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Abstract—The increasing demand for wireless connectivity and
the emergence of the notion of the Internet of Everything require
new communication paradigms that will ultimately enable a
plethora of new applications and new disruptive technologies. In
this context, the present contribution investigates the use of the
recently introduced intelligent reflecting surface (IRS) concept in
unmanned aerial vehicles (UAV) enabled communications aiming
to extend the network coverage and improve the communication
reliability as well as spectral efficiency of Internet of Things
(IoT) networks. In particular, we first derive tractable analytic
expressions for the achievable symbol error rate (SER), ergodic
capacity, and outage probability of the considered set up. Fol-
lowing this, we also derive tight upper and lower bounds on
the average signal-to-noise ratio (SNR). Our derivations are then
compared with the corresponding asymptotic performance, based
on the central limit theorem (CLT) assumption, which reveals
that the asymptotic SNR falls within the area between derived
bounds, and approaches either bound depending on the number
of reflective elements (REs). We further show that the asymptotic
SER becomes in a tight agreement with the corresponding exact
simulation SER for # ≥ 16. In addition, the offered results
demonstrate that the use of the IRS is significantly effective as
they assist in improving the achievable SER by five orders of
magnitude. We further demonstrate that, in terms of achievable
ergodic capacity, IRS-assisted UAV communication systems can
exhibit ten times higher capacity compared to conventional
UAV communications. Based on the above, these results and
related insights are anticipated to be useful in the design and
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deployment of IRS-assisted UAV systems in the context of beyond
5G communications, such as 6G communications.

Index Terms—Channel capacity, intelligent reflecting surface
(IRS), outage probability, symbol error rate, unmanned aerial
vehicles (UAVs), Internet of Things (IoT), Internet of Everything
(IoE).

I. INTRODUCTION

THE massive increase in the number of users and Internet
of Things (IoT) devices require innovative communica-

tion solutions, which has been partially addressed in the fifth-
generation (5G) of mobile communications. In this respect,
unmanned aerial vehicles (UAVs) are envisioned to play a
key role in improving the achievable spectral efficiency and
communication reliability of emerging wireless networks due
to their ability to extend coverage and enhance the capacity
of existing mobile infrastructure [1]. Besides, they have been
largely conceived to have a central role in data dissemination
to IoT devices [2]. However, due to their size and power
limitations, it is challenging for UAVs to use advanced com-
munication paradigms in order to meet the ever-increasing
demands for high data rates [3].

On the contrary, the notion of intelligent reflecting surface
(IRS) has recently emerged as a disruptive technology, which
is envisioned to revolutionize wireless communications by
allowing wireless system engineers to have full control of the
propagation environment during wireless transmission [4] [5].
Specifically, IRS is a surface that permits the manipulation of
the impinging communication signals to achieve one of the fol-
lowing objectives [6]: 1) extend coverage to a dead zone or cell
edge, 2) acceptable physical layer security, 3) massive device-
to-device communications, and 4) wireless information and
power transfer. The IRS premise is based on the principle of
manipulating the environment by reflecting impinging signals
and changing their phase shifts. This is in contrast with other
communication techniques, such as multiple-input multiple-
output (MIMO), that attempt to overcome the detrimental
effects of the propagation environments (at the transmitter and
receiver) rather than altering it. It is also noted that since
IRSs do not use active components, they are expected to
have an advantage in energy-efficient communications within
the versatile IoT ecosystem. Therefore, IRS-assisted UAV
communications are also capable of providing energy efficient
communications for IoT networks [1]. This can be achieved

Authorized licensed use limited to: Khalifa University. Downloaded on March 26,2021 at 04:23:19 UTC from IEEE Xplore.  Restrictions apply. 



2473-2400 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TGCN.2021.3068739, IEEE
Transactions on Green Communications and Networking

2

by placing the UAV near the involved battery-limited IoT
devices allowing them to transmit at a lower power in the
uplink, which ultimately leads to reduced energy consumption
and prolonged battery lifetimes. In addition, the use of IRS-
assisted UAVs to extend the network coverage and channel
capacity provide a considerable decrease of the number of
cellular BSs, leading to greener and energy efficient networks.
Finally, since IRS technology has no active components, the
energy consumption/costs are considered negligible compared
to the otherwise need for deployment of new BSs that have
higher power consumption, which can reach up to 614 W [7]
at maximum traffic load.

As discussed earlier, size, weight, and power constraints in
aerial networks represent major challenges in UAV commu-
nications. In this context, it is expected that the integration
of IRSs into UAV platforms will be capable of providing
an efficient solution to these challenges. Motivated by this,
the present contribution quantifies the performance gains of
bringing of both technologies together to improve the overall
communication link, where it is assumed that an IRS with #
reflective elements (REs) is mounted on a UAV and serves as
an intelligent reflector that can extend coverage area beyond
the base station (BS) horizon. It is noted here that phase
shifting in IRS can be achieved by switching elements, i.e.,
REs. These are based either on semiconductors and Micro-
Electro-Mechanical Switches (MEMS) [8] or on resonators
such as variable capacitors or liquid crystals [9]. Practical
demos can be found in the following references for the
interested reader [10], [11].

A. Related Work
Recently, there has been a rapidly increasing interest on

IRS-assisted UAV communications [12]–[17], and the ref-
erences therein. For instance, the authors in [12] utilized
an IRS placed on a surrounding building to enhance the
communication channel at a UAV, where the UAV was con-
sidered as an aerial user equipment (aUE). In this context, the
authors demonstrated that the received power scales with #2.
Furthermore, they have shown that the higher the UAV height,
the higher the gain from the IRS. However, the achievable
gain saturates once the UAV crosses the BS antenna main
lobe. Therefore, it was concluded that there is an optimal
placement of the UAV and the IRS which depends on the
BS down-tilted antenna pattern. In [13], an IRS was carried
by a UAV with energy harvesting to power the IRS from the
un-reflected part of the impinging wave. Multiple antennas
were considered at the BS with beamforming towards the IRS,
whereas reinforcement learning (RL) was used to model the
propagation environment in order to maintain a line-of-sight
(LoS) connection between the UAV and the IRS, while the
ground user equipment (gUE) was moving. To this effect, it
was demonstrated that the use of RL at low UAV heights
achieves high spectral efficiency gain.

Likewise, the authors in [14] assumed multiple IRSs placed
on surrounding building facades. The gUE receives a direct
signal from the UAV, equipped with multiple antennas, and
also receives reflected signals from the IRSs. In order to maxi-
mize the received power at the gUE, the passive beamforming

at the IRSs and the UAV trajectory were jointly optimized.
Based on this, it was shown that the received power increases
significantly as the number of REs increases. Furthermore,
the authors in [15], investigated a similar system model as
the one considered in [14]; however, with a single IRS. It is
also noted that in order to maximize the average achievable
rate at the gUE, active beamforming at the UAV, passive
beamforming at the IRS, and UAV trajectory were jointly
optimized. It was demonstrated that the average rate is higher
in the joint optimization case compared to a scheme without
joint optimization.

In [16], an IRS was mounted on a UAV where both transmit
to a gUE that performs selection combining to select the best-
received signal with three transmission modes: UAV only, IRS
only, and IRS-assisted UAV. Based on this set up, closed-form
expressions for the outage probability and the ergodic capacity
were derived. It was demonstrated that the IRS-only mode is
more energy efficient in strong LoS and when the UAV is
placed closer to the user. In [17], an IRS placed on an aerial
platform was used in order to enhance the communication
link between a BS and gUE. The system, termed aerial IRS,
was optimized to maximize the SNR of a rectangular area
by jointly considering the UAV placement, BS beamforming
vector, and IRS passive beamforming. LoS channels were
considered in all communication links with free-space path
loss and no small-scale fading. It was concluded that the
optimal UAV placement depends on the ratio between the
gUE location and the UAV height when the system was
examined at a single gUE point. By extending the analysis to
a rectangular area, the authors concluded that the array gain
scales quadratically with the number of REs if the rectangular
area is small enough to be covered by the IRS array response.
Otherwise, as the area size increases, the IRS array gain scales
linearly with # .

The aforementioned research contributions, except for [16],
considered either distance-based path loss with Rician fading
or dual-slope height path loss models with spatial channel
models for the UAV-gUE link. In [16], an elevation angle
dependent path loss exponent with a probability of LoS was
utilized with an excess path loss component for the BS-UAV
and UAV-gUE links. The considered probability of LoS is
based on the UAV-gUE link [18] which may not apply to the
BS-UAV link. A probability LoS model that was derived for
BS-UAV link can be found in [19] and is utilized in our work.
It is worth mentioning that a comprehensive performance
analysis of IRS based UAV communications has not yet been
investigated.

B. Motivation and Contribution
Based on the above, IRS assisted UAV communications can

be categorized as follows: open-Air, mounted, or carried IRS-
assisted UAV Communications. In the first mode of operation,
i.e, open-Air, the IRSs are placed or distributed on any object
in the environment, such as building facades, in the vicinity
of a UAV or user. Furthermore, this mode of operation can
be categorized based on whether the IRS is assisting the UAV
[12] or the user on the ground [14], [15] as follows: open-
Air -gUE or aUE- IRS-assisted UAV communications. In the
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second mode of operation (i.e., mounted), an IRS is mounted
on a UAV to enhance the communication links [16], [17], [20],
while in the last mode of operation (i.e., carried), an IRS is
carried by the UAV [13].

Motivated by the above, we provide a comprehensive in-
vestigation of the performance of mounted IRS-assisted UAV
communications assuming path loss and channel models that
are unique to UAV communications. The main contributions
of this paper are as follows:
• A unified elevation-angle dependent path loss model for

the total signal path from BS to gUE is utilized with a
unique LoS probability for the BS-UAV and UAV-gUE
links.

• We derive tight upper and lower bounds on the average
signal-to-noise ratio (SNR) of the underlying scenario.

• We derive a closed-form expression for the probability
distribution function (PDF) of the SNR upper bound.

• We derive closed-form expressions for the achievable
symbol error rate (SER), outage probability, and ergodic
capacity of the considered set up.

• To investigate the system performance, the derived
bounds are compared with the asymptotic results based
on the central limit theorem (CLT).

• We further investigate the system performance and path
loss as a function of UAV location, and analyze the effect
of the number of REs on the system performance.

To the best of the authors’ knowledge, the offered results have
not been previously reported in the open technical literature.

C. Organization

The rest of the paper is organized as follows: The system
model of the mounted IRS-assisted UAV communications is
introduced in Section II along with the UAV communications
specific path loss models. In Section III, the corresponding
SNR and moment generating function (MGF) expressions are
derived to evaluate the SER. The achievable ergodic capacity,
outage probability, and outage capacity are then derived within
the context of the underlying system model, followed by an
asymptotic analysis in Section IV. Finally, the corresponding
numerical and simulation results are described in Section V,
whereas the paper is concluded in Section VI.

Notations: The absolute value is denoted as | · |. The
expectation operator is denoted as E(·). CN(`, f2) represents
the circularly symmetric complex Gaussian (CSCG) distribu-
tion with mean ` and variance f2. N(`, f2) represents the
Gaussian distribution with mean ` and variance f2.

II. SYSTEM MODEL

Consider an IRS planar array mounted on a UAV, as
depicted in Fig. 1. In this context, we consider a single BS and
a single antenna user located beyond the horizon, i.e., there is
no LoS between the BS and the user. The fading coefficient
ℎi represents the small scale fading between the BS and the
8th-RE, which is modeled as CSCG with zero mean and unit
variance, i.e., ℎi ∼ CN(0, 1). Also, the fading coefficient 6i
represents the channel between the 8th-RE and the user which
is modeled as CSCG with zero mean and unit variance, i.e.,

Fig. 1. IRS-UAV assisted communications model.

6i ∼ CN(0, 1), whereas 8 is the index indicating the 8th-RE
on the IRS. Motivated by [21, eq. (1)], the received signal at
the user is given by

A =

[
#∑
i=1

ℎi

√
L−1

BS,i4
9ki6i

√
L−1

gUE,i

]
G + =, (1)

where G is the information symbol with energy per symbol of
�s = E

[
G2] , # is the number of REs in the IRS, where each

RE applies a phase shift ki on the impinging wave, LBS,i is
the path loss between the base station and the 8th-RE, LgUE,i
is the path loss between the 8th-RE and the gUE, and = is
the additive noise modeled as = ∼ CN (0, #0). Rewriting the
channels in terms of their envelopes and phases as ℎi = Ui4

− 9li

and 6i = Vi4
− 9 ∅i and assuming perfect knowledge of channel

state information at the IRS, the phase shifts applied by IRS
elements can be chosen to cancel the channel phases as ki =
li + ∅i [21].

As described earlier, the envelope of the channel between
the BS and the 8th-RE on the UAV, Ui, follows a Rayleigh
distribution as in [22]. This choice is motivated by the fact
that Rayleigh distribution accounts for severe multipath fading,
as it is practically encountered in realistic communication
scenarios. Similarly, the envelope of the channel between the
8th-RE on the UAV and the user, Vi, follows a Rayleigh
distribution as in [23]–[25]. Therefore, the end-to-end SNR
of the system assuming that the path loss is the same across
all elements and utilizing the suggested phase shift applied by
the IRS can be expressed as

W =

����∑#
i=1 Ui4

− 9li
√
L−1

BS4
9ki Vi4

− 9 ∅i
√
L−1

gUE

����2�s

#0

=

��∑#
i=1 UiVi

��2�sL
#0

, (2)

where

L = L−1
BSL

−1
gUE. (2a)
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The UAV-IRS system adopts path loss models unique to
UAVs reported in [19] [26], in which the path loss between the
UAV and the BS (LBS) is based on the elevation angle (\BS)
and the 3D distance between the BS and the UAV (3BS3D). On
the other hand, the path loss between the UAV and the gUE(
LgUE

)
is based on the elevation angle

(
\gUE

)
and the 3D

distance between the BS and the gUE
(
3gUE3D

)
. The reason

for utilizing angle-dependent path loss models in the proposed
system is that they fit experimental path loss measurements as
compared to height dependent path loss models [3]. The LdB

gUE
term is given as [26]

LdB
gUE (\gUE, 3gUE3D) =(
LdB

FS (3gUE3D, 5 ) + [NLOS

)
(1 − %LOSgUE(\gUE))

+
(
LdB

FS (3gUE3D, 5 ) + [LOS

)
%LOSgUE(\gUE), (3)

where

%LOSgUE
(
\gUE

)
=

1
1 + 0gUE4

−1gUE (\gUE−0gUE)
(3a)

represents the probability of having LoS between the UAV
and the gUE, which depends on the elevation angle

(
\gUE

)
,

and LFS (3gUE3D, 5 ) is the free-space path loss as a function
of distance and frequency. The parameters 1gUE and 0gUE are
specific to the environment being simulated such as urban,
suburban, etc. and can be calculated based on Tables I-II in
[26]. Therefore, LgUE (\gUE, 3gUE3D) has a LoS and a non
line-of-sight (NLoS) components that are combined based
on %LOS (\gUE) that takes into account the nature of UAV
channels. The path loss can be written as

LdB
gUE

(
\gUE, 3gUE3D

)
= ([LOS − [NLOS) %LOSgUE

(
\gUE

)
+ 20 log

(
3gUE3D

4c
_

)
+ [NLOS, (4)

where [LOS and [NLOS denote the path loss occurred in excess
to the free-space path loss for LoS and NLoS, respectively.
These processes follow log-normal models with means -
`[LOS , `[NLOS - and standard deviations given by [27]

f[LOS

(
\gUE

)
= 0LOS exp

(
−1LOS\gUE

)
, (5)

and

f[NLOS

(
\gUE

)
= 0NLOS exp

(
−1NLOS\gUE

)
. (6)

The parameters 0LOS, 0NLOS, 1LOS, and 1NLOS are dependent
upon the environment [27]. Therefore, LdB

gUE

(
\gUE, 3gUE3D

)
is

modeled as a normal distribution, i.e.,

LdB
gUE

(
\gUE, 3gUE3D

)
∼ N

(
`dB

gUE, f
2
gUE,dB

(
\gUE

) )
, (7)

where

`dB
gUE = %LOSgUE

(
\gUE

)
×

(
`[LOS − `[NLOS

)
+ `[NLOS

+ 20 log
(
3gUE3D

4c
_

)
, (7a)

and

f2
gUE,dB

(
\gUE

)
= %2

LOSgUE
(
\gUE

)
×

(
f2
[LOS

(
\gUE

)
+ f2

[NLOS

(
\gUE

) )
+ f2

[NLOS

(
\gUE

)
. (7b)

To this effect, the received signal at the UAV, %r, and the
path loss, LdB

BS, between the UAV and the BS are given by
[19]

%r = %T[a�sl�a3
−^a
BS3D, a ∈ {LoS, NLoS}, (8)

and

LdB
BS (\BS, 3BS3D) =
(10^NLOS log(3BS3D) + [NLOS) (1 − %LOSBS (\BS))
+ (10^LOS log(3BS3D) + [LOS) %LOSBS (\BS)

− �sl + 20 log
(
4c
_

)
, (8a)

where

%LOSBS (\BS) = −0BS4
−1BS \BS + 2BS (8b)

represents the probability of a presence of LoS path between
the UAV and the BS that depends on the elevation angle (\BS),
�sl is the side lobe of the BS antenna, %T is the BS transmit
power, and � is the small-scale fading. It can be observed that
LdB

BS is similar to (3) which is due to the fact that the authors
in [19] adopted a path loss model similar to the one introduced
earlier, i.e., LdB

gUE (\gUE, 3gUE3D). However, two distinctions
can be made: 1) the introduction of path loss exponents, and
2) a different form of the %LOS. The probability of LoS in the
BS-UAV link, %LOSBS, have been derived based on the same
International Telecommunication Union model utilized in [26];
however, the heights have been extended by the authors in [19]
to fulfil the heights of BSs. The parameters 0BS, 1BS, and
2BS are specific to the environment being simulated and are
available in Table I in [19], whereas ^LOS and ^NLOS are the
LoS and NLoS path loss exponents, respectively. The excess
path loss parameters [LOS and [NLOS are considered to be
the same to those of the UAV-gUE link. These values are
considered to be worse than the excess path loss that would
be measured or simulated for the BS-UAV link.

In the considered configuration, the distance between the
user and BS is kept fixed, and the UAV is allowed to move
starting close to the BS moving towards the gUE. The distance
utilized in simulations is 2.3 Km, which is considered large
enough to result in poor communication link in order to study
the viability of the IRS-assisted UAV system. The remaining
system model parameters are given in Table I.

III. PERFORMANCE ANALYSIS

A. A Statistical Characterization of the Received SNR
In this section and without loss of generality, it is assumed

that LBS and LgUE are deterministic. This assumption will
allow for the derivation of the closed-form expression of the
SNR PDF. To that end, defining � =

∑#
i=1 UiVi, then W =

�2�sL
#0

, so since Ui and Vi are Rayleigh distributed, the term
Hi = UiVi is modeled as a double-Rayleigh distribution with
the following PDF [28], [29]

5 (Hi) = 2
(
2?f2

)−1/2
�
?,0
0,p

(
−

1
2 . . . .

1
2

���� (
2?f2

)−1
Hi

2
)

=

( Hi

f2

)
 0

( Hi

f

)
= 4Hi 0 (2Hi), (9)
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where  0 is the modified Bessel function of the second kind
with zero order [30]. The mean, variance, and second non-
central moment of this model are given, respectively, as

E [Hi] =
(
2?f2

)1/2 (√
c/2

) ?
= c/4, (9a)

f2
yi = 2?f2 [1 − (c/4) ?] = 1 − c

2

16
, (9b)

and

E
[
Hi

2] = 2?f2 = 1, (9c)

where

f2 =

?∏
i=1

f2
i = 1/4, (9d)

with f2
i denoting the variance of the underlying real Gaus-

sian random variables of CN (0, 1) and f2
i = 1/2, �0,1c,d (·)

represents the Meijer G function [30], and ? is the number of
cascaded Rayleigh random variables. In our case, ? = 2 for
the two Rayleigh distributions.

Using the complex Cauchy–Schwarz–Buniakowsky inequal-
ity [31] [32], �2 can be bounded as follows����� #∑

i=1
UiVi

�����2 ≤
(
#∑
i=1
|Ui |2

) (
#∑
i=1
|Vi |2

)
. (10)

By also defining

U =

#∑
i=1
|Ui |2, and V =

#∑
i=1
|Vi |2, (10a)

the inequality in (10) can be written as����� #∑
i=1

UiVi

�����2 ≤ UV, (10b)

where the inequality holds true when Ui and Vi are statistically
independent. The right side of the inequality represents an
upper bound on the SNR, which will be used in the subsequent
analysis to evaluate the average SNR. Since Ui and Vi are
Rayleigh distributed, '

(
f = 1√

2

)
, then |Ui |2 and |Vi |2 are ex-

ponentially distributed �

(
_ = 1

2f2 = 1
)

[32]. Accordingly, U
and V follow Erlang distribution with shape parameter # , scale
parameter _−1, and expected value given by #×_. The Erlang
distribution is a Gamma distribution with shape parameter #
as an integer and all Gamma distribution properties apply [33].
The PDF of the product of the two gamma random variables
H = UV is given by [34] [35]

5 (H) = 2
Γ (#) Γ (#) H

#−1 0
(
2
√
H
)
, (11)

where Γ(.) is the gamma function [30]. The upper bound on
the instantaneous SNR in (2) based on (10) is given as

W =

��∑#
i=1 UiVi

��2�sL
#0

≤ UV�sL
#0

. (12)

Then, utilizing the properties of the transformation of random
variables, the PDF of the right-side of the SNR above in (12),
is given by

5 (W) = 2
L�s/#0Γ2 (#)

(
W

L�s/#0

)#−1

× 0

(
2
√

W

L�s/#0

)
. (13)

The PDF in (13) is the PDF of the upper bound on the
instantaneous SNR, W, which will be used in the subsequent
analysis of the corresponding MGF, SER, ergodic capacity,
and outage probability performance metrics of interest.

B. Average SNR

Based on the right-hand side of (12), the average SNR can
be evaluated as follows

E [W] = E
[
L �s
#0
UV

]
= L �s

#0
E [UV] = L �s

#0
#2, (14)

where E [U] = E [V] = # and due to the assumed statistical
independence E [UV] = E[U]E[V] = #2. As can be seen in
(14), the expected value of the SNR scales with the square of
the number of REs, i.e., quadratically.

Proposition 1: The average SNR can be upper bounded and
lower bounded as

c2

16
L �s
#0
#2 ≤ E [W] ≤ L �s

#0
#2. (15)

Proof: To validate that the right-hand side of (15) is
indeed an upper bound, we recall the 2r − 8=4@D0;8CH [36].
Let -1, · · · , -N be random variables and (N =

∑#
i=1 -i, then

E|(N |A ≤ 2r

#∑
i=1
E|-i |A , (16)

where 2r = 1 or 2r = #
A−1 depending on whether 0 < A ≤ 1

or A > 1. In our case, A = 2, then

E [W] = E
[
L �s
#0
�2

]
= L �s

#0
E

[
�2]

≤ L �s
#0
#

#∑
i=1
E

[
Hi

2]
= L �s

#0
# × #

⇒ E [W] ≤ L �s
#0
#2.

A lower bound can be calculated based on the Jensen’s
inequality applied on (2) as

E[�2] ≥ (E[�])2, (16a)
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where E [�] = E
[∑#

i=1 UiVi
]
=

∑#
i=1 E [UiVi] = #E [Hi] = # c

4 .

E [W] = E
[
L �s
#0
�2

]
= L �s

#0
E

[
�2] ≥ L �s

#0
(E [�])2

= L �s
#0

(
E

[
#∑
i=1

UiVi

])2

= L �s
#0

(
#∑
i=1
E [UiVi]

)2

= L �s
#0

(
#
c

4

)2
= #2 c

2

16
L �s
#0

⇒ E [W] ≥ #2 c
2

16
L �s
#0
.

As can be seen in proposition 1, the average SNR is upper
bounded and lower bounded by the same variables and an
extra constant in the lower bound. This implies that the gap
between the bounds is constant and is less than unity which
can also be seen in the results section in Fig. 2.

C. MGF Calculation

In order to calculate the MGF, the following definition will
be used [37]

"W (B) =
∫ ∞

0
exp(BW) 5W (W) dW. (17)

Proposition 2: The MGF of the right-hand side of the SNR
in (12) is given by

"W (B) = "y

(
L �s
#0
B

)
=

1
Γ2 (N)

�
1,2
2,1

(
−L �s

#0
B

���� 1 − #, 1 − #
0

)
, (18)

where B ≠ 0.
Proof: Utilizing [38, eq. (8.4.23.1)] to re-write  0 (·) in

terms of the Meijer G function, and then utilizing [38, eq.
(2.24.3.1)], the MGF of the double Gamma PDF in (11) is
given by

"y (B) =
1

Γ (#) Γ (#)�
1,2
2,1

(
−B

���� 1 − #, 1 − #
0

)
. (19)

Furthermore, utilizing the properties of the transformation of
random variables, the MGF of the SNR in (13) can be written
as in (18).

D. Symbol Error Rate (SER)

Given the MGF in (18), the symbol error rate of the "-
ary phase shift keying ("-PSK) modulation can be readily
calculated using [39]

%s =
1
c

∫ ("−1) c/"

0
"W

(
− sin2 (c/")

sin2 (\)

)
d\, (20)

where substituting the MGF in (18) into (20) yields

%s =
1

cΓ2 (#)
×∫ ("−1) c/"

0
�

1,2
2,1

(
L �s
#0

sin2 (c/")
sin2 (\)

���� 1 − #, 1 − #
0

)
d\. (21)

E. Ergodic Capacity

The achievable ergodic capacity can be calculated as [40]

� = E [log2 (1 + W)] . (22)

Proposition 3: The ergodic capacity of the upper bound PDF
SNR in (13) is given by

� =
1

L �s
#0
Γ2 (N)ln(2)

× �4,1
2,4

(
1
L �s
#0

���� −1, 0
# − 1, # − 1,−1,−1

)
. (23)

Proof: To calculate the ergodic capacity in (22), the log
function needs to be integrated over the upper bound SNR
PDF in (13). By utilizing [38, eq. (8.4.6.5)], we can re-write
log2 (1 + W) in terms of the Meijer G function as

log2 (1 + W) =
1

ln(2)�
1,2
2,2

(
G

���� 1, 1
1, 0

)
.

Furthermore, utilizing [38, eq. (8.4.23.1)] to re-write  0 (·) in
terms of the Meijer G function, the integral in (22) can be
written as∫ ∞

0

1
ln(2)L�s/#0Γ2 (#)

(
W

L�s/#0

)#−1

× �1,2
2,2

(
W

���� 1, 1
1, 0

)
�

2,0
0,2

(
W

L�s/#0

���� ., .

0, 0

)
dW.

It is to be noted here that the the above integral can be
evaluated in closed-form by utilizing [38, eq. (2.24.1.1)] to
arrive at the result in (23), which completes the proof.

F. Outage Probability and Outage Capacity

The outage probability occurs when the SNR falls below a
threshold, i.e.,

Pout (Wth) = P [W < Wth] = �W (Wth) , (24)

where �W (.) is the cumulative distribution function (CDF) of
the upper bound PDF SNR given in (13). A suitable choice for
the threshold is when P [� < '], i.e., the transmission rate is
higher than the channel capacity, C = log (1 + W), that gives
Wth = 2' − 1. This capacity can be calculated by solving for
R as follows [37]

PCout (') = P [� < '] = �W
(
2' − 1

)
. (25)

Proposition 4: The CDF of the upper bound SNR PDF in
(13) is given by

�W (Wth) =
Wth

L �s
#0
Γ2 (#)

× �2,1
1,2

(
Wth

L �s
#0

���� 0
# − 1, # − 1,−1

)
. (26)

Authorized licensed use limited to: Khalifa University. Downloaded on March 26,2021 at 04:23:19 UTC from IEEE Xplore.  Restrictions apply. 



2473-2400 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TGCN.2021.3068739, IEEE
Transactions on Green Communications and Networking

7

Proof: We start by utilizing [38, eq. (8.4.23.1)] to re-write
 0 in terms of the Meijer G function. Then using the definition
of finding the CDF from the PDF yields

�W (Wth) =
∫ Wth

0

1
L�s/#0Γ2 (#)

(
W

L�s/#0

)#−1

× �2,0
0,2

(
W

L�s/#0

���� ., .

0, 0

)
dW.

Notably, the above integral can be evaluated in closed form
with the aid of [38, eq. (1.16.2.1)]. Therefore, by performing
the necessary change of variables and after some algebraic
manipulations, equation (26) is obtained, which completes the
proof.

IV. ASYMPTOTIC ANALYSIS: THE CENTRAL LIMIT
THEOREM APPROACH

In the previous section, we derived an upper bound on the
involved SNR. One way to perform direct analysis on the SNR
in (2) is to note that the summation (i.e., � =

∑#
i=1 UiVi) is a

sum of random variables. This motivates us to examine the
tightness of the bounds as # becomes large. Therefore, for
# � 1 and based on the CLT [21], [41], we observe that

� ∼ N
(
#
c

4
, #

(
1 − c

2

16

))
. (27)

Therefore, �2 follows a non-central Chi-squared distribution
[37], 5A2 , with one-degree of freedom (DoF) and "A2 (B) =(

1
1−2Bf2

A

) 1
2
4

B<2

1−2Bf2
A , where <2 = #2 c2

16 . It is recalled that for
the CLT to hold, # must be sufficiently large. Based on
our simulations in the results section V, the analytical results
based on the CLT started approaching the simulation curves at
# ≥ 16, which is a realistic value in practical communication
scenarios.

A. Average SNR

Following [37], we can express the average SNR as

E [W] = E
[
L �s
#0
�2

]
= L �s

#0
E

[
�2]

= L �s
#0

[
f2

A + <2] = #2c2 + # (16 − c2)
16

L �s
#0
. (28)

The average SNR in (28) is in an agreement with the SNR
bound calculated in the previous section in (15).

B. MGF

The MGF of a non-central Chi-squared distribution is given
in [37], which is based on (17). Therefore, after some algebraic
steps, a closed form expression for the MGF can be obtained
as

"W (B) = "A2

(
L �s
#0
B

)
=

©« 1

1 − B# (16−c2)�sL
8#0

ª®¬
1/2

4

©«
B#2 c2�sL

16#0

1− B# (16−c2 )�sL
8#0

ª®¬, (29)

where B < 1
2L �s

#0
f2

A
. In the following, (29) is utilized to

evaluate the probability of error of "-PSK modulation.

C. SER
Given the MGF in (29), the symbol error rate of "-PSK

modulation can be expressed as [39]

%s =
1
c

∫ ("−1) c/"

0
"W

(
− sin2 (c/")

sin2 (\)

)
d\. (30)

D. Ergodic Capacity
The corresponding ergodic capacity can be obtained by

averaging (22) over the distribution of the instantaneous SNR
given by the non-central Chi-squared distribution. However,
evaluating the expectation of log2 (1 + W) over the non-central
Chi-squared distribution is cumbersome. Therefore, a simple
and accurate approximation of (22) is derived in [42] based
on the second-order approximation using the Taylor expansion,
yielding

� ≈ log2 (4)
[
ln (1 + W) −

f2
W

2 (1 + W)2

]
. (31)

The average SNR W = E [W] for the CLT case is given in (28),

and the variance f2
W =

(
L �s
#0

)2 (
2f4

A + 4f2
A<

2) .
E. Outage Probability and Outage Capacity

The outage probability is evaluated based on the CDF of
the non-central Chi-squared distribution as follows [37]

Pout (Wth) = P [W < Wth] = �W (Wth)

= 1 −& 1
2

©«
# c

4√
#

(
1 − c2

16

) ,√√ Wth

#

(
1 − c2

16

) ª®®®®¬
, (32)

where & 1
2
(0, 1) is the generalized Marcum Q-Function [37].

A suitable choice for the threshold is when P [� < '], i.e., the
transmission rate is higher than the channel capacity, yielding
Wth = 2' − 1. On the other hand, the outage capacity is the
capacity achieved when the outage probability is at a specific
value. This capacity can be calculated by solving for R as
follows [37]

PCout (') = P [� < ']

= P
[
�2 <

2' − 1
L�s/#0

]
= �A2

(
2' − 1
L�s/#0

)
. (33)

However, (33) requires solving for R, which involves finding
the inverse Marcum function. An approximation that can be
utilized is to calculate the @%-outage capacity, defined as [42]

�out = � +
√

2
(
E[�2] − �2)

Erfc−1
(
2 − @

50

)
, (34)

where

E[�2] =
(
log24

)2
[
(ln (1 + W))2 +

f2
W

(1 + W)2
ln

(
4

1 + W

)]
, (35)

with Erfc(·) denoting the complementary error function. It is
noted that the @%-outage capacity is the capacity that can be
achieved (100 − @)% of the channel realizations.
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V. NUMERICAL AND SIMULATION RESULTS

In this section, we investigate the upper and lower bound
performances on the average SNR and SER and compare them
with those derived based on the CLT approach. Finally, simu-
lation results are presented for SER, ergodic capacity, and q%-
outage capacity for @ = 5%. The simulation parameters used
in this section are given in Table I, unless stated otherwise.
The UAV height, �UAV, have been determined based on [43]
in accordance with the propagation environment.

TABLE I
SIMULATION PARAMETERS.

Category Value

Propagation environment Suburban
Frequency 700 MHz
BS height (�BS) 30 m [19]
UAV height (�UAV) 70 m [43]
([LOS, [NLOS) (0, 18) dB [27]
(^LOS, ^NLOS) (2.5, 3.5) [19]
(0gUE, 1gUE) (4.88, 0.4472) [26]
(0BS, 1BS, 2BS) (1, 6.581, 1) [19]
�sl -15 dB [19]
Distance between BS and gUE (3BS−gUE) 2.3 Km

0 2 4 6 8 10 12 14 16
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

Fig. 2. Average SNR comparison between (15) and (28) at low and high
SNRs for # from 1 to 33.

As can be seen in Fig. 2, the asymptotic average SNR,
which is based on the CLT, approaches the lower bound as #
increases. Fig. 3 depicts the error performance of "-PSK in
(21) based on the derived MGF in (18) and by calculating the
probability of error for "-PSK in (30) based on the asymptotic
MGF in (29). Fig. 3 demonstrates that as # increases, %s in
(21) decreases at a faster rate compared to that of the CLT-
based approach. This is due to the fact that (21) is based on
the upper bound in (15). Furthermore, at low SNR there is a
close match between the simulation and CLT based approach,
while for high SNR, there is a gap. This is in agreement with
the results in [21]. Finally, Fig. 3 shows that for W ≥ −10dB,

-40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15

10
-4

10
-3

10
-2

10
-1

Fig. 3. Comparison between SERs: (21) that is based on the SNR upper bound
and (30) that is based on the asymptotic SNR (CLT) for different number of
REs.

a given # , and as SNR increases, the gap between the CLT
approach and the simulation results increases.

Fig. 4 depicts the SER performance given by (30) for dif-
ferent values of 3gUE, which represents the horizontal distance
between the gUE and the UAV. As the UAV moves closer to
the BS, i.e., away from the gUE, %s decreases. This behavior
is due to the fact that as the UAV approaches the BS, the
overall path loss decreases and SNR improves. To gain insight
into this behavior, Fig. 5 plots the end-to-end mean path loss
experienced as a function of 3gUE, which shows that LdB

decreases as the UAV moves closer to the BS.

1150 1310 1475 1640 1805 1970 2135 2300

10
-4

10
-3

10
-2

10
-1

Fig. 4. Symbol error probability versus the horizontal distance between the
user and the UAV for 3BS ∈ {0 m,

3BS−gUE
2 m = 1150 m}.

The use of the IRS has the potential of decreasing the SER
by five orders of magnitude compared to the case when IRS is
not used. The case of no IRS has been simulated based on the
same SNR values obtained in Fig. 4 for a standard Rayleigh
distributed faded channel.

Fig. 6 shows the capacity given by (31) versus the num-
ber of IRS elements # for different locations of the UAV.
As expected, as the number of IRS elements increases, the
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Fig. 5. LdB as a function of distance from the user.
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Fig. 6. Channel capacity vs. the number of IRS elements # .

capacity increases, and it is highest for large values of 3gUE.
For 3gUE = 2180 m, as shown in Fig. 6, the capacity increases
by almost 243 times as # increases from # = 1 to # = 64.
Fig. 7 plots the capacity versus 3gUE showing an increase in
capacity as 3gUE increases and vice-versa. The figure illustrates
that the capacity decreases by almost 81% for # = 64 when
3gUE varies from 2300 m to 1150 m. However, the capacity
is still close to 1333 times more than that at # = 1. Table II
summarizes the SNR, capacity, and capacity gain at different
operating points.

TABLE II
SNR AND � AT DIFFERENT OPERATING POINTS.

3gUE W � at # = 1 � at # = 64 � Gain

2300 m -8.6793 dB 0.1574 8.4148 53.46

2180 m -18.1784 dB 0.0218 5.2909 242.70

1150 m -30.9326 dB 0.0012 1.5993 1332.75

Fig. 8 depicts that in 95% of the realizations, the definition
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Fig. 7. Channel capacity vs. 3gUE for different values of IRS elements # .

of (34), achieves 8.0912 for 3gUE = 2300 m and # = 64 which
is close to the value in Table II based on (31) and shown in
Fig. 6.
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Fig. 8. 5% outage capacity vs. the number of IRS elements # .

Thus far, we have examined the performance over 3BS ∈
{0, 3BS−gUE

2 }. In order to examine the performance over the total
distance 3BS−gUE, Fig. 9 plots the SER when 3BS is taken
from 0 to 2.3 Km. The figure illustrates the fact that there is
a range of 3gUE in which the performance is almost constant
for high # . After examining the graph, the range falls within
3gUE ∈ {1190m, 1340m} at # = 64.

It is evident that as the UAV moves towards either side of the
communication link, the performance improves. To understand
this phenomenon, Fig. 10 plots the path loss experienced in
the UAV-gUE and BS-UAV links. It can be observed that the
mean path loss at either links decreases towards the end points.
Furthermore, LdB

BS is higher than LdB
gUE. The reason can be

attributed to the side-lobe antenna gain, �sl. A typical side-
lobe antenna pattern can be found in [3]. Our results agree
with the outcome obtained in [17], where the optimal UAV
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Fig. 9. Symbol Error Probability vs. the horizontal distance between the
ground user and the UAV.
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(a) UAV-gUE link.
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(b) BS-UAV link.

Fig. 10. Path loss versus distance: a) LdB
gUE vs. 3gUE, and b) LdB

BS vs. 3BS.
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Fig. 11. Channel capacity vs. the number of IRS elements # .

placement was concluded to be at the end-points of the system
setup, i.e., either close to the BS or close to the gUE when
the ratio of the gUE location and �UAV is greater than 2. In
our case, 3gUE

�UAV
= 2300

70 = 32.9.

The ergodic capacity for 3BS distances beyond 3BS−gUE
2 is

given in Fig. 11. At 3gUE = 20 m and W = 3.2426 dB, �

improves from 1.1416 to 12.3675 when # increases from 1
to 64. This corresponds to a gain of 10.8334 times. Finally,
Fig. 12 illustrates the ergodic capacity as a function of 3gUE,
which exhibits a similar trend as the average SER in Fig. 9.
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Fig. 12. Channel capacity vs. 3gUE for different values of IRS elements # .

VI. CONCLUSION

In this paper, the performance of mounted IRS-assisted
UAV communication has been investigated. The end-to-end
path loss model has been utilized based on the practical
elevation angle-dependent path loss model for BS-UAV and
UAV-gUE links. Theoretical bounds on the average SNR
have been derived and compared to the asymptotic SNR
analysis, where it has been found that the asymptotic SNR
approach achieves both bounds based on # . Furthermore, our
analysis has showed that the average SNR scales with #2. Our
distance-based simulation reveals interesting insights into the
achievable SER and ergodic capacity, which stems from the
elevation angle-dependent end-to-end path loss model.

IRSs have attracted a massive attention and among others,
they have been also advocated for use in the context of satellite
networks [44]. However, several challenges exist that need to
be solved prior to design and deployment of such systems.
Such challenges are, among others, channel estimation, 3D
placement, channel modeling, and interference management.
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