; .k [ ]X&k[ﬂ

+/1=0p, [t Xaxlt]l,

where X, [t] ~ N (0, 037 ) denotes the real estimation error
and X x[t] ~ N(0,07 ) represents the real-valued error due
to the delay at k-th user node, and o, x is the correlation
coefficient between the estimated and outdated CSIs of the
composite channel at the k-th user node in ¢-th time slot,
defined as Om;k = jo(QWfd,mj7k[t]Td7mj7k[t]), with Td,mj,k[t]
and fg,m; r[t] being the the delay and the Doppler spread
of the composite channel at k-th user node in ¢-th time slot
(through m-th RIS) due to the movement of the UAV.

B. Approximate Distributions of Channel Gains under Imper-
fect and Outdated CSI at User

hoill  ~ e (moxldap k).

9. Lt £ C:lf‘iﬁ following (8) we

hos[t] ~ CN ( s [0k 8], gg;[t}), where
i[ﬂgo, 1] + 207 [t]o2 , + 2(1 = G [t]) o s
o[t [QR[(1+ 85, ) + (1 = 6R[11)00. 0] » (10)

Since where

can get

7

where 63 , . [t] = 207 .90 k[t], a € {e,d}, is the normalized
error variance for the direct link. With this, the go x[t]| 7o k[t]]?
will follow non-central chi-square (NCCS) distribution with
two degrees of freedom (DoF) and non-centrality parameter
Koxlt] = 02[t]|po,k[t]|*go,k[t]. Thus, the CDF and MGF of
|ho.[t]]? can be expressed as

o i o
g (@) = 5 ; ]C;];![t] y( 1:(11 :U_gi(;k[t])7
(11)
and
M|7L0,k[t]|2(8) - T1-2s) for 2s<1, (12)

where y(a, x) is a lower incomplete Gamma function defined
as y(a,z) = [ e""t*"1dt [44].

Further, as discussed after (6), we have X, p[t] ~
N (E[Xp,,, k[t]],V[ijyk[t]]). Therefore, following (9), we
can say that X, r[t] also follows real-valued Gaussian dis-
tribution with

= Qmj,k[t]NE[ij,k,n[tH’
VX, k[t] = 0o, [NV X, kn[tl] + 05, 1[t02 i
+ (1= o, k[0 ks
& NV[Xom, snlt]] |03, 4101+ 02 1)
+(1 - Q?nj,k[t])(sid,k , (13)

m a <€ {6 d} is the nor-

malized error variance for the composite link at the user,

and E[ij,kn[t]] and V[X,, rn[t] are given in (6). If
1

we define Xm wlt] £ X, k[t], we can write

where 07 , . [t] =

V[ Xom, 1]

/ E[X ., 1 [t]] /
ij,k‘[t] N V[Xm k[ ]] my, k‘[t]

will follow the NCCS dlstnbutlon with DoF = 1 and non-

E* [ Xm, &[t]]

,1 | and therefore,

:

centrality parameter =, x[t] = m The MGF of
’Xm & t]‘2 can be expressed as
exp (78 Eﬁjg’];[t»
M X:ank[t])z(S) = W, for 2s<1. (14)

Also, by following [43], we can write the PDF of |ij,k[t]\2
as (15), shown on the top of the next page, where I,(-)
represents the modified Bessel function of first kind [44] and
the CDF of | X, x[t]|* as

x
F|ijy,€[t]|2() F|Xj,c[t]\ <V[ka[t]]>’

Emj k[t] i 1., =
Em; k[t] > (Tk) v (2 t 2V[ij,1«[t]]>
=)y |

il T (5+1i)

(16)

Furthermore, let Xj[t] = Z;’ 11 Xom, k[t]]?, we can then
define Xj[t] as the We1ghted sum of the J NCCS dis-

ibuted RVs | X, 11 1,2,...,J, ie. Xilt] =
2

J
S i [ X, 111

) ,7 =
, where w;, = V[Xm].’k[t]]. Thus,




1 T

1%, w2 (%) =

Emj & [t]

()’

T (e

15)

X.[t] follows Generalized NCCS distribution with MGF de-
fined as
J

J
M) = TIM g, ap®) = TIM (s
Jj= 7

(

(1 —2u,s)

Uj kS Emj,k[t])

172’[1,_7’))68

The PDF of Xj[t] can be evaluated through MGF as
Fen (@) = 25 [0 M, o (—jw)e’" dw, however, it does
not have tractable closed-form solution for arbitrary w; x, for
all j=1,2,...,J and k € K.

Remark 1: For equal variances of the selected compos-
ite channels through the J selected RISs under imperfect
and outaded CSI conditions at the k-th user, (i.e., u; =
V[ X, [t]] uy, for all j), the MGF of Xy[t] can be

given as MXk[t](S) =(1- 2uk5)_%exp (ulkai’;[;]), which
reflects that Xy[t] is a scaled (by a factor of uy) NCCS
distributed RV with DoF J and non-centrality parameter

Eelt] = Z}le Em, k[t]. Therefore, the PDF of Xi[t] can be

expressed as
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_2uk
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Further, for J = 1, the PDF of X[t] given in (18) is exact
with no constraint on weight uy.

C. Approximate Statistics of Instantaneous SNR under Imper-
fect and Outdated CSI at User

Let Z[t] £ |hox[t]|> + Xi[t], the CDF of Z[t] can be
evaluated by following [43] as

Fz,(2) :/0 I3 (@) g 12 (7 — 2)dz,

! ’ = : jwx
B %/0 / MXk[t](_Jw)ej F\ho,k[t“z(z’ — z)dwdz.
(19)

The integrals in (19) are difficult to solve for arbitrary .J
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Fig. 2: CDF of Z[t] for different values of J with M = 3 and
N = 32.

due to the complicated MGF expression in (17). However,
following the Remark 1, we can rewrite the CDF of Z[t] by
utilizing (18) and (11) as (20), where S, ;(z) is defined in (21),

shown on the next page. Utilizing infinite series for v(s,z) =
1

22

s —z . z? _ (z\V = T .
z°L(s)e Zo T(stq+1) and I,(z) = (5) lzo INCERES IR
a= =

(21), followed by the use of [44, Eq. 3.383.1], we get S i(2)
given in (22) as shown on the next page, where B(a,b)
and 1 F(a; b; ) are the Beta and Confluent Hyper-geometric
functions, respectively [44]. Substituting (22) in (20), we get
the CDF of Zj[t]. The simulated and analytical CDF® of Zj[t]
is shown in Fig. 2 for two different values of J with M =3
and N = 32. In Fig. 2, we have also shown the impact of
imperfect and outdated CSI at k-th user on the CDF.

Remark 2: It can be observed from Fig. 2 that the analyt-
ically obtained CDF values (through (20)) closely follows the
exact simulated values for both J =1 and J = 2 under both
perfect and imperfect CSI conditions at the user. For J = 2,
following Remark 1, we have considered equal variances of
two selected composite channels. It shall be noted that (20)
(with the use of (22)) contains three infinite series and the
convergence of these infinite series is clear from the analytical
plots in Fig.2. The number of summation terms required for
the convergence of three series for i, q, and | are only 5, 20,
and 30, respectively.

Furthermore, the CDF of I'[t] (deI;med in (7)) can be
obtained as Fy, y(2) = Fz, %’;[t] and is written
as (23), shown on the next page, where

3Other simulation parameters are same as defined in Table-I in Section VI
with UAV location fixed at (20, 20, 50) for ¢t = 10.
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The CDF of SNR obtained in (23) will be used in the later
sections to evaluate the system performance.

IV. SELECTION OF RISS WITH IMPERFECT AND
OUTDATED CSI AT UAV

In this section, we consider the selection of the best J(<
M) RISs based on the quality of the composite UAV-RIS-
User channels. We also consider that due to the mobility of
the UAV and the time varying nature of the channel, the CSI
received at the UAV in a given time slot is delayed and hence
becomes outdated. Furthermore, there may be errors while
estimating the composite channel coefficients. Considering
both the outdated and imperfect CSI of composite UAV-RIS,,, -
Usery, channels at the UAV (similar to (9) at k-th user), we
can write

Xon k[t = oult] X 1[t] + eu[t]Xe[t] + V1 — 0F[t] Xalt],

(25)

where X,[t] ~ N(0,02,,) denotes the estimation error value
and X,4[t] ~ N(0,02,) represents the error term due to
the transmission and processing delay. The variable o,[t] is
the correlation coefficient between the estimated and outdated
CSIs at UAV in t¢-th time slot. For a delay of 74,[t], we
can write 9,[t] = Jo (27 fa,u[t]Ta,u[t]), with fq,[t] being the
Doppler spread due to the movement of the transceivers.
Practically, the outdated CSI given in (25), for m € M,
is utilized by the UAV to select the best J RISs having
the maximum channel gain of the composite UAV-RIS-User
channels in a given time slot. It may be noted that the there

will be L = g\l\; ) different combinations of selecting J RISs
among total RISs. Thus, the probability of selecting J
RISs with ¢-th combination, ¢ = 1,2, ..., L, during §; can be
calculated as (26), shown on the top of the next page, where
Pr{-} represents the probability of an event. Similar to (13),
we can write X, ;[t] ~ N (E[X,, x [t]], V[Xo x[t]]), Where

k[tH Ou [t]NE[Xm.,k,n[t”a
k[t” == NV[Xm,k,,n[t]] [Qi[t](l + 6g,u[t])
+(1 - 03 [t])o7..[1]]

E[X,,
V(X

s

s

27
)
where 467 ,[t] = m a € {e,d}, is the normalized
error variance of the composite fading channel at the UAV.
Also, E[X,, k. [t]] and V[X,, k. [t]] can be obtained from (6)
by using m; = m. Thus, the CDF of | X, »[t]|? can be written

similar to (16) as

(28)

04 [E? [ X i [t]]
VV[XM,k[tH
proach, the PDF of | X,  ,[t]|* can be written similar to (15)

as

where Emk[t} = . Adopting the similar ap-

Fi%m itz (%) =———
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(26)

J
11 Pl
=1

2
W Using (29) and (28) in (26),
we can evaluate the probablhty of selecting J RISs under
imperfect and outdated CSI of the composite channel.
Remark 3: It is clear from (26) that calculation of p; ¢ [t]
requires to solve an infinite integral containing a product of
(M — J) CDF terms. Moreover, each CDF term involves an
infinite series along with the mean and variances obtained
through the CLT approximation. Thus, the analytically ob-
tained values of RIS selection probability may deviate from
the exact values for lower values of N
It is noteworthy that obtaining a closed-form expression for
(26) is extremely difficult. Therefore, we consider a special
case where J = M — 1 and derive the series based expression
for the RIS selection probability as given in following Lemma.

where =, ,[t] =

Lemma 1. For J = M — 1, the probability p; ¢ i[t], defined
in (26), can be evaluated as

Pjeklt] = exp (— Em; 1 _ Em;’“[t]> : ((Em,-,k[t]) :

(30)

where Y, 4 i k[t] is defined in (31), shown on the next page,
with My, ,(+) representing the Whittaker function [44].

Proof: Assuming that RIS, is the only RIS which is
not being selected, we apply J = M — 1 in (26). Further,
using infinite series of lower incomplete gamma function as

v(s,x) = 2°T(s)e™ Z F(s+q+1) [44] in (28) along with the

use of (29), and subsequently utilizing [44, Eq. 6.643.2], we
get (30). |

V. PERFORMANCE ANALYSIS

In this section, we analyze the performance of the con-
sidered UAV-based RIS-assisted multiuser downlink commu-
nication system in terms of average coverage probability
(ACP) and average bit-error-rate (ABER) over complete flying
duration of the UAV. The expressions for these performance
matrices have been obtained under the imperfect and outdated
CSI (both at the user and the UAV) of the composite as well
as direct channel with RIS selection adopted by the UAV.

A. Average Coverage Probability Analysis

The coverage probability for a ground user under the consid-
ered multi-user downlink communication network is defined
as the probability that the instantaneously received SNR at k-
th user in ¢-th time slot exceeds a predefined threshold SNR as
per the Quality-of-Service (QoS) requirements of the user. If
the k-th user receives the signal through direct link and J RISs
(with /-th combination), mathematically, we may formulate
the coverage probability under imperfect and outdated CSI
conditions during ¢-th time slot as

Peov(€, k,t;Tm) = Pr{T%[t] > Pm} = 1 — Fy y(Tm),

(32)
\yhere I'rp is the predefined threshold SNR and the CDF of
Iy [t] is defined in (23), which includes the impact of imperfect
and outdated CSI at the k-th user. Considering all possible
combinations of J RISs, the ACP at k-th user under imperfect

and outdated CSI based RIS selection scheme can be evaluated
for total flight duration as

T

where pg i[t] is the selection probability of ¢-th combination
of J RISs, as given in (26).

Lemma 2. For low values of transmit power available at UAV
in a given time slot for k-th ground user (i.e., Py i[t] — 0), the
coverage probability can be asymptotically expressed as (34),
shown on the next page, where
Fi+q+l+2+%)
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Proof: Utilizing the asymptotic expression of hyperge-

ometric function for large argument as lim 1.5 (a,b;2)
Z—00

s (—2)7 + [45, 07.20.06.0009.01]

alongside iz in (23), and substituting the

Dl(ka iv q, l> t; FTh) =

DQ(kv i, q, lv t; FTh) =

(33)
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Z—> 00
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resulting asymptotic CDF in (32) with some algebraic ma-
nipulations, we get (34). ]

The purpose of assuming the low transmit power conditions
on Lemma 2 is to observe the analytical behavior of derived
ACP expression for sufficiently low transmit power available
at UAV in a given time slot. In general, UAV is a power
constrained source and it is possible over a given time slot
that the power allocated to a particular user (especially in a
large user setup) goes very low. In that case, as discussed in
Lemma 2, the coverage probability drops very quickly for a
small change in the transmit power values. The same behavior
can also be observed through Fig. 3. Moreover, it can be noted
form the results of Lemma 2 that term D,(k,4,q,!,t;T'm),
p = 1,2 in (35) depends upon o [t] and u, and it is clear
from the discussion in Subsection III-B that g [¢] and uy, are
functions of imperfect and outdated CSI parameters of direct
and composite channels, respectively, between the UAV and
the k-th user.

B. Average Bit-Error-Rate Analysis

Now, we focus on deriving a unified closed-form expression
of average BER of the k-th user for different binary mod-
ulation schemes such as binary phase shift keying (BPSK),
binary frequency shift keying (BFSK), and differential phase
shift keying (DPSK).

Lemma 3. The unified ABER at k-th user in t-th time slot
for the considered communication system with J out of M
RISs selected by the UAV (in (-th combination) is given
as (36), shown on the next page, where A; 4 (¢, k,t) is defined
as (37), shown on the next page, with (-)s denoting the
Pochhammer symbol. The parameters (a,b) corresponds to the
binary modulation scheme, such as (0.5,1) for BPSK, (1,1)
for DPSK, and (0.5,0.5) for BFSK.

Proof: The unified BER (for different binary modulation
format) at k-th user in t¢-th time slot can be evaluated as [46,
Eq. 12]

a

Pe(l,k,t) = e

)/OO exp(—by)y" " Fy, [t](7)dy.  (38)

Using the CDF Fy, () from (23) along with the utilization

(a0
Z bo) Sl ’ and
applying [44, Eq. 3.351.3], we get (36). [ |

of the series expansion 1F7(ag;bo;2) =

Thus, the ABER at k-th user over complete flight duration
of the UAV under imperfect and outdated CSI based RIS
selection scheme can be evaluated as

1 T L
-T thl Zle peklt|Pe(l, k, t),

where Pg(¢, k,t) is defined in (36).

(39)

Lemma 4. For high transmit power conditions at UAV (i.e.,
Py [t] = o0), the BER at k-th user in t-th time slot can be

written as I
1 2
PRl k,t) x| =——
Py i [t]

Proof: Considering the hypergeometric function for small

argument as lin%) 1F1(a,b; 2) ~ 1, [45, 07.20.06.0001.02] in
z—

(23), substituting the resulting CDF in (38), and solving the

integral, we get
P (L, k1)
5 itq+l+1+4
Upigalt] | =2 — .
e JPUJf[ﬁ]
(41)

(40)

For high values of transmit power (I3U,k[t] — 00), the term
with i = ¢ = [ = 0 will dominate the summation in (41).
Using this fact, we get (40). [ ]

It can be observed from Lemma 4 that for very large values
of Py i[t], the rate of decay in ABER values depends upon
the number of selected RISs by the UAV.

VI.

This section presents the simulated and analytical perfor-
mances of ACP and ABER for the considered RIS-assisted
UAV based multiuser communication network with the RIS
selection under outdated and imperfect CSIs at the user as
well as the UAV. Table I shows the important variables and
their values used for obtaining the numerical results in this
section. The operating frequency of downlink UAV-assisted
communication is assumed as 2.4 GHz (i.e., A = 0.125 m) as
it is an approved frequency of operation for unmanned aircraft
systems. In practical systems, it can be used as the backup
frequency of remote control uplink, telemetry downlink, and
information transmission link. For practical assumptions, we
have considered all the link distances between 30 — 80 meters.

NUMERICAL RESULTS AND DISCUSSIONS
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TABLE I: List of some important variables and their values taken for numerical results.

Variable Value Variable Value Variable Value Variable Value
X1 (25,25,0) oult] 0.8 XR, (25, 30, 30) xy 0] (0,0,50)
X2 (17,17,0) o2 1 XR, (15,10, 30) xu25] | (50,50,50)
X3 (33,33,0) Aok 1 XRs (35, 30, 30) Hy 50 m
X4 (9,9,0) B 2 XRy (5,10, 30) Pm,n 1] 1
X5 (41,41,0) Qo = Qm 1 XRs (45, 50, 30) 1o,k [t] 1+15
| [t]] 1.8 [V k| 1.12 T 25 Tc 5 sec.
10° sleclelelelc il o teleletelotelo]

Average Covergae Probability
>
[
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Fig. 3: ACP versus UAV transmit power performance of User-1
located at (25, 25, 0) for different values of N, J with M = 5.

It is assumed here that all the RISs available in the network
have same size (i.e., N). A propulsion power of 24 dB is
assumed following the parameters in [41]. It is also assumed
that the movement of UAV over horizontal X — Y plane is
linear and the speed of motion is 14.14 m/s for all the time
slots. For majority of results shown in this section, we have
considered User-1 with 3D coordinate fixed at (25,25,0),
however, the derived results are applicable for any arbitrary
user location coordinate in the 3-D coordinate system. For
M = 5, the locations of all 5 RISs are given in Table I,
however, for any other value of M, the 3D coordinate of
RIS location are explicitly specified in the figure caption as
simulation parameters. The simulations are performed over
10° iterations. Unless mentioned specifically, the curves shown
in this section are valid for g x[t] = om,r[t] = 1 and

85 o 1] = 67 . [t] = 0.

A. Results for ACP

Fig. 3 shows the variations of the ACP of User-1 with
respect to (w.r.t.) the total transmit power available at the UAV
for M = 5 and different values of N, J. First we assume

the outdated and imperfect CSI conditions at UAV only such
that the probability of RIS selection is affected due to the
same. For that, we have considered O'd = 0.1 and
0u[t] = 0.8. It can be observed from Fig. 3 that the coverage
performance of User-1 significantly improves with increasing
N (for a given value of J). Moreover, the ACP performance
of User-1 improves for increasing J (with fixed V), however
the performance gain after every single increase in J reduces.
For example, with N = 32 and an ACP value of 0.1, selecting
one RIS out of total 5 (i.e., J = 1) requires a total transmit
power of approx —16.25 dB, whereas for J = 2 and J = 3,
the total power requirement at UAV reduces to nearly —21.5
dB and —24 dB, respectively. Thus, the performance gain
for increasing J from 1 to 2 is higher than that for 2 to 3.
Further, it can be noticed from Fig. 3 that the gap (due to the
NCCS approximation) between the analytical and simulated
ACP curves decreases for higher value of N as well as J.
Observation 1: It is interesting to observe from Fig. 3 that the
ACP of User-1 for (N, J) = (64,1) is higher as compared to
that for (N, J) = (32,2). Similarly, the ACP performance of
a user served through a single selected RIS with N = 96
is superior than that under three RIS selection (J = 3)
with N = 32. It should be noted that for the two scenarios
mentioned above, the product NJ remains constant, which
reflects the total number of reflecting elements utilized for the
communication. Moreover, the performance gain is higher for
large vale of product N J. Thus, it can deduced that selecting
more RISs from a group of small-sized RISs may not be as good
as selecting fewer RISs from a group of large-sized RISs.

—O’

Further, we have also plotted the ACP performance of User-
1 under the imperfect and outdated CSI conditions of direct as
well as composite channel at the user as well. For this, we have
assumed 0o, [t] = om, k[t] = o[t] and have taken two different
values of g[t] as 0.7 and 0.8. We have also assumed that error
variances for outdated and imperfect CSI at the user are same
as that considered at UAV. It can be observed from Fig. 3 that
ACP performance deteriorates further for an imperfect and
outdated CSI conditions at the User itself. Moreover, lower
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Fig. 4: Variations of ACP performance of User-1 w.r.t. correlation
coefficient (o]t]) for outdated CSI under different settings of normal-
ized error variances §3[t], 6;[t] with M = 3, N = 32 and varying
values of Py, J. The 3D locations of three RISs are considered as
Xr,> XR,» a0d Xg,-

the correlation between estimated and outdated CSI at the user,
poorer the ACP performance of the user for all values J.

In Fig. 4, we investigate the impact of outdated and imper-
fect CSI parameters on the analytical ACP performance of the
considered network with M = 3 and N = 32. For the curves
in Fig. 4, the 3D locations of the RISs are considered as x -
X R, and x R, FOr this, we have assumed equal parameters
for imperfect and outdated CSIs at both UAV and the user,
i.e., we have assumed (i) &5 , . [t] = 07 . 1 [t] = 07 ,[t] = 62[t]
(say), (i) 63 4 [t = 0F 41 lt ] =62 [t] = 62[t] (say), and (i)
00.k[t] = om, k[t] = oult] = [] (say), for all t € T. We
have plotted the ACP values of User-1 w.r.t. the correlation
coefficient (o[t]) for different values of J, Py, §2[t], and §3[¢].
It can be observed from Fig. 4 that for large values of ol[t],
the coverage performance of User-1 is very high under all the
values of normalized error variances considered in the figure.
However, under moderate and low values of o[t], the impact
of error variances is significant under all the values of J and
]5U considered here.

Observation 2: It may be noticed from Fig. 4 that for
o[t] = 0.5 and 62[t] = 0.2, the ACP values of User-1 under

= 1 reduces by almost 10 times with an increase in §3[t]
from 0.5 to 0.6. Whereas, for the same increase in 53 [t], the
ACP under J = 2 reduces by almost 2 times. Thus, it can
be deduced that selecting more RISs can provide better gains
under outdated and imperfect CSI conditions. Furthermore, it
can be seen from Fig. 4 that for J = 2, the ACP performance
of User-1 is almost unchanged (under various settings of
normalized error variances) for o[t] > 0.65, whereas for
J =1, the similar behavior is observed for o[t] > 0.85 only.

In Fig. 5, we have shown the variations of ACP of User-1
located at (25, 25,0) w.r.t. the number of RIS reflecting ele-
ments for different values of M, 15U and I'ry. For this figure,
we have considered sufficiently large correlation coefficient
for outdated CSI and negligible channel estimation error. In
order to observe the impact of M, we have fixed J = 1. It
shall be noted that For M = 2, we have considered RISs with
3D locations x g, and X g,. Moreover, the curves in Fig. 5 are
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Fig. 5: Variations of ACP of User-1 w.r.t. N for varying M, Py, and
T'mn under negligible estimation error at UAV (i.e., 537u [t] = 0.01) and
high correlation coefficient at UAV (i.e., g [t] = 0.95). For M = 2,
the RISs are located at xp, and Xg,-

valid for 0o i [t] = 0m; x[t] = 1 and 63 , . [t] = 67, x[t] = 0.
Observation 3: It can be observed from Fig. 5 that putting
more RISs in the network may not necessarily provide signifi-
cant ACP performance improvement for a given N. Actually,
it is the size of the RISs available in the network which
plays a deciding role in calculating the amount of achievable
performance improvement. For a particular range of N, we
can observe significant improvement in the ACP performance
with more RISs, however, the ACP values for different M
remain almost same outside that range. For example, with
PU = —29 dB and 'y, = 20, if the UAV selects one out of all
5 RISs considered in the setup with N = 120 at each RIS, the
ACP value of User-1 is nearly 0.7 as compared to an ACP
value of approximately 0.4 when UAV selects one out of two
RISs (located at x g, and X g,) having same size. However,
if we reduce the number of reflecting elements at each RIS to
N = 100, User-1 gets an ACP of 0.15 and 0.1 under single
RIS selection out of M =5 and M = 2, respectively, keeping
all other system parameters fixed.

Moreover, the range of interest for N varies with system
parameters like ]5U and I'y,. For ]5U = —29dB and I'ty, = 20,
choosing N between 100 to 150 provides significant perfor-
mance improvement with M = 5 as compared to M =
However, for Z5U = —29 dB and I't, = 30, the similar gains
may be achieved by choosing N between 120 to 190. Thus,
decreasing transmit power and/or increasing threshold SNR
require larger-sized RISs to achieve a given ACP performance.

Fig. 6 shows variations of ACP for User-1, User-4, and
User-5, located at x;, X4, and X5, respectively, in a 5-
user setup. For the curves in Fig. 6, we have set gg [t] =
Om; .k []_1 606’6[] 6lek[]:O’ and 6g,u[t]:6§,u[t]:
0.1. It can be clearly noticed from Fig. 6 that the ACP
performance of User-4 and User-5 (which are located at the
two extremes of the horizontal X-Y plane covered by the UAV
flight) is significantly improved by increasing the number of
RISs available in the network for both the values of p,[t]
considered in the figure. However, the ACP performance of
User-1 (located in the center of the horizontal plane under
consideration) is almost unaffected (very small improvement
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is observed at higher values of transmit power) by increasing
M from 3 to 5. It can also be seen from Fig. 6 that for M = 3,
the user at the centre location i.e., (25,25,0) outperform the
other users in terms of ACP performance for all values of
transmit power considered in the figure, however, for M = 5,
User-4 with 3D location (9, 9, 0) performs slightly better than
User-1 upto certain value of transmit power beyond which
User-1 takes over with a significant margin.

B. Results for ABER

Fig. 7 shows the average BER performance of a ground
user at location (25, 25, 0) in the considered network w.r.t. total
transmit power available at UAV under imperfect and outdated
CSI based RIS selection schemes. We have considered BPSK
modulation scheme with M =3, J = 1,2,3, and N = 32, 96.
For imperfect CSI at UAV, we have taken 62 ,[t] = 0.1 and for
outdated CSI at UAV, we have assumed 67, [t] = 0.1, gu[t] =
0.8. It is clear from Fig. 7 that the ABER performance of User-
1 enhances significantly by increasing .J and N. However, the
performance gain due to an increase in J (for fixed /V) reduces

Average BER

et BESK, 62, = 0.7

-50 -45 40 -35 -30
Transmit Power at UAV (Py) [dB]
Fig. 8: ABER versus transmit power performance of User-1 for
different binary modulation schemes with M =5, N = 96, J = 3,
ou[t] = 0.8 and 67 ,[t] = 0.1 under different values of 47, [t],
| [t]], and |vpm,].

with J. For example, to get an ABER of 0.001 with N = 32
and 96 both, we get a transmit power gain of approximately 5.5
dB by choosing J = 2 as compared to J = 1, however, only a
2.5 dB additional gain is obtained by selecting 3 RISs. It can
be seen from Fig. 7 that the analytical ABER curves closely
follows the simulated ABER curves for almost all values of
transmit power considered in the figure.

Observation 4: It can be observed from Fig. 7 that ABER
values reduces for higher N J, however if N J is same for two
system configurations, the system with higher N outperforms
the other one. One can see from Fig. 7 that for NJ = 96, we
can have two possible combinations, i.e., (N, J) = (96, 1) and
(N,J) = (32,3) and it is clear from the figure that former
combination (with higher N) outperforms the later. It is in
line with Observation 1 for ACP performance.

We have also compared the ABER performance of the
proposed system (with outdated and imperfect CSI based RIS
selection) with an ideal scenario (with perfect CSI based RIS
selection, i.e., oy [t] = 1,82 ,[t] = 0) in Fig. 7. It can be seen
from Fig. 7 that under all the parameter settings considered in
the figure, an approximate power loss of 2 dB is noted due to

the imperfect and outdated CSI availability at the UAV.

In Fig. 8, the variations of ABER of User-1 under different
binary modulation formats (e.g., BFSK, BPSK, and DPSK,
used by the UAV for downlink transmission) are shown for
two different LoS conditions of UAV-RIS (|u,[t]| = 1.8,4.6)
and RIS-User-1 (Jv,,| = 1.12,3.9) links, for all m € M. For
this figure, we have assumed that the UAV selects 3 RISs out
of total 5 RISs available in the network. Firstly, it is clear from
Fig. 8 that the derived analytical expression of ABER (with
NCCS approximation) works well for different modulation
formats under both the LoS conditions considered in the figure
with M = 5 and N = 96. Moreover, the BPSK scheme
outperforms the DPSK and BFSK schemes for all values of
|ttm[t]], |Vm |, and Py considered in the figure. It is also evident
from Fig. 8§ that the ABER of User-1 reduces significantly for
strong LoS conditions of UAV-RIS and RIS-User links under
all types of RF binary modulation formats. Fig. 8 also shows
the impact of channel estimation error (52 ,[t]) at the UAV on
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Fig. 9: Variations of ABER of User-1 w.r.t. number of reflecting
elements at each RIS with J = 2 and different values of M, Py,
o[t], 62[t], and 83[t]. For the case of M = 3, the RISs are assumed
to be located at x r,, X g, and Xpg,-

the ABER performance under a fixed outdated error condition
at UAV (i.e., o, [t] = 0.8 and &7 ,[t] = 0.1).

Observation 5: [t is noteworthy from Fig. 8 that for high
values of 62,[t], the ABER performance under weak LoS
conditions is affected severely under all binary modulation
schemes considered. For example, considering BPSK scheme
at 62, [t] = 0.7 with |pun[t]] = 1.8, |vm| = 1.12, an ABER of
10~4 is achieved at Py = —36 dB as compared to —38.2 dB
for 62,[t] = 0.1. Whereas at | t]] = 4.6, |vm| = 3.9, the
similar ABER is obtained at Py = —46 dB and Py = —45.5
dB for 62 ,,[t] = 0.7 and 62 ,[t] = 0.1, respectively.

Fig. 9 shows the variations in ABER performance of User-1
for varying number of reflecting elements at each RIS under
two different values of M and ISU. For this, we have assumed
equal parameters for imperfect and outdated CSIs at both UAV
and the user, i.e., we have assumed (i) &5 , . [t] = 07 . . [t] =
02 [t) = 02[t), (i) 03 4[] = 62 4 [t] = 03, [t] = 03[¢], and
(iii) 00,k[t] = Om,k[t] = oult] = olt], for all ¢ € T. For all
the curves in Fig. 9, we have assumed that 2 out of M (> 2)
RISs are selected in each time slot. It can be observed from
Fig. 9 that availability of more RISs in the network may not
always provide a significant performance gain, if the size of
each RIS is very small. However, beyond certain value of NV,
the performance gain due to increase in M are noticeable for
all values of o[t],62[t], and 02[t] considered in the figure.
Observation 6: Increasing M from 3 to 5 with Py = —39 dB
and g[t] = 0.8 provides an ABER reduction from 0.0063 fo
0.0045 at N = 100, whereas for N = 200, the ABER values
reduces from 2.56 x 1076 to 5.3 x 10~7. It should also be
noted from Fig. 9 that higher transmit power at UAV provides
higher performance gain for increasing M. For example, at
o[t] = 0.6, the ABER values at Py = —39 dB and N = 160
reduces from 0.0016 to 0.001 for increasing M from 3 to 5,
whereas for same o[t], N with Py = —34 dB, the ABER
values reduces from 7.86 x 1077 to 1.3 x 1077,

We have also shown the impact varying normalized error
variances, i.e., d;[t],d3[t] on the ABER performance of the
User-1 for M = 3, Py = —34 dB, and p[t] = 0.6,0.8 in
Fig. 9. It is evident from Fig. 9 that increasing the error vari-
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Fig. 10: ABER versus UAV transmit power performance for different
user locations and RIS locations with N = 32,64, J = 1, and
M =23

ances (due to outdated and imperfect CSIs), the deterioration
in the ABER performance is higher for low values of olt].

In Fig. 10, we have shown the impact of RIS locations
on the ABER performance of different users for varying N
with BPSK modulation scheme. For all the curves in Fig. 10,
we have assumed that the UAV selects a single RIS out of
the multiple available RISs in each time slot. In Fig. 10, we
have considered User-2 and User-3 located at (17,17,0) and
(33,33,0), respectively. At first, we have considered 3 RISs
with 3D locations X g,, Xg,> and Xx g, and have plotted the
ABER performance of User-2 and User-3 for N = 32,64.
It can be seen from Fig. 10 that for the above mentioned
RIS locations, the ABER performance of User-2 and User-
3 is nearly same. Next, we have plotted the performance for
2 RISs with 3D locations X r,, X, and have observed that
User-2 significantly outperforms User-3 because both the RISs
are closer User-2 as compared to User-3. If the RIS locations
of 2 RISs are changed to xp, and Xxp,, it can be noticed
that User-3 outperforms User-2 as the new RIS locations are
nearer to User-3. The behavior is same for both the values of N
considered in the figure. Thus, it can be deduced from Fig. 10
that the performance of a ground user is not only affected by
the number of RISs available in the network, number of RISs
selected by the UAV, number of reflecting elements at each
RIS, but also by the location of the RISs.

VII. CONCLUSIONS

We considered a multiple RIS-assisted downlink wireless
communication system with a flying UAV transmitter and
analyzed the system performance with a selection strategy of
a set of RISs at the UAV. In particular, we considered that
the UAV can select a set of RISs based on the composite
UAV-RIS-User channel gains with the possibility of imperfect
and outdated CSI of the composite links. The communication
between the UAV and the user is accomplished through the
selected RISs along with a direct link. We have derived series-
based expression for the probability of selection of RISs
under imperfect and outdated CSI based schemes. Moreover,
we obtained the statistical distribution for instantaneously
received SNR at the user and derived the expressions for



approximate ACP and ABER for overall UAV flight time at
a given user. The asymptotic performances of the considered
system have also been examined for small as well as large
values of transmit power at UAV. The derived approximate
analytical results were compared with exact simulated values
and useful insights were obtained. It has been deduced from
the results that it is always better to select fewer large-sized
RISs as compared to selecting more small-sized RISs, for a
fixed number of total reflecting elements in the network. In
the end, we have investigated the impact of the severity of
channel fading of UAV-RIS and RIS-User links along with the
imperfect and outdated CSI on the network’s performance.
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