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UAV-Assisted Communications with RIS: A
Shadowing-based Stochastic Analysis

Petros S. Bithas, Senior Member, IEEE, George A. Ropokis, George K. Karagiannidis, Fellow, IEEE,
and Hector E. Nistazakis

Abstract—We study and analyze the performance of a wireless
communication system that is based on the use of airborne
Reconfigurable Intelligent Surfaces, i.e., surfaces mounted on
an Unmanned Aerial Vehicle (UAV). To this end, we perform
a stochastic analysis that allows us to study a very wide
variety of realistic channel conditions, including environments
characterized by combined small-scale and large-scale fading
and potential spatial correlation in shadowing. For this generic
channel model, we derive closed-form expressions for the outage
probability and the ergodic capacity, and also investigate the
analytical calculation of the average energy efficiency. The
presented results allow us, for the first time, to study the impact
of different shadowing conditions, including correlation effects,
in aerial communications systems that are also supported by
reconfigurable intelligent surfaces. Finally, the performance of
the considered system is also compared with that of decode-
and-forward relaying, highlighting the advantages of combining
reconfigurable intelligent surfaces with UAV-assisted communi-
cation technologies in composite fading environments.

Index Terms—Correlation, energy efficiency, reconfigurable
intelligent surfaces, shadowing, unmanned aerial vehicles (UAVs).

I. INTRODUCTION

RECONFIGURABLE Intelligent Surfaces (RISs), i.e.,
man-made surfaces, composed by electronically tunable

elements, are a promising technology for shaping favorable
propagation conditions by controlling the functionality of each
one of the RIS’s elements [1]. Key RIS technologies en-
abling this concept include dynamic reflecting arrays, tunable
metasurfaces, and liquid crystal surfaces, which offer different
ways for controlling the key characteristics of the reradiated
electromagnetic waves, such as the phase [2], [3].

Besides RISs, another approach to obtain favorable prop-
agation conditions and improve coverage, is to use Un-
manned Aerial Vehicles (UAVs) for communication purposes,
which can increase the probability of Line-of-Sight (LoS).
In addition, the combination of UAVs and RISs can be a
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very promising step forward to provide highly reliable, high
rate communications, and thus enabling the 6th generation
communication networks use-cases and applications [4], [5].
Therefore, the joint exploitation of these two technologies is
currently being investigated. In more detail, in [6], the effects
of small-scale fading on airborne RIS-assisted communications
(i.e., communications achieved with the aid of RISs mounted
on UAVs) are studied. The presence of κ−µ distributed fading
is considered, and the performance of airborne RIS-assisted
communication was investigated, using various criteria, includ-
ing the Outage Probability (OP), the Bit Error Rate (BER),
and the ergodic capacity. The same performance metrics are
also studied in [7] and used to investigate the problem of
determining the optimal altitude of RIS-equipped UAV. In
[8], the use of Non-Orthogonal Multiple Access (NOMA)
in airborne RIS-assisted communication systems is studied,
and a decaying deep Q-network algorithm is proposed to
minimize the energy consumption. In [9], the use of RIS-
supported UAVs in high-mobility communications scenarios
was investigated, and it was found that even low-complexity
RIS configurations can provide significant performance im-
provements over non-RIS based designs. In [10], the impact
of interference has been analytically investigated in airborne
RIS-assisted inter-vehicular communication scenario. Finally,
in [11], an integrated Free Space Optical-Radio Frequency
(FSO-RF) satellite-aerial-ground network has been studied, in
which the UAV is equipped with RIS. The results presented in
[11] show that RIS equipped UAVs can achieve considerable
communication performance improvements in turbulent fading
channels.

With shadowing being another important limiting factor for
communications systems, the effects of shadowing on airborne
RIS-assisted systems need to be investigated. In this direction,
some initial performance results have recently been published
in [12], [13]. In particular, in [12], assuming a composite
fading environment modeled by the Nakagami-inverse gamma
distribution, approximate, but rather complicated, expressions
were derived for the OP, while a deep neural network was
also proposed to predict the OP. In [13], the results of [12]
were generalized to a composite shadowing/small scale fad-
ing Multiple-Input Multiple-Output (MIMO) communication
scenario, modeled by the generalized-K distribution. More
specifically, assuming independent shadowing on the channel
between the source and the RIS, and the channel between the
RIS and the destination, the performance of this communica-
tion system in terms of OP and BER has been studied.

Although, in general, the assumption of independent shad-
owing is valid, in many cases, the presence of correlation in the
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shadowing cannot be ignored. This correlation is introduced
by the inherent characteristics of UAV flying environment
[14] as well as the small distances among the RIS elements
in conjunction with the large decorrelation distance of the
shadowing. However, for analytical simplification purposes,
the shadowing correlation is not taken into account in the
previous studies. Motivated by this observation, in this paper,
we develop an analytical investigation for the impact of large-
scale fading in airborne-RIS enabled communications (i.e.,
RISs mounted on UAVs), by also considering the impact of
shadowing correlation. More specifically, the contributions of
the paper are as follows:

• We propose a new composite fading channel for airborne
RIS-assisted communications that models the presence
of both small-scale fading and shadowing on the links
between the source/destination and the airborne RIS. The
new model is generic and also takes into account the
presence of shadowing correlation.

• To analyze the statistical properties of this model, we
study the stochastic characteristics of the product of
two arbitrarily correlated, Inverse-Gamma (IG) Random
Variables (RVs), and derive closed-form expressions for
the Probability Density Function (PDF) and the Cumu-
lative Distribution Function (CDF) of this product. To
the best of our knowledge, this is the first time that a
closed-form expression for the PDF and CDF of such
a product is derived. We then use this result to derive
expressions for the PDF and CDF of the received signal-
to-noise ratio (SNR), for our model. Finally, we note that
besides our investigation, products of IG RVs are often
encountered in a variety of communications scenarios,
e.g., in environments where double-scattering propagation
conditions exist [15]. Therefore, our results can be easily
applied to these scenarios as well.

• We analyze the performance of the considered system
using the criteria of OP, ergodic channel capacity, and
average energy efficiency.

• We also derive novel analytical expressions for the OP
and ergodic capacity of benchmarks for our system
that employ Full Duplex (FD) and Half Duplex (HD)
cooperative protocols at the UAV, instead of an RIS. The
numerical performance comparisons of all systems ex-
amined, in different composite fading scenarios, illustrate
that airborne RIS-assisted communications provide supe-
rior performance, as compared to traditional cooperative
techniques.

The rest of this paper is organized as follows. In Section
II, the system and channel models under consideration are
presented. In Section III, an approximated analysis for the
statistics of the small scale fading effects is presented. In
Section IV, we study the statistics of the product of correlated
IG RVs, and exploit the derived results for the performance
analysis of the system under consideration. In Section V, var-
ious numerical evaluated results are presented, while Section
VI summarizes our conclusions.

Fig. 1: System model considered.

II. SYSTEM AND CHANNEL MODELS

A. System model

We consider a communication system in which a single-
antenna source (S), communicates with a single-antenna des-
tination (D) with the aid of an airborne RIS, which is shown in
Fig. 1. By exploiting the advantages of UAV-mounted RIS net-
works, the communication performance is enhanced especially
in Internet of Things scenarios, where time variant Quality of
Services (QoS) requirements exist [16]. The airborne RIS is
equipped with M reflecting elements and an RIS controller
that can dynamically adjust the phase shifts applied at each
RIS element. In this work, we assume that perfect Channel
State Information (CSI) is available at the S, D, and the
airborne RIS, resulting to ideal phase-shifting at the RIS [17].
Finally, we focus on scenarios where the S to D channel is
severely attenuated due to shadowing and can be therefore
ignored. As a result, communication takes place only with the
help of the airborne RIS1.

Let dsr be the distance between S and the RIS, drd the
distance between the RIS and D, and v the path-loss exponent
of our propagation model. The signal reaching D is then
expressed as

y =

√
PS

dvsrd
v
rd

M∑
i=1

hsr,ie
jθihrd,is+ n, (1)

where s denotes the unit power transmitted signal, and PS the
transmit power at S. Furthermore, the random complex coeffi-
cients hsr,i = wiL1e

jϕi and hrd,i = qiL2e
jφi , i = 1, . . . ,M,

model the combined shadowing and small scale fading effects
on the channels from S to the i-th reflecting element of the
RIS, and from the i-th reflecting element of the RIS to D,
respectively. In more detail, RVs wi, qi, i = 1, . . . ,M , model
the small scale fading magnitude, and ϕi, φi ∈ [0, 2π) the
small scale fading phase effects, while L1, L2 model the shad-
owing random variations. The channel gain and shadowing
coefficients are also depicted in Fig. 1. Finally, in (1), n

1Although from a theoretical perspective the combined presence of a LoS
component and the RIS-aided channel would be interesting, the theoretical
investigation of such a scenario within the context of UAV-aided RIS com-
munications is very challenging, due to the path losses and delays differences,
between the 2 different paths, i.e., S→D and S→RIS→D.
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denotes the Additive White Gaussian Noise (AWGN), with
zero mean and variance N0.

In the above signal model, we assume that the effect
of shadowing is the same for all channels between S and
reflecting elements of the RIS and thus they are modeled by
a single RV L1. The reason behind this choice is the fact that
shadowing effects are highly correlated for distances of the
order of tenths of meters. As a result, since the RIS reflecting
elements are placed in much closer distances, we can expect
that the effects of shadowing for all channels between S and
the RIS elements are identical. Similarly, we use the same
assumption for the channels from the RIS to D, and also model
shadowing for all these channels using a single RV L2. Finally,
we note that these two assumptions of identical shadowing
on all S to RIS channels (or RIS to D channels), is aligned
with the common assumption of identical shadowing, which
is commonly adopted when studying multi-antenna systems
[18], [19].

From (1), the SNR at D is written as

γ =
PS

N0dvsrd
v
rd

∣∣∣∣∣
M∑
i=i

wiL1qiL2e
j(θi−ϕi−φi)

∣∣∣∣∣
2

, (2)

and it is maximized if the RIS selects phase shifts θi to be
equal to θi = ϕi + φi. The SNR is then written as

γ =
SNRT

dvsrd
v
rd

(
M∑
i=i

wiqi

)2

L1L2 =
SNRT

dvsrd
v
rd

Z, (3)

where Z is a RV defined as Z
∆
= WL1L2, with W =(∑M

i=i wiqi

)2
, while SNRT = PS/N0 denotes the transmit

SNR. From (3), it is evident that a symmetry exists at the SNR
value with respect the point where the distances between S-
UAV and UAV-D are equal, i.e., dsr = drd.

B. Channel model

We model the small-scale effects on the channel between
S (or D) and the airborne RIS, using the Weibull distribution.
The reason for adopting this particular distribution is that it
can accurately capture the fading characteristics of various
scenarios, ranging from worse than Rayleigh to LoS [20],
[21]. Focusing particularly on LoS scenarios, we highlight
that the Weibull distribution has been proposed in [22] as an
alternative channel model to the Ricean one, while in [23], a
one-to-one mapping between the Weibull shaping parameter
and the Ricean-K factor was proposed. On the other hand, the
application of Weibull fading in non-LoS scenarios is extensive
and also include UAV communications as found in [20]. As a
result of the above, by employing the Weibull fading channel
model, we enable a unified treatment of LoS and non-LoS
airborne RIS-assisted communications scenarios. Moreover,
thanks to the mathematically convenient form of the Weibull
PDF, the results of this approach are analytically tractable.

We consider an independent and identically distributed
(i.i.d.) small scale fading scenario, where the shape and
scale parameters characterizing the Weibull distribution are

the same for all fading channels. As a result, introducing RV
c ∈ {wi, qi} , i = 1, . . . ,M , the PDF of c is written as

fc(x) =
k

λ

(x
λ

)k−1

exp

[
−
(x
λ

)k]
, (4)

where k > 0 is the common (for all channels) shape parameter
(related to the severity of the fading), and λ > 0 the common
scale parameter.

We combine the above small scale fading model with the
realistic, experimentally validated shadowing model presented
in [24]. According to it, the shadow variations Lj , j = 1, 2,
of the local mean received power at the RIS and at D, re-
spectively, are modeled using IG distribution, having marginal
PDF of the form

fLj
(y) =

1

Γ(α)γα
j y

α+1
exp

(
− 1

γjy

)
, j = 1, 2, (5)

where α > 1 is the shaping parameter of the distribution,
which controls the severity of the shadowing, γj is the
corresponding scaling parameter of the Lj-th RV, and Γ(·)
is the gamma function [25, eq. (8.310/1)].

While in the case of independent shadowing on the S to RIS
and the RIS to D channels, the marginal PDFs fLj

(·), j = 1, 2,
suffice in order to model our system, in several cases, shadow-
ing effects on these two channels are expected to be correlated
[26], [27]. This is particularly likely to happen especially when
the distance between S and D is small. In such a scenario,
the joint statistics of the two RVs L1 and L2 that model the
correlated shadowing are captured by the bivariate IG PDF
given by [28]

fL1,L2
(x, y) =

ρ
1−α
2

Γ (α) (1− ρ) (γ1γ2)
α+1
2 (xy)

α+3
2

× exp

[
−1/(γ2y) + 1/(γ1x)

(1− ρ)

]
Iα−1

[
2
√
ρ/(1− ρ)

(γ1γ2xy)
1
2

]
,

(6)

where ρ denotes the correlation coefficient between L1, L2,
and Iv(·) denotes the modified Bessel function of the first
kind and order v [25, eq. (8.406/1)].

Having described large and small scale fading statistics, in
the following sections, we present our approach for accurately
modeling the statistical behavior of the SNR in (3). To this end,
we first discuss our methodology for approximating the PDF
of W .

III. A HIGHLY ACCURATE STATISTICAL MODEL FOR W

In order to investigate the statistics of the SNR in (3), an

exact expression for the PDF of the RV W =
(∑M

i=i wiqi

)2
is required. However, deriving a convenient closed-form ex-
pression for fW (x) (or FW (x)) is extremely cumbersome and
no related results have been reported in the open technical
literature. To overcome this difficulty, we propose an alter-
native approach, which is based on approximating the target
PDF fW (x) by a tractable parametric PDF and selecting the
parameters of this PDF such as to achieve a close fit to the
target PDF. To this end, we follow the Method of Moments
(MoM), described in the following subsection.
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A. Using MoM to closely approximate the PDF of the SNR

When the MoM is used in order to approximate a target
PDF, we start with a parametric fitting distribution, and
select its parameter values such that selected moments of the
target PDF match the corresponding moments of the fitting
distribution. Within the wireless communications literature, the
MoM has been widely used in order to approximate PDFs
whose expression is difficult to be found. Indicatively, from
the recent literature, we mention the work in [29], where the
authors employ the MoM for fitting a Gamma distribution,
which is characterized by an analytically more convenient PDF
expression as compared to the generalized-K distribution.

In this work, we consider applying the MoM such as
to approximate the PDF of W . As a fitting/approximating
distribution, we select the Gamma distribution with PDF

f̃W (x) =
1

θβΓ(β)
xβ−1 exp

(
−x

θ

)
, (7)

where β and θ are the shape and scale parameters of the
Gamma distribution, respectively. The reason for choosing
the Gamma distribution is the fact that it is a well studied
one, it has simple stochastic metrics and thus allows for
deriving closed-form expressions for the performance analysis
purposes. Moreover, as it will become evident in later parts of
our analysis, it allows for obtaining very close approximations
for the true PDF and CDF of W .

By matching the first two moments µ1 and µ2 of W to the
first two moments of f̃W (x) in (7), we can easily obtain the
following estimators for β and θ [30]

β =
E[W ]2

Var[W]
=

µ2
1

µ2 − µ2
1

, and θ =
Var[W]

E[W ]
=

µ2 − µ2
1

µ1
,

(8)
where E[·] denotes the expectation operator and Var[·] denotes
the variance. Since this process, requires the calculation of µ1

and µ2, we hereby express these two moments as

µ1 =

M∑
i=1

E[wi]E[qi],

µ2 =

M∑
i=1

E
[
w2

i

]
E
[
q2i
]

+ 2

M∑
i=1

M∑
j=i+1

E [wi]E [qi]E [wj ]E [qj ] ,

(9)

where E[wn
i ] = E[qni ] = λnΓ(1+n/k) is the n-th moment of

the Weibull RVs [23]. For obtaining (9), the uncorrelatedness
property of RVs has been adopted [31, p. 211] as well as the
multinomial identity [32, eq. (24.1.2)].

In order to assess the performance of the MoM for our
channel model, in Fig. 2, we compare the empirical CDF of
W , i.e., FW (x), with the empirical CDF of Gamma RV, i.e.,
F̃W (x). The results of Fig. 2 were obtained after setting the
parameters of all Weibull RVs wi, qi, with i = 1, . . .M , equal
to k = 2.5, and λ = 2. In more detail, in Fig. 2, the empirical
CDF of the sum of M double-Weibull RVs, i.e., FW (x), where

W =
(∑M

i=i wiqi

)2
, is plotted for different values of M (this

empirical CDF is denoted as Empirical CDF of W in Fig.
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Fig. 2: Empirical CDFs comparisons.

2). It is shown that the slope of the CDF is affected by M ,
i.e., it decreases as M increases. In the same figure, in an
effort to understand how close approximation is offered by
the MoM using the Gamma distribution in comparison to the
Central Limit Theorem (CLT), more curves are included. More
specifically, the empirical CDF of a RV following a Gamma
distribution, with the first two moments given by (9), is shown
(denoted as Gamma approx.) along with the empirical CDF of
a Gaussian RV (with mean and variance being evaluated based
on the rules of CLT), denoted as CLT approx. Moreover, in a
further effort to quantify the quality of our approximation, in
Fig. 2, we also provide the Kullback-Leibler (K-L) divergence
values for the two considered approximations. It is noted that
the distribution that fits best to the exact values is the one
that minimizes the K-L distance, calculated by the simulated
data set. In the table included in Fig. 2, it is shown that
the K-L distance remains very small, using both approaches,
with the Gamma-distribution providing always the closest
approximation for all values of M . Although in Fig. 2 this
is shown for M ≥ 10, the same holds also for smaller values
of M .

Finalizing the presentation of the Gamma-based approxima-
tion to the PDF of W , fW (·), and its comparison to the Gaus-
sian approximation, we highlight that the Gamma distribution
is described by relatively simpler expressions, as compared
to the corresponding ones used for the Gaussian distribution.
Therefore, IG model facilitates the analytical framework that
will be presented in the next section. Taking this into account,
along with the fact that the Gamma distribution is able to
deliver a very close fit to empirical statistics of the PDF of W ,
in the rest of the manuscript, we employ this approximation for
modeling the random behavior of W in airborne RIS-assisted
communication scenarios.
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IV. STOCHASTIC ANALYSIS AND PERFORMANCE
EVALUATION

In what follows, we exploit the derived accurate approxima-
tion for the PDF of W in order to derive novel approximate
results for the statistics of the received SNR and analyze
the performance of the considered communication system for
different scenarios. To this end, recalling the definition of the
SNR in (3) and the presence of the product term L = L1 L2

in this definition, we proceed by first analyzing the statistical
properties of L.

A. Deriving the statistics of L = L1 L2

The PDF of the product of correlated IG RVs L1 and L2

can be evaluated with the aid of the following theorem.

Theorem 1. The PDF of the RV L ≜ L1 L2, where L1, L2,
are correlated IG RVs following the bivariate PDF provided
in (6), is given by

fL(z) =
2z−

α+3
2 /Γ(α)

γ1γ2 (γ1γ2ρ)
α−1
2

Iα−1

[
2
√
ρ

√
γ1γ2z(1− ρ)

]
× 1

1− ρ
K0

[
2√

γ1γ2z(1− ρ)

]
,

(10)

where Kv(·) denotes the modified Bessel function of the second
kind and order v [25, eq. (8.407)].

Proof: The PDF of L can be evaluated using the following
formula [31, eq. (6.148)]

fL(z) =

∫ ∞

0

1

x
fL1,L2

(
x,

z

x

)
dx. (11)

After substituting (6) in (11), employing property [25, eq.
(3.471/9)], and applying some mathematical simplifications,
the closed-form expression in (10) is then obtained.

Furthermore, the following Lemma provides a simpler ex-
pression, for the case that L1 and L2 are independent RVs.

Lemma 1. The PDF of the RV L ≜ L1 L2, where L1, L2, are
independent IG RVs with marginal PDFs provided in (5), is
given by

fL(z) =
2/Γ(α)2

(γ1γ2)
α
zα+1

K0

[
2√

γ1γ2z

]
. (12)

Proof: Assuming that L1, L2, are independent RVs,
(11) can be written in the following form fL(z) =∫∞
0

1
xfL1

(x)fL2

(
z
x

)
dx. Using (5) in this definition and adopt-

ing a similar approach as the one for deriving (10), the PDF
of the product of independent IG RVs given in (12) is finally
obtained.

Having derived the PDF of L = L1 L2, we exploit this
result in order to derive the PDF of Z.

B. Deriving the statistics of Z
Starting with the general result of Theorem 1, since Z is

defined as Z = W L, we can derive its PDF by substituting
expression (7) for the PDF of W and expression (10) for the
PDF of L, in the following equation [31, eq. (6.148)]

fZ(x) =

∫ ∞

0

1

y
f̃W (y)fL

(
x

y

)
dy. (13)

Following that and using the infinite series representation of
the Iv(·) [25, eq. (8.445)], as well as [25, eq. (6.643/3)], we
obtain the following infinite series expression for the PDF of
Z

fZ(x) =
1

Γ(β)Γ(α) [γ̄1γ̄2(1− ρ)]
α

∞∑
i=0

(
ρ

γ̄1γ̄2(1− ρ)2

)i

× θi+αΓ(β + i+ α)2

xi+α+1Γ(α+ i)i!
U

(
β + i+ α, 1,

θ/x

γ̄1γ̄2(1− ρ)2

)
,

(14)

where U(·, ·, ·) denotes the confluent hypergeometric function
[25, eq. (9.210/2)].

Based on (14), an expression for the CDF of Z can be also
found. To this end, we start by using the Meijer’s G-function
representation of the confluent hypergeometric function and
integrating term by term (14). Following such an approach
and exploiting property [33, eq. (26)], the following exact
expression for the CDF of Z is found

FZ(x) =

∞∑
i=0

1

Γ(β)

(1− ρ)α

Γ(α)

ρi

Γ(α+ i)i!

×G3,1
2,3

(
θ

γ1γ2(1− ρ)2x

∣∣∣ 1−β,1

0,α+i,α+i

)
,

(15)

where Gm,n
p,q [·|·] denotes the Meijer’s G-function [25, eq.

(9.301)]. Note that Meijer’s G-function is a standard math-
ematical function available in many mathematical software
packages, e.g., Mathematica, Maple, and thus it can be directly
evaluated2.

In order to study the statistics of Z under favorable,
high average SNR conditions, besides (15), we also derive
an asymptotic approximation for the CDF of Z which is
based on the assumption of high values for the scaling
parameters γ̄j . With this assumption, using the asymptotic
expressions for the modified Bessel functions, i.e., [34, eqs.
(03.02.06.0006.01) and (03.04.06.0010.01)], in conjunction
with [25, eq. (8.350/1)] and [35, eq. (2.10.3/9)], the CDF of
Z is approximated as

FZ(x) ≈
2
(
1 +

√
ρ
)α

Γ(α)ρ
α−1/2

2 Γ(β)

{
Γ
(
α+1
2 + β

)
α+ 1

g(x)
α+1
2

× pFq

(
α+ 1

2
,
α+ 1

2
+ β;

3

2
,
α+ 3

2
; g(x)2

)
+

Γ(β)Γ(α)

2α+1

−
Γ
(
α
2 + β

)
2α

g(x)αpFq

(
α

2
+ β,

α

2
;
1

2
,
α+ 2

2
; g(x)2

)}
,

(16)

where pFq(·) denotes the generalized hypergeometric function
[34, eq. (07.31.02.0001.01)], and g(x) = (θ/x)1/2√

γ1γ2(1+
√
ρ)

. More-

2It is noted that a relevant small number of terms in (15), i.e., less than 50,
are required in order to achieve an accuracy to the fourth significant decimal
digit.
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over, for g(x) → 0, FZ(x) further simplifies to the following
closed-form expression

FZ(x) ≈
2
(
1 +

√
ρ
)α

Γ(α)ρ
α−1/2

2 Γ(β)

{
Γ
(
α+1
2 + β

)
α+ 1

g(x)
α+1
2

+
Γ(β)Γ(α)

2α+1
−

Γ
(
α
2 + β

)
2α

g(x)α

}
.

(17)

Next, we separately study two interesting special cases of this
generic model, i.e., the case that shadowing on the S to RIS
channel is independent from the RIS to D shadowing, and
the case that only one of these two channels is subject to
shadowing.

1) Independent shadowing conditions: For independent
shadowing conditions, the PDF of L can be evaluated by
substituting the expression (12), for the PDF of L, and (7),
for the PDF of W , in (11). Then, the following Meijer’s G-
function representations are exploited

exp (−x) = G1,0
0,1

(
x
∣∣∣−
0

)
, and Kv(x) = G2,0

0,2

(
x2

4

∣∣∣ −

v/2,v/2

)
,

(18)
along with [33, eqs. (11), (21), and (14)]. Moreover, using also
[33, eq. (21)] and after some mathematical simplifications, the
following exact expressions for the PDF and CDF of Z are
finally deduced

fZ(x) =
θα/Γ(α)2

(γ1γ2)
α
Γ(β)xα+1

G2,1
1,2

(
θ

γ1γ2x

∣∣∣1−α−β

0,0

)
(19)

and

FZ(x) = 1− θα/Γ(α)2

(γ1γ2)
α
Γ(β)xα

G2,1
2,3

(
θ

γ1γ2x

∣∣∣1−α−β,1−α

0,0,−α

)
.

(20)
2) Single shadowing scenario: Assuming that shadowing

is present in only one of the two links, i.e., either in S-RIS
or in RIS-D, the PDF of L is given in (5). Using this PDF
in fZ(x) =

∫∞
0

1
y f̃W (y)fL

(
x
y

)
dy and exploiting [25, eqs.

(8.310/1), (3.194/2), and (3.194/3)], the following simplified
closed-form expressions for the PDF and CDF of Z are
obtained

fZ(x) =
Γ(β + α)

θβΓ(β)Γ(α)γα
1x

α+1

(
1

θ
+

1

γ1x

)−α−β

, (21)

FZ(x) =
Γ(β + α)γβ

1x
β

θβΓ(β)Γ(α)β
2F1

(
β, β + α;β + 1;−γ1x

θ

)
,

(22)
where 2F1(·) is the Gauss hypergeometric function [25, eq.
(9.100)].

Having determined the PDF and CDF expressions for the
RV Z, it is straightforward to obtain the corresponding ex-
pressions for the received SNR at D, γ, using a simple scale
up by the deterministic factor that is multiplied with Z, i.e.,
Fγ(γ) = FZ

(
dv
srd

v
rd

SNRT
γ
)

. Having completed the derivation
of the PDF and CDF of the SNR, we proceed with the
performance analysis of the considered scheme.

C. Performance analysis of the considered scheme

In what follows, we present the performance analysis results
which can be obtained with the help of the derived expressions
for the PDF of Z and the SNR.

1) Calculation of the outage probability: The OP is de-
fined as the probability that the received SNR is less than a
predefined outage threshold γth = 2R − 1, where R denotes
the transmission rate. It can therefore be easily evaluated for
all system and channel models under consideration using the
CDF expressions derived previously, as

Pout = Fγ(γth). (23)

2) Calculation of the ergodic capacity: Starting with the
definition of the ergodic capacity as C̄ = E [log2(1 + γ)] ,
we proceed and calculate C̄, separately for the independent
shadowing and single shadowing scenarios.

a) Independent shadowing: Using (19) and the definition
or ergodic capacity, we obtain that its calculation requires the
computation of integrals of the form

I1 =

∫ ∞

0

ln(1 + x)

xα+1
G2,1

1,2

(
θ

γ1γ2x

∣∣∣1−α−β

0,0

)
dx. (24)

Using the Meijer’s G-function representation for the logarith-
mic function ln(1+x) = G2,1

1,2

(
x
∣∣∣1,1
1,0

)
, employing a change of

variables of the form x = 1/y, and applying [25, eq. (9.31/2)]
and [33, eq. (21)], integral (24) can be expressed in closed
form. Based on this result, the following exact expression for
the ergodic capacity can be obtained

C̄ =
θα/[Γ(β) ln(2)]

(γ1γ2)
α
Γ(α)2

G3,3
3,4

(
θ

γ1γ2

∣∣∣1−α−β,1−α,1−α

0,0,1−α,−α

)
. (25)

b) Single shadowing: By substituting (21) in C̄ =
E [log2(1 + γ)], we observe that an integral of the following
type appears in the calculation of the ergodic capacity

I2 =

∫ ∞

0

ln(1 + x)

xα+1

(
1

θ
+

1

γ1x

)−α−β

dx. (26)

This integral can be solved by using the following
representation for the Meijer G-function [33, eq. (10)](

1
θ + 1

γ1x

)−α−β

= (γ1x)
α+β

Γ(α+β) G1,1
1,1

(
γ1x
θ

∣∣∣1−α−β

0

)
and [33, eq.

(21)]. Using these expressions and after some mathematical
simplifications, the following closed-form expression for the
ergodic capacity is derived

C̄ =
Γ(α+ β)θπ

ln(2)Γ(α)Γ(β)γ1

×

[(
θ

γ1

)α−1
csc(πα)

α
2F1

(
α, α+ β;α+ 1;

θ

γ1

)
+
Γ(1 + α)Γ(−1 + β)

πΓ(α+ β)
pFq

(
1, 1, 1 + α; 2, 2− α;

θ

γ1

)]
.

(27)

Having derived closed-form expressions for the ergodic
capacity of the proposed scheme, we now exploit them in
order to study the energy efficiency (EE) characteristics of
UAV assisted communications. This is done in what follows.
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3) Calculation of the energy efficiency: While adding re-
flecting elements to an RIS can allow for delivering high-
SNR signals at the receiver, in case of airborne RISs, several
limitations also need to be considered. In more detail, focusing
on small-sized UAVs, their strict battery-capacity constraints
should be taken into account, when determining the size of the
RIS, expressed in terms of the number of reflecting elements.
Motivated by this, in what follows, we discuss the problem
of determining the number of reflecting elements, such as to
minimize the power consumption of the airborne RIS subject
to QoS constraints, expressed in terms of the ergodic capacity.

Therefore, as part of our analysis, we also investigate the
average EE of the RIS under consideration. This can be
expressed as [36]

nEE = BW
C̄

PRIS
, (28)

where BW denotes the bandwidth and PRIS denotes the total
power consumption of RIS3 that can be modeled as [37]

PRIS = Pstatic + Pdynamic, (29)

where Pstatic is the static power consumption and Pdynamic

is the dynamic power consumption. The latter one depends on
the RIS family that has been considered, i.e., varactor-diode-
based programmable metasurfaces or PIN-diode-based RIS, in
conjunction with their polarization, i.e., vertical, horizontial,
or dual. Assuming PIN-diode-based RIS with dual polarization
mode, which is twice the single polarization one, as well as
one bit resolution, Pdynamic can be expressed as

Pdynamic = 2

N∑
i=1

PPIN , (30)

where PPIN is the power consumption of the PIN diodes for
supporting one bit.

An interesting problem that one can define using the prede-
termined definition of EE is the one of determining the number
of phase shifters that should be present on an airborne RIS
such as to maximize the EE subject to a target ergodic capacity
constraint. This is expressed as follows

max
M

nEE

s.t.BWC̄(PS,M) ≥ c∗,PS > 0,M > 0,
(31)

where c∗ denotes a capacity target, while PS is considered to
be fixed.

V. NUMERICAL RESULTS

In this section, we utilize our new analytical expressions
along with corresponding ones obtained by means of Monte
Carlo simulations (using 106 samples) such as to analyze the
performance of the considered system. If not otherwise stated,
the parameters used in our analysis are included in Table I
and their values are very common in various measurement

3It is noted that the current investigation explicitly focuses on the power
consumption of the RIS. If other parameters are also taken into account at the
power modeling, e.g., the power consumed for hovering, transiting, a different
approach should be followed similar to the one proposed in [16].

TABLE I: Simulation parameters definition and values.

Parameter Definition Value
v Path loss factor 2.2
PS S transmit power -5dBm
N0 Noise power -97.8dBm
h UAV height 60m
rtot Total S-D distance 200m
M Number of reflecting elements 16
k Weibull shaping parameter 2
α IG shaping parameter 2
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Fig. 3: OP vs outage threshold (with shadowing correlation as
a parameter of interest).

campaign-based studies in this area [20]4. It is noted the values
of these parameters correspond to open field (v = 2.2), line-
of-sight (k = 2) propagation conditions with light shadowing
(α = 2). Moreover, without loosing the generality of our
results, in most scenarios examined, the UAV is assumed to
be located at the middle of the S-D distance. Finally, for
comparison purposes, we also investigate the behavior of a
system setup, in which the S communicates to the D with the
aid of a single-antenna relay that is mounted on a UAV. To this
aim, two protocols have been studied, namely, the Full-Duplex
Decode-and-Forward (FDDF) and the Half-Duplex Decode-
and-Forward (HDDF). The later one requires two orthogonal
channels to be available for forwarding the information from
the S to the D. Details regarding the analytical statistical
metrics of these benchmarks can be found in the Appendix.

In Fig. 3, based on (15), (20), and (22), the OP is plotted
as a function of the outage threshold γth for different shad-

4Most of these values are based on a channel measurement campaign of
UAV-to-ground links at both 2.4 and 5 GHz bands [38].
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Fig. 4: OP vs the number of elements M (with path loss factor
and multipath fading severity as parameters of interest).

owing environments, including correlated, independent, and
single shadowing scenarios. Interestingly, the results of Fig.
3 show that the performance deteriorates as the shadowing
correlation increases. This can be explained by the fact that
in the extreme scenario, where independent shadowing is
assumed, the probability of both (S-UAV and UAV-D) links
to suffer from deep shadowing is small and thus scenarios
with severe shadowing in both links do not appear very often.
This situation changes if correlation between shadowing in
the two areas is present, since in that case, deep shadowing
can occur in both links. It is also noted that for lower values
of the outage threshold γth, the OP doubles as the correlation
coefficient tends from 0.3 to 0.6. However, this behavior is not
observed for higher values of γth. Moreover, we clearly see
the considerable performance improvement induced in cases
where shadowing is only present in one of the two regions.
Finally, in the same figure, using (16), the asymptotic OP
is also plotted proving that in all cases it is an excellent,
low complexity approximation to the exact OP value. It is
interesting to note that this approximation improves as the
correlation coefficient increases, as it is more clearly depicted
in the small graph included in Fig. 3.

In Fig. 4.a, the impact of path loss factor and Weibull
shaping parameter to the OP performance is studied. The
results in Fig. 4 also consider two benchmark scenarios:
a) a HDDF scheme, where the UAV is equipped with a
single antenna and supports a pure HDDF protocol and b) an
idealistic FDDF scheme, in which reception and transmission
from the S to D occur concurrently and at the same frequency,
while the relay does not suffer from any self-interference. The
OP of FDDF is also based on (32), with γth = 2R − 15.
It is obvious that the performance of FDDF is clearly un-
achievable and thus it can be considered as an upper bound
of the HDDF. We observe that for lower values of v, the
performance of RIS-assisted communication is of the order
of magnitude better as compared to the other cases, even for

5It is noted that for the HDDF relaying protocol, the outage threshold is
given by γth = 22R − 1.
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Fig. 5: Capacity vs path loss factor (with shadowing severity
as a parameter of interest).

very small number of the RIS elements. As v increases, more
elements are required in order to achieve better performance to
the traditional communication techniques. Moreover, Fig. 4.b
depicts that the performance improves as the fading conditions
get better, i.e., as k increases. Finally, in the latter subfigure,
it is also shown that for worse small-scale fading conditions, a
smaller number of elements M is required in order to achieve
better performance. In Fig. 5, using (25) and (27), the ergodic
channel capacity is investigated in conjunction with the path
loss factor for RIS and HDDF-assisted UAV communications
(with M = 64). In this figure, it is shown that the capacity
decreases as the path loss factor (v) increases and/or the
severity of the shadowing (that is controlled by the shaping
parameter α) also increases. It is interesting to be noted that for
smaller values of v, which usually appear in UAV-aided com-
munications, the performance of RIS-assisted communications
is much better than that of HDDF. However, the performance
of the RIS scheme highly depends on the variations of the
path loss factor, since as v → 3 its performance is almost
20 times smaller as compared to the corresponding one for
lower values of v. Finally, it is worth-noting that in Figs. 3-5,
an excellent agreement is observed between the simulated and
the analytical results.

In Fig. 6, focusing on the independent shadowing scenario
using (25), the capacity is plotted as a function of the UAV
height and the normalized distance, defined as Λ = r1

rtot
,

where r1 is the S-UAV ground distance. A general comment
is that a symmetry in the capacity performance is observed
with respect to the normalized distance of the UAV, between
the S and D. Moreover, it is shown that the performance
deteriorates with the increase of the UAV height, since in
that case the total distance also increases. It is interesting to
note that for lower UAV heights, i.e., h being around 40m,
the maximum value of the capacity can be obtained in the
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Fig. 6: Capacity vs UAV height and S-D normalized distance
(with shadowing severity as a parameter of interest).

limiting regions when Λ → 0 or Λ → 1, while for higher
values of h, the maximum value is obtained when the UAV
is located at the middle of the distance between the S and
D. The same observation holds for both assumptions of the
shadowing severity. Moreover, it is also shown that higher
values of α result to more severe shadowing. This is also
confirmed by the small graph included in Fig. 6, where an
exponential decrease of the capacity is observed as shadowing
parameter α increases under both shadowing scenarios, namely
single shadowing and independent shadowing. From this small
graph is it also noted that the performance is always better is
single shadowing scenario especially for larger values of α.

In Fig. 7, the average EE is plotted as a function of
the number of reflecting elements for different (independent)
shadowing conditions6. Based on the results presented in
[37], a dual-polarized RIS is assumed that belongs to the
family of PIN-diode based programmable metasurfaces, whose
operating frequency is at f = 35 GHz. Regarding the RIS
dimensions, the total length and width are 0.228 m × 0.228
m, and it is composed of 60 × 60 reduplicated unit cells.
To obtain this figure, the following parameters have been
employed: r1 = r2, h = 100m, v = 2.5, Pstatic = 15.73W,
PPIN = 12.6mW. In this figure, it is shown that for small
to moderate values of M , i.e., 10 ≤ M ≤ 60, the EE
performance is rapidly increasing as M increases. However,
this behavior is not observed for higher values of M . In all
cases the most efficient performance is obtained when light
shadowing conditions are assumed, i.e., α = 1. It is also noted
that the EE reaches a maximum value that corresponds to the
optimization solution that has been numerically evaluated in
(31), assuming that the normalized channel capacity is equal to
2. After that point the EE gradually decreases as M increases.
Therefore, from the results presented in Fig. 7, it is evident that
in all scenarios with a very small penalty on the achieved EE

6It is noted that RIS-assisted communication systems have, in general, better
EE performance as compared to the decode-and-forward ones [36] and thus
in this study such a comparison has been omitted.
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Fig. 7: Energy efficiency vs the number of reflecting elements
M (with shadowing severity as a parameter of interest).

performance, e.g., 5%, the required number of RIS elements
can be reduced to one half of that of the maximum value. This
observation is very important in UAV-assisted communication
scenarios, since the number of reflecting elements is directly
related to the UAV weight and as a result to its flight duration.

VI. CONCLUSIONS

In this paper, the impact of correlated shadowing on an
aerial-RIS wireless communication system was analytically
investigated. More specifically, an analytical tool for evaluat-
ing important stochastic performance metrics of the received
SNR was presented, which uses easy-to-evaluate expressions.
Moreover, highly accurate asymptotic results have been also
obtained that greatly simplify the numerical evaluation of the
performance metrics under investigation. In the presented nu-
merical results, it was for the first time depicted that shadowing
correlation has a notable impact to the system’s performance,
while under various scenarios, the performance of the scheme
under investigation is much better than traditional, cooperative
relaying scenarios. Moreover, based on the results presented,
it was shown that even with a small number of reflecting
elements, an excellent performance is achieved, in terms of
capacity and energy efficiency. Finally, we briefly outline
that concerning possible extensions of our work, several open
challenges exist, with the most notable being the relaxation of
the assumption of ideal CSI and phase correction.

APPENDIX

DECODE-AND-FORWARD ANALYSIS

In this appendix, analytical results for a decode-and-forward
(DF) aerial cooperative communication scenario are presented.
In this context it is assumed that a S communicates to the D
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with the aid of a single antenna DF aerial relay. In that case,
the CDF of the E2E received SNR at the D is then expressed
as [39]

FγDF
(x) = 1− (1− Fγsr (x)) (1− Fγrd

(x)) , (32)

where

γsr =
PS

N0dvsr
|w1L1|, γrd =

PS

N0dvrd
|w2L2|. (33)

Focusing on the independent shadowing scenario, using CDF
expressions of the form presented in (22) in (32) and after
some mathematical manipulations, the CDF of γDF can be
expressed in the following closed-form expression

FγDF
(x) =1−

2∏
i=1

[
1− (γix)

β

Γ(α)

Γ(α+ β)

Γ(β)

× 2F1

(
β, α+ β; 1 + β;−γix

θ

)]
.

(34)

It is noted that to the best of the authors’ knowledge, (34) is the
first time that has been reported in the open technical literature.
Moreover, in order to investigate the capacity of such a
system, (34) has been employed in the following expression
C̄ = BW

ln 2

∫∞
0

1−FγDF
(x)

1+x dx. The value of this integral can
be easily approximated by employing the Gauss–Laguerre
quadrature method [32].
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