arXiv:2504.16613v1 [eess.SP] 23 Apr 2025

UAV-Mounted IRS (UMI) in the Presence of
Hovering Fluctuations: 3D Pattern Characterization
and Performance Analysis

Mohammad Javad Zakavi, Mahtab Mirmohseni, Senior Member, IEEE, Farid Ashtiani, Senior Member, IEEE,
Masoumeh Nasiri-Kenari, Senior Member, IEEE

Abstract—This paper investigates unmanned aerial vehicle
(UAV)-mounted intelligent reflecting surfaces (IRS) to leverage
the benefits of this technology for future communication net-
works, such as 6G. Key advantages include enhanced spectral
and energy efficiency, expanded network coverage, and flexible
deployment. One of the main challenges in employing UAV-
mounted IRS (UMI) technology is the random fluctuations of
hovering UAVs. Focusing on this challenge, this paper explores
the capabilities of UMI with passive/active elements affected
by UAV fluctuations in both horizontal and vertical angles,
considering the three-dimensional (3D) radiation pattern of the
IRS. The relationship between UAV fluctuations and IRS pattern
is investigated by taking into account the random angular vibra-
tions of UAVs. A tractable and closed-form distribution function
for the IRS pattern is derived, using linear approximation and
by dividing it into several sectors. In addition, closed-form
expressions for outage probability (OP) are obtained using central
limit theorem (CLT) and Gamma approximation. The theoretical
expressions are validated through Monte Carlo simulations. The
findings indicate that the random fluctuations of hovering UAVs
have a notable impact on the performance of UMI systems. To
avoid link interruptions due to UAV instability, IRS should utilize
fewer elements, even though this leads to a decrease in directivity.
As a result, unlike terrestrial IRS, incorporating more elements
into aerial IRS systems does not necessarily improve performance
due to the fluctuations in UAV. Numerical results show that the
OP can be minimized by selecting the optimal number of IRS
elements and using active elements.

Index Terms—Intelligent reflecting surfaces (IRS), IRS 3D
pattern, unmanned aerial vehicle (UAV), UAV fluctuations, UAV-
mounted IRS (UMI).

I. INTRODUCTION

HE intelligent reflecting surface (IRS) is a promising

technology suggested for future communication net-
works. In recent years, this technology has gained signifi-
cant attention due to its capability to manage the wireless
environment between transceivers [1]. Specifically, an IRS
consists of numerous passive/active elements that act as smart
reflectors, reflecting the incoming signals in desired direction
by adjusting their phase shifts with a programmable controller.
As a result, the signals reflected by individual IRS elements
can be combined with multipath signals, thereby amplifying
the received signal strength and reducing interference. This
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process contributes to a notable improvement in spectral effi-
ciency (SE) [2]. Unlike conventional active relays like decode-
and-forward (DF) and amplify-and-forward (AF) relays, the
passive IRS is composed of passive components and does not
require RF chains. Furthermore, IRS reflects incoming signals
with minimal power usage, leading to low energy consumption
[3[]. Because of their straightforward installation process and
flexible shape, IRS can be installed on building facades or
directly onto drones to help terrestrial user equipment (UEs)
with poor connectivity [4]], [5]. The features mentioned above
make IRS not only a promising solution for green networks
but also a valuable complement to other existing technologies.
However, the performance of passive IRS-assisted systems
may be restricted by significant product-distance path loss.
One potential solution to this challenge involves increasing the
number of passive reflecting elements to leverage the square-
order beamforming gain. Alternatively, deploying a passive
IRS in close proximity to the transmitter and/or receiver
can effectively mitigate path loss [6]. On the other hand, a
novel variant of IRS, known as active IRS, has recently been
introduced in [7]-[10]. This approach addresses the drawbacks
of passive IRS by employing low-cost components to amplify
the reflected signals. Typically, an active IRS comprises several
active reflecting elements that integrate negative resistance
components like tunnel diodes and negative impedance con-
verters. This allows the IRS to reflect incoming signals while
boosting their power [11]. In contrast to AF relays, which
depend on power-hungry RF chains, active IRS reflects signals
directly through low-power reflection-type amplifiers.

In recent years, unmanned aerial vehicles (UAVs) have
become increasingly popular for applications such as surveil-
lance, tracking, remote sensing, and disaster communication,
owing to their cost-efficiency, autonomous functionality, and
straightforward deployment. In cellular networks, UAVs are
particularly valuable as they can act as aerial relays or flying
base stations, extending coverage and improving connectivity
in areas with obstructions or high congestion [12]. Neverthe-
less, their adoption in high-throughput communication systems
is hindered by limitations related to size, weight, and power
[13]. The combination of IRS technology with UAVs has
emerged as a viable approach to enhance both SE and energy
efficiency (EE), generating considerable research attention in
this domain [14]-[24]. In the next subsection, we provide
a comprehensive review of related works, focusing on the
integration of UAVs and IRS technology.



A. Related Works

A downlink communication system employing an IRS-
assisted UAV is discussed in [14]], where the UAV dynami-
cally establishes a cascaded link through the IRS to improve
signal quality for multiple users. The study focuses on max-
imizing the sum rate for all users by optimizing resource
allocation, IRS phase shifts, and UAV trajectory using the
block coordinate descent method. Key constraints, including
transmit power, flight speed, service area, and IRS reflection
capabilities, are taken into account. Additionally, [[15] explores
the integration of IRS with UAVs to achieve energy-efficient
communication. The optimization of UAV trajectory, power
allocation, and IRS phase shifts is based on statistical channel
state information (CSI) to maximize EE. In [16], the authors
investigate a UAV communication system enhanced by an
IRS, concentrating on data transmission from a ground node
to the UAV in a jamming environment. To maximize the
average communication rate, they propose a joint optimization
framework for the ground node’s transmit power, IRS passive
beamforming, and UAV trajectory. In [17]], the research aims
to maximize the sum rate of a multi-user IRS-assisted UAV
system utilizing orthogonal frequency division multiple access
(OFDMA), while satisfying the quality of service (QoS)
requirements for all users. The authors in [18]] consider the
use of non-orthogonal multiple access (NOMA) in an IRS-
supported UAV network to efficiently serve multiple ground
users. In that work, the optimization of resource allocation, 3D
UAV trajectory, and IRS phase control are used to minimize
the average total energy consumption. These studies share a
common feature: they utilize a separate IRS and UAV setup,
where the UAV acts as an aerial base station, and the IRS
is positioned independently, such as on buildings or near the
UAV/UE.

Beyond separate IRS-UAV systems, recent research has
introduced UAV-mounted IRS (UMI) configurations, where the
IRS is attached to or carried by the UAV. For instance, [19]]
proposes a communication scheme where an IRS is mounted
on a UAV to facilitate connections between a base station (BS)
and ground users. This study introduces methods to enhance
both SE and EE by jointly optimizing active beamforming,
passive beamforming, and UAV trajectory. In [20], a UAV
carrying an IRS is proposed as a relay node to support
covert communication systems (CCS). To ensure covertness,
the study calculates the minimum error detection probability
at the eavesdropper and optimizes the UAV trajectory and IRS
phase shifts to maximize the average communication rate. In
[21], the authors explore the security of simultaneous wireless
information and power transfer (SWIPT) systems supported by
IRS and UAVs, taking into account the energy consumption of
rotary-wing UAVs during flight. In this setup, an IRS mounted
on a UAV improves the quality of legitimate transmissions,
while artificial noise generated at the base station (BS) is
used to disrupt eavesdropping attempts. Ground devices (GDs)
utilize power splitting (PS) technology to concurrently de-
code information and harvest energy. The study focuses on
optimizing BS transmit beamforming, UAV-IRS phase shifts,
trajectory/velocity, and GD PS ratios to maximize the overall

secrecy rate for all GDs.

Note that the hovering fluctuations of UAVs are not con-
sidered in the studies mentioned above. While the UAV jitter
is studied in [22]]-[24]], characterizing the 3D IRS pattern and
its distribution under UAV fluctuations remains unattended.
The authors in [22[] analyze the use of a multi-aerial IRS
in a secure SWIPT system, considering UAV jitter. Angle
estimation errors caused by UAV jitter are converted into CSI
errors using linear approximation techniques. Subsequently, a
joint optimization problem is formulated to maximize the av-
erage secrecy rate, incorporating the beamforming vector, IRS
phase shift matrices, and UAV trajectories. Random airflow
and fuselage vibrations can greatly affect the communication
capabilities of UAVs. In [23]], a novel active IRS is introduced
to address this issue, enabling a secure and energy-efficient
beamforming design. The proposed framework accounts for
the effects of UAV jitter and involves the joint optimiza-
tion of the active IRS reflection coefficient, UAV-based BS
beamforming, and UAV trajectory, while ensuring compliance
with worst-case secrecy rate constraints. In [24]], the authors
investigate a UAV-assisted multi-user IRS communication sys-
tem, aiming to minimize power consumption through the joint
optimization of active beamforming, passive beamforming,
and UAV trajectories. The study takes into account practical
constraints such as UAV jitters and imperfections in hardware
components.

To fully leverage the advantages of a UMI in operation,
it is crucial to characterize the 3D IRS pattern, determine
its distribution, and evaluate the effect of the UAV’s random
fluctuations. UMI systems experience misalignment between
transceivers due to UAV fluctuations, leading to a decrease
in the signal-to-noise ratio (SNR) at the receiver, ultimately
compromising system reliability. Therefore, optimizing the 3D
IRS pattern is essential for maintaining a stable connection
during UAV fluctuations. This optimization requires carefully
balancing the trade-off between increasing the directivity by
increasing the number of IRS elements to counteract path loss
on the one hand, and decreasing it to mitigate the impacts of
UAV fluctuations on the other hand.

B. Our Contribution

Considering the current state of above research, this study
examines a UMI system equipped with both passive and active
elements, taking into account the effects of UAV fluctuations.
Due to the UAV instability, we assess how its horizontal
and vertical angle fluctuations affect system performance. The
main contribution of this paper is the development of a 3D IRS
pattern, along with the determination of its distribution under
UAV fluctuations, and the analysis of the outage probability
(OP) performance of the UMI. By leveraging the derived
analytical expressions, we minimize the OP under different
levels of UAV fluctuations. This is achieved by selecting an
optimal number of IRS elements, which ultimately enhances
system reliability. The main contributions of this work are
outlined as follows
1) We address the issue of instability in real-world UAV
platforms, which are susceptible to airflow disturbances and



airframe vibrations, leading to horizontal and vertical angular
fluctuations. To conduct performance analysis, it is necessary
to have the distribution of IRS 3D pattern. Therefore, we
characterize the 3D pattern of the IRS and determine its
distribution while considering UAV fluctuations. Note that
this distribution is applicable in all systems and channel
models involving UMI for performance analysis under UAV
fluctuations.

2) In order to determine the IRS 3D pattern distribution which
is a product of the array factor and single radiation pattern,
we follow a three-step analytical approach. First, we obtain the
distribution of the array factor then, we obtain the distribution
of the single radiation pattern. Finally, we derive the tractable
and closed-form probability distribution function (PDF) of the
IRS 3D pattern by utilizing the results of the previous two
steps. To simplify the analysis, we apply linear approximations
to address the error variations in elevation and azimuth angles
caused by UAV fluctuations. Furthermore, we introduce a
sectoral model for the array factor and single radiation pattern,
resulting in a more straightforward approach for determining
the distribution of the IRS 3D pattern.

3) Using the derived PDF of the IRS 3D pattern, we establish
closed-form expressions for the OP of the UMI in four scenar-
ios: single-input single-output (SISO)-Passive-IRS, multiple-
input single-output (MISO)-Passive-IRS, SISO-Active-IRS,
and MISO-Active-IRS. For this analysis, we apply the central
limit theorem (CLT) and Gamma approximation techniques.
4) Finally, the accuracy of the derived analytical expressions
is validated through Monte Carlo simulations. The results
demonstrate that system performance is heavily influenced
by UAV fluctuations, with a notable degradation compared
to stable conditions. By using our analytical approach, we are
able to determine the optimal number of IRS elements under
varying levels of UAV fluctuations, enabling the minimization
of OP without requiring extensive simulations.

C. Outline and Notations

The paper is structured as follows: Section II presents
the system model and the 3D IRS pattern considering UAV
fluctuations. Section III derives the IRS radiation pattern dis-
tribution function. Section IV provides a detailed performance
analysis. Section V includes simulation results to validate the
analytical ones and examines link performance and IRS pattern
optimization. Finally, Section VI concludes the paper.

Notation: Throughout the paper, matrices and column vec-
tors are denoted by bold uppercase and bold lowercase letters,
respectively. The transpose and Hermitian transpose of a vector
or matrix are indicated by (.)7 and (.)¥, respectively. Ox
denotes the zero vector of size N, where every component
is 0. The N x N identity matrix is expressed by Iy. The
Kronecker product of two vectors is denoted by ®. A real and
complex normal distribution with mean y and variance o is
expressed as N (1, 0%) and CAN (i, %), respectively. The Q-
function is denoted by (.), while the Dirac delta function
is represented by d(.). Finally, the expectation operation is
expressed as E(.).

Fig. 1. The UMI-assisted communication system.

II. SYSTEM MODEL

A communication system utilizing UMI is illustrated in
Fig. |1} This system involves a BS equipped with M antennas
and an IRS with N reflective elements, serving a single-
antenna UE. The direct link between BS and UE is assumed to
be obstructed. Without loss of generality, a 3D Cartesian coor-
dinate system is adopted. The positions of the BS, IRS, and UE
are defined as ups = [Ts, YBs, Bs), Urs = [ZIrs, YIRS MRs)s
and uyg = [zuE, YuE, 0], respectively. The transmitted signal
to IRS and reflected signal from IRS is represented with the
subscript ¢ € {¢,r} where ¢ and r indicate the transmitted
signal and the reflected signal, respectively. As shown in
Fig. 2| 6, and ¢, denote the elevation and azimuth angles
from the IRS in the direction of the BS/UE. Assume ¢, and
gy are the angular variations of UAV along the x — 2z and
y—z axes, respectively. According to the central limit theorem,
the fluctuations in the orientations of the UAV have Gaussian
distribution [25]-[27]]. That is, we have &, ~ N (j1z,02), and
ey ~ N(py, 07).

A. 3D IRS Pattern

We assume the IRS is configured as a uniform square
array with N = N, x N, elements. To ensure independence
between IRS elements, the spacing between elements in both
x— and y—directions, denoted as d, and dy, respectively,
are set to half of the wavelength, 2. By applying the basic
trigonometric formulas, the angles of elevation and azimuth
from the IRS towards the direction of the BS/UE without any
UAV fluctuations, denoted as 0, and ¢, are obtained as

0, = arctan(\/tan2 (042) + tan?(0,y)),

(D
g = arctan(m ,

where the directions of IRS pattern without fluctuations are
represented by 6, and 6,4, in the z — z and y — z Cartesian
coordinates, respectively. On the other hand, the elevation and



(b) Instantaneous direction

(a) Ideal direction

Fig. 2. A visual depiction of fluctuations in UMI. In this case, the elevation
and azimuth without fluctuations are indicated as ¢q and 0, respectively. In
contrast, the elevation and azimuth with fluctuations are represented as ¢q
and ¢, respectively.

azimuth angles under UAV fluctuaions, i.., §, and ¢,, are
calculated as

éq(am, gy) = tan_l(\/tan2(9qz +&5) + tan?(0gy +£y)),
71(tan(9qy + €y) )
tan(fg, +e4) "

¢q(ez,€y) = tan

(2)

where depend on variables ¢, and ¢,. Considering the influ-

ence of all IRS elements, the normalized radiation pattern of

the IRS towards angles 6, and ¢; from IRS to BS, along with
ér and (Z)T from IRS to UE is defined as [28]]

G(atv o, 0, d)r) = Ge(eta o, 0, ¢r) X Ga(gta o, 0r, ¢T)a
3)
where G,(.) is the normalized array factor and G.(.) is the
single element radiation pattern. Because of UAV fluctuations,
it is deduced from (3) that the normalized radiation pattern of
IRS depends on two independent RVs ¢, and €,. The single
element radiation pattern is obtained as [28]

Ge(ét7q;t7é’r7q§’r’) :E(étuét) X E(éT7q~5’l’)7 (4)
where E(6, ¢) is calculated as

cos?(0), 60€0,7/2],¢ € [0,2n]

0, 0 € (n/2,x],¢ € [0,2n]. )

E(0,¢) = {
Furthermore, the normalized array factor can be expressed as
(6) (See top of next page) where §; = —sin(6;) cos(¢;) —
sin(,.) cos(¢,) and 69 = —sin(6;) sin(¢p;) — sin(6,.) sin(¢p;.)
[28] . Note that when the UAV experiences no fluctuations,
G, = 1, whereas during fluctuations, G, < 1, leading to a
decrease in the power of the reflected signal directed to UE.

B. Channel Model

All channels between IRS and BS/UE are modeled as Rician
distributed, with Rician factor K; = A?/(26%) where i = 0, 1.

Here, Ky and K correspond to the BS-IRS and IRS-UE links,
respectively. The scale parameter is defined as B = A2 4 242,
where A? and 262 represent the power of the line-of-sight
(LoS) and non-line-of-sight (NLoS) components. Assuming a
normalized average received power, B is set to 1. The PDF
of a Rician random variable is given as follows [29]]

zA
T)IO(CTQ),Z >0, (7)
where Ij(.) represents the modified Bessel function of the first
kind with order zero.

C. General Received Signal Model

In Fig. E], the channels between BS andﬁ IRS, as yvell
as between IRS and UE are denoted by Hp; and h;y,
respectively, which can be modeled as [30],

Hpr = /BoHzr,
hry = v/Bihro.

where 5y and 31 represent path loss components, and Hp; €
CN*M and hyy € CV*1 denote small-scale fading of links
BS-IRS and IRS-UE, respectively. It is assumed that the small-
scale fading remains constant within each coherence interval.
Additionally, perfect CSI is assumed for all IRS-related links.
Accordingly, By and (3, are defined as:

Br £ cod,~**, k€ {0,1}, ©)

where cq represents the reference path loss at a distance of
1m. The path loss exponents for BS-IRS and IRS-UE links
are denoted by oy and «g, respectively, whereas dy and
d; represent the distance from the IRS to the BS and UE,
respectively. The reflection matrix of the active IRS is defined
as ©® = A®, where & = diag(e’?1,...,e/?N) represents
the IRS phase shift matrix with ¢,, being the phase shift at
the n-th element, n € {1,2,..., N}. Additionally, the active
IRS amplification matrix is denoted by A £ diag(ay, ...,an)
where a,, is the amplification factor of the n-th element. Unlike
passive IRS, active IRS introduces non-negligible thermal
noise at each reflector, denoted as np € CN*1 which is
typically modeled as ng ~ N (Ox, NpIy), where N is the
amplification noise power [10]]. Finally, the received signal at
UE is expressed as

y= \/@ﬁfUGI:IBIWS + \/@B?UGHF +n,

(®)

(10)

where n ~ N(0,Ny) is the additive white Gaussian noise
(AWGN) at the UE with power Ny. The transmit signal
from BS is represented by s with transmit power FP;. The
beamforming vector is denoted by w € CM*1, The power
constraint at active IRS is expressed as follows [31]

P||A®Hpw|? + ||A®Iy|*Np < Pp, (11)

where Pr is the maximum amplification power of the active
IRS. Therefore, the instantaneous SNR at UE in the general
model, i.e., MISO-Active-IRS, can be expressed as
PtG|f1}{UA(I>I:IB]W‘2
G|[hil, A®|2NF + Ny’

SNR = (12)



_, sin( N (sin(8,) cos(br) + sin(6,) cos(éy) + 01)d.)

a

B Ny sin(}(sin(ét) cos(dy) + sin(8,) cos(¢y) + 61)dy)

sin( 4™ (sin(6;) sin(4;) + sin(6,) sin(¢,.) + d2)d,,) g

& ~ - k 6
Ny sin(% (sin(0;) sin(p¢) + sin(0,.) sin(d) + d2)d,) ©

ITII. IRS RADIATION PATTERN DISTRIBUTION FUNCTION

The SNR in (I2) depends on the IRS radiation pattern,
G. To analysis the performance, it is necessary to have the
distribution of G. Therefore, in this section, we derive the
PDF of the IRS radiation pattern. From (3), it follows that
G = G, x G,. To obtain the distribution of G, we perform
three steps. First, we derive the distribution of G,, and
subsequently, we derive the distribution of G.. Finally, we
obtain the distribution of G by applying the results from the
last two steps.

Stepl: Deriving the distribution of G,

To simplify G, given in @, we define Z, and Z, as
Zy 2 sin(0;) cos(¢y) + sin(B,) cos(¢y) + 61,
zZ, = sin(6;) sin(¢y) + sin(6,.) sin(p,.) + b2,

where §; = —sin(f;)cos(¢:) — sin(f,) cos(¢,) and Jp =

— sin(0) sin(¢;) — sin(6,) sin(¢, ). Therefore, we can rewrite
(@) as follows:

. Nom . Ngm
sin(Y4" 7,) sin(=+~Z2,)
Cu(Zs, Z,) = 2 Zo Gz 04
a( s J) |NqSln(ng;)| |NqSln(gZy>| ? ( )
Jazx Gay

where ¢,, and g, are the array factors along the x-axis and y-
axis, respectively. For a function of one variables f(z) whose
first-order derivative f, exists at a point a, the 1%'-order Taylor
polynomial near the point a is

f(z) = f(a) + fz(a)(x —a).

We define e, (¢5,6y) £ 0:(cz,e,) — 0; and E¢, (€, Ey) &
b+(cn,ey) — o1, representing the fluctuations of the eleva-
tion and azimuth angles, respectively. Utilizing (I5), we can
approximate the values of sin(Z) and cos(Z) in with
I = x + ¢, where ¢ is near zero, as follows

15)

sin(Z) = sin(x) + € cos(z), (16)
cos(Z) =~ cos(z) — esin(z).
Hence, we approximate Z, and Z, given in @) by applying
(T6) as follows
Z1(€0,,E4,:€0,,Ep,) R €OS O, cos Ppeg, — sin B sin Pye 4,
+ cos 0, cos prep, — sin b, sin prey,,
Zy(€0,,E4,+€0,,Ep,) /= cOs b sin gyeg, + sin b, cos Pre,
+ cos 8, sin ¢c¢9, + sin b, cos ¢T€¢()7i' )
7

Lemma 1. The distributions of €o,(c.,€,) follows gg, ~
N (pe,, O’?eq) where

Heg, = AGQINm + A(iqy,uy» (18)
o2 = qum ai + quy a2

qu Yy

(14 tan? 6,;) tan 0,

Ag,, = ,
o Vtan? 6, + tan? 0,4, (1 + tan? 0,, + tan®6,,)
ke {z,y}.
19)
Proof. Please refer to Appendix [A] ]

Lemma 2. The distributions of €4, (c.,€y) follows eg, ~
N(u%q,a?%) where

Hegy, = Aqﬁquw + A¢>qyﬂya

0, — A2 ot A2, o, 20
Ay = (1 +2tan2 04z) tz;n qu’

a tan® 04, + tan® O, 21
Ay, = (1 + tan? ;) tan Oy,

tan? 0, + tan® 0,

Proof. We approximate €4, using linear approximation as
follows

€¢,(Earey) = Ay, 60 + Ag,, €y, (22)

where Ay and Ay - are derived following the same proce-
dure outlined in the proof of Lemma [I] in Appendix [A] The
distribution of €4, is also obtained analogously. |

Since all RVs in , ie., €g,, €¢,, €6, and gy _, follow
Gaussian distributions individually, and any linear combina-
tion of them also follows a Gaussian distribution, it can be
concluded that they are jointly Gaussian RVs. To illustrate,
consider the linear combination of them for arbitrary coeffi-

cients «, 3, ¢ and « using (22) and (90) (See Appendix [A) as
follows

agg, + Beg, + (o, + key, = Ay, €2 + o, gy
+ ﬂA(btng + ﬂA‘btysy + CAerzex + <A9ry5y
+ KAy, Ex + KA, Ey-

(23)

As clear from @) this linear combination is itself a lin-
ear function of the independent Gaussian RVs e, and &,.
Therefore, any such linear combination remains Gaussian.
Therefore, the distributions of Zj, for k € {x,y} follows the
Gaussian distribution, specifically Z, ~ N (pz,,0%, ) where
Wz, 1s calculated as

1z, = aj pe 24)

where a, = [cos 6 cos ¢, — sin 6y sin ¢y, cos 0, cos ¢,
—sin @, sin ¢, T, a, = [cos f; sin ¢y, sin B, cos ¢y, cos 8, sin ¢,

sinf,.cos ¢, |7, and p. = [uegt,u%t,y%,usmf. The
variance of 7, a%k is obtained as
0%, = aj, Say, (25)



where
oz, Cov(gg,,e4,) Cov(eg,,co,) Cov(eg,,c4.)
5 |Covicos€s,) a2, Cov(eg,.c0,) Cov(eg,,ep,)
~ | Cov(eg,, c,) Cov(eg,,€0,) 0’?9_ Cov(eg,,€4,)
Cov(es, c4,) Cov(eg,,£4,) Cov(ey,,e0,) 2,
(26)

The Cov(e,en) in (26) is calculated as
COV(&‘"H En) = Ama:An;co'i + AnLyAnyo-za (27)
where (m7 TL) S {(eta ¢t)a (0t7 07‘)3 (0t7 ¢T)7 (¢t7 er)a (¢ta ¢T)7

(0, &) }. For simplicity, we approximate the numerator and
denominator of g,, in 1i when Z, is near zero as %(1 —
cos(NymZ,)) and $N2w?Z2, respectively. Hence, o, in
can be approximate as follows

2(1 = cos(Ny7Z,))

az (28)
N2n?Z2

Following a similar approach, the approximation of g,, can be
derived in the same manner as (28)) by replacing the subscript
z with y. Now, we split g,, in @) into several sectors and
propose a simpler model given by

Bl D21~ cos(3))

D,N,|Z,
Jaz = H(%) + Z 27242 Lo
i=1 (29)
DalNylZul, - DaNylZs|
x (=) — (=),
20 +1) 2i
1, ifz<1
where Il(z) = <’ l =1 D, represents the number of
0, ifz>1

sectors, and [ € {1,2} whereby [ = 1 corresponds considering
only the main lobe of the pattern, while [ = 2 is used for higher
precision by including both the main-lobe and the first side-
lobe. The simplified model for g,, can be obtained similarly
to (29) by replacing the subscript z with y. Fig. [3] plots the
exact model and sectoral model of the IRS array factor along
r-axis, gq. versus €, for D, = 5 and 15, with N = 64. We
can increase the accuracy of the sectoral model by increasing
D,, however, this improvement comes at the cost of increased
computational complexity. As shown in Fig. 3] when | = 1,
the proposed model only takes into account the main lobe,
whereas, for | = 2, the first side lobe is also included.

Lemma 3. The PDF of array factor G, as defined in (6)) is
derived as

Ja
fGa (Ga) = Zpa(i)a(Ga - Qa(i» (30)

where J, = lQDZ’ da = daz © Qay and Py = Paz @ Pay-

Here, Qi € RP=*! and pai € RIP*1 ywhere
. Di(1—cos(FY))
Gar (i) = S 31
. 2i — DyNypz 2(14+ 1)+ DyNypz
pak(l) — Q(—qﬂk o Q( ( ) qN k)
DaNqUZk Da]\fqa'z,€
2i + Dy Ny iz 200+ 1) — Dy Nyuz
+Q( ql‘ kY Q( ( ) qN k ),
DaNqUZk Da]\fqa'zl€

ke {z,y}.
(32)

1 T
= = = Exact
== Sectoral
0.81
0.6
Jax
04l Dy =15,1 =2
02F
0 == d
-30 -20 30

Ex

Fig. 3. The exact model of the IRS array factor along x-axis, gq., mentioned
in (T4 and its sectoral model, proposed in (29) versus &5 for N = 64.

Proof. Please refer to Appendix [B] ]

Step2: Deriving the distribution of G,

Given that éq = 04 + €¢,, we can rewrite G, mentioned in
(@) as follows

Ge = cos®(0; + ep,) x cos® (0, + €g,), (33)

Get Ger

where g.; and g, are the single element radiation patterns in
direction of angles #; and 6,.. Then, by dividing g., in @)
where ¢ € {t,r} with multiple sectors, we propose a simple
model given by

(De—1)/2

i=(1—D.)/2

LD,

2 €9q) —1II(
1+ 1

2 )
LD,
LD€€9(1
2;—1

Geq == c08” (0,)II(LD, g, |) + cos® (6, +

x sgn (i) [I1( ),
(34)
where
-1, ifz<0
sgn(z) =<0, ifz=0.

1, ifz>0

(35)

D, is the number of sectors and L is utilized to adjust the
considered range of variation of €, and €,. As L increases,
a smaller range of variation for e, and ¢, is considered.
Additionally, as L increases, a consistent number of sectors
results in more accuracy. Fig. [ plots the sectoral model and
exact model of IRS single radiation pattern versus e, for
D. = 5 and 9. Increasing D. increases the accuracy of
the proposed model at the cost of more complexity. Conse-
quently, selecting the optimal value for D, requires balancing
acceptable computational complexity with the desired level
of accuracy. Moreover, increasing L reduces the range of
variations that need to be considered, resulting in fewer sectors
that can be accurately reached.
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Lemma 4. The PDF of single element radiation pattern G,
is derived as:

Je
fGe (Ge) = Zpe(i)d((@e - qe(i)) (36)
i=1

where Je = Dg, de = et @ Qer and Pe = Pet ® Per- Here,

ek € RPXY and per, € RPX1 where
23
. 3
k(1) = 0 ) 37
Ger (i) = cos (k+-LDe) (37)
. 2 —1— LDp., 2 +1— LDp.,

pek(i) = Q( LDo., —Q( TDo., ),

ke {tr}
(38)
Proof. Please refer to Appendix [C] [ ]

Step3: Deriving the distribution of G
Utilizing distribution of G, and G. in and (30),
respectively, the distribution of G can be obtained.

Theorem 1. The PDF of array radiation gain G is derived

as:’
J

fe(G) = p(i)s(G — q(i))

i=1

(39)

where J = J, X Je, @ =g ® q, and p = pe @ Pa.-

Proof. As G is equal to the product of G, and G,, the PDF of
G can be obtained using the same steps outlined in the proof
of Lemma 4 in Appendix [C| [ ]

IV. PERFORMANCE ANALYSIS

This section conducts a comprehensive performance analy-
sis for four scenarios: SISO-Passive-IRS, MISO-Passive-IRS,
SISO-Active-IRS, and MISO-Active-IRS. The closed-form
expressions for each scenario are presented when taking into
account the fluctuation of the IRS mounted on UAV. Since the

rate of both UAV fluctuations and channel variations is less
than the symbol rate, we will focus on the OP metric that is
specified as

Py = Pr(’Ymax < ’Ylh)a (40)

where Ymax and 7y, is the maximum instantaneous SNR and
the SNR threshold, respectively.

A. SISO-Passive-IRS
The SNR of SISO-Passive-IRS system can be calculated by

rewriting (12) as
B P,GhE, ®hp|?

Fra— (1)

where hp; is Hp; when M = 1. It is known that the
maximum SNR is achieved when the phase shift is adjusted
as ¢, = Zlhyy]l, — Z[hB1l,, Vn. Hence, the maximum
instantaneous SNR is evaluated as

N
Ymax = GVO(Z |BIU,n||7lBI,n|)27

n=1

(42)

where vy = %. We define U = V2 where

N
V= Z \hrvml|hBrnl.

n=1

From (@0) and {@2), the OP can be obtained as

(43)

P = Pr(GU < 1)
Y0

_ / Pr(GU < %IG)fg(G)dG

Vth
= | Fy(—=)fc(G)dG
[ 2 se(@)ae,
where Fy(.) is the CDF of random variable U. The PDF of

G, f5(G) is derived in Theorem 1, i.e. in (39). By substituting
(39) into ([@4), the OP can be given as

(44)

Yth
0a (@)

J

Paw =Y _ p(i)Fy( (45)
i=1

To determine Fy;(.) in (43), we estimate V, given in

which is the mixture channels associated with IRS by using

the CLT and Gamma approximation.

Theorem 2. Under CLT approximation, the closed-form OP
for the SISO-Passive-IRS system is given by

J V0
. v Yoq (2
Pos = 3" p(i)Q(——L 1), (46)
i=1 Tv
where
Ny
Ly = Li(—Ko)Li(—Ky),
W D gy P
47
9 c%N 7720(2)]\7
ol = —
v dghdyt 16(Ko + 1)(K + 1)dg°dy (48)

X (Ly(—k)® % (Lyre)™

1
2



Proof. Given that U = V2, the CDF of U is denoted as

Fy(u) =Pr(U < u)
— Ry (va) - Fy(—va),

Based on CLT, when N is sufficiently large, V ~ N (p1,, 02).
Hence, the CDF of V is calculated as

(49)

Fy(v) = (==Y,

Oy

(50)

where u, and o, are the mean and standard deviation of V.
From {@9) and (50), the CDF of U is represented as:

fo + V/u
ag.

) —Q( )- (51)

Since the value of Q(M) is negligible rather than
Q(“va ‘f) the CDF of U is approximated as

o — Vu
Oy

Finally, by substituting into (@3)), P,,: can be obtained.
|

Fy(u) = Q( ) (52)

Considering the Gamma distribution for V', we can derive
the closed-form OP for the SISO-Passive-IRS system given in
Theorem 3.

Theorem 3. In the case of Gamma approximation, the OP of
the SISO-Passive-IRS system can be provided as follows

7/)
); (53)

Yth
Y0q(4)

I'(A)

Pour = Zp

2 2
where A = ﬁ—g and Q) = u . py and o are provided in
and (@) respectively. Here, 7y(.) represents the lower
incomplete gamma function and T'(.) denotes the complete

gamma function.

Proof. The CDF of U is obtained as [29]

A, u/Q
Fy(u) = v/ FEAf)/ ), (54)
where A = arg“;g and Q = V]Er((v)) By substituting into
#3), P, is derived. [ ]

B. MISO-Passive-IRS

According to the discussion in [32] and [33]], we can con-
sider only the LOS part in the MISO system due to the strong
directivity of multiple antennas at the BS and the negligible
NLOS component. Hence, the maximum instantaneous SNR
is evaluated as

N
Ymax = MVOG(\/%Z |BIU,TL|)2
n=1

(55)

Suppose Vs = \/57)22[:1 |hron| and Uy = V2. The OP can
be obtained as
Po = Pr(GU, < J\%o)
Vth
= [ Pr(GU; < G G)dG
[P < Jj8)fe(6) (56
Tth
= [ F
| PG fe(G)is
By substituting into (56), the OP is derived as
J
. Vth
Py = Fy, (————), 57
ou ;pm 0 (30a ) (57)

where Fy,(.) is the CDF of random variable Us. The PDF of
G, f5(G) derived in Theorem 1 in (39). In this section similar
to the previous section, we approximate the distribution of V5
using CLT and Gamma approximations.

Proposition 1. According to CLT approximation, the closed-
form OP for the MISO-Passive-IRS system is obtained as

Yth

J Hos = £/ Wvoa(d)
Pour = ZMQ(U—@)’ (58)
where
N./mc
fos = 2\/#12000/2 azli(=K1) (59
1
2N Nnc
0'2 = 0 — 0 X (L%(_Kl))Q (60)

vz dgedyt 4Ky + 1)dy°dTt
Proof. 1t can be proven similar to Theorem 2, by replacing
variable V' and 7y with V5 and My, respectively. Addition-

ally, the mean and variance of RV V5 can be calculated using
basic mathematical operations. |

We can also consider the gamma distribution for V5, and
therefore calculate the closed-form OP for the MISO-Passive-
IRS system as given in Proposition 2.

Proposition 2. In the case of Gamma approximation, the OP
of the MISO-Passive-IRS system is obtained as follows

~(A
()Ml - Zp

2
where A = UVZ and Q = —2. uy, and aV are given by (5
and ({60), respectlvely

20\ Teay /22)
I'(A2)

), (61)

Proof. It can be proven similar to Theorem 3, by replacing
variable V', A, © and v with V5, Ay, Q5 and My, respec-
tively. ]

C. SISO-Active-IRS

Based on the discussion in [31]], for simplicity, we assume
that each reflecting elements has the same amplification factor
A. Consequently, the optimal active-IRS reflection design can
be derived as follows

[q,*]n _ ej(l[fIIU]n*Z[leI]n)

, vn, (62)



P

(A7) = 5 :
Pi|hpr|2 + NNp

Substituting (62)) and (63) into (T2), the SNR of SISO-Active-

IRS system can be expressed as

(63)

N - _
o = Ty Porinl a2 e
&1 3 |hiunl? +¢2/G Y |hpral* +c3/G
n=1 n=1
Zo Zy
where ¢ = IX,F, Cco = % and c3 = M Under CLT

approximation, Zp, k € {0,1}, defined in . follows
Gaussian distribution, specifically Z, ~ N (,uzk,a%k) with
mean and variance as follows

NCQ
Kz, = o
S 2 2 ) (65)
2 _ NER+4K + 2 N
2 (K + 1)2d2 a2’

Theorem 4. In the case of CLT approximation, the OP of the
SISO-Active-IRS system can be obtained as

J
Pout = Zp(l)R(Q(l)) (66)
i=1
where
v w G
R(©) = =Y | g, @)r©), 67
@) _ 1 —(to — V11w(G))?
FD (0l ©) = s exp( L2 O
Y 5 (68)
(L B,
po(CG) (pw(G)7 (1u(G))?
Here, 11,(G) —2 venpizy + E g, + 22 and 02,(G) =

Proof. Let Z(G) = ¢1 Zo+c2Z1/G. Since two RVs Zj and Z;
are independent, the RV of Z(G) follows Gaussian distribution
when RV of G is known ie. Z(G) ~ N(uz(G),o%(G)),

which 1z (G) = cipz, + c2/Guz, and 0%(G) = cioy, +

3G?0% . Now, we can rewrite SNR in as
U
mar — 5 69
Ymas = ZEY ¥ ¢a)G (69)
where U = Zn Lh1vnl|hBrn|. Therefore, the OP can be
given as

P = / F,,..ic(m)fe(G)dG, (70)

where f¢(G) is given by ﬂ/mm@, ) is the CDF of ~pax
conditioned on the radlatlon gain, i.e., G which is obtained as
follows

U
= Pf(m < V)

U
= /Pr(z—i—c;;/(G < ’Yth|Z)fZ(ZaG)dZ

_ / Fu(yun(z + ¢3/G)) f2 (2, G)dz
= EW{FU(U))},

F... |G (th)

(71)

where W(G) = v, (Z+c3/G). The distribution of W follows
N (1(G), 03, (G)) where 11,(G) = c1vunpz, + “F2pz, +

2.2
- C
@A and 07 (G) = 7f, oy, + 2oy . From l) we
have

Fu(w(@)) = @tV (©)

Oy

). (72)

For a function of one variables f(x) whose first- and second-
order derivatives f()(z) and f(?) (), respectively, exist at the
point a, the 2%-order Taylor polynomial near the point a is

f@) = f(a)+ [P (a) (@ —a) + fP(a)(z —a)*.  (73)
Using (73), we approximate Fy;(w) in at point z,,(G) as
follows

Fy (w(G)) ~ Fu (11 (G))
+ F5 (110 (6)) (w(G) — 11y (G)) (74)
+ P (1(G)) (w(G) — p1(G))2.
By substituting (74) into (71)), we have
E a1 () = Fu (1 (G))
+ B (10 (G) Ew { (w(G) — 1(G))}  (75)
+ B (100 (G)Ew {(w(B) — 1 (6))2}.

Given that Ey {(w(G) — 1w (G))} = 0, we can rewrite
as

Frpatolm) = QUS4 520, ()03 @),
‘ (76)
where
F (1 () = o exep( e = VEu(©)7,
U 4\/?01?; 1 202 L a7
Gl ® @) (@)

Finally, by substituting (76) into (70), the OP is obtained. M

D. MISO-Active-IRS

In this section similar to the MISO-Passive-IRS section, we
consider only the LOS part in the MISO system. Hence, the
optimal active-IRS reflection design in (62) and (63) can be
rewritten as ~
— efjé[hiqu]n’ vn’

Pr

P||Hpr||? + NNp ’
where |[Hp;||? = M N By. Therefore, by substituting (78)) and

(79 into (12), the maximum instantaneous SNR of MISO-
Active-IRS system is obtained as

(%Zn 1 |hIUn|)

cy Z \hrvnl® +C5/G
n=1
—_——
Z1

(@] (78)

(A")? = (79)

(80)

max —

NN()(

where ¢4 = and c5 =

hhr)-

Nr
P,M>



Proposition 3. In the case of CLT approximation, the OP of
the MISO-Active-IRS system can be obtained as

J
Pout = ZP(Z)RQ(Q(Z))v (81)
i=1
where
v w G
Ro(@) = (=) g @), @)
FP (1=(G)) = ! eXP(_(uU — uw(G))Q)
v 42708 202 83)
(L%
HW(G) (uw(G))% (.uw(G))%
Here, 11(G) = cavinpiz, + < and o = thciaél.
Proof. We can rewrite SNR in as
U,
mar — T o5 . o~ 84
" caly + C5/G (84)

where Vo = +/Bo 25:1 |hrv.n| and Uy = V2. Therefore, the
OP can be given as

FPow = /mem;(%h)fG(G)dG,

where fg(G) is given by . F,. ..1c(.) is the CDF of
~Ymax conditioned on the radiation gain, i.e., G, which can be
obtained similar to steps taken in deriving outlined in
Theorem 4 as follows

vaaz\G(’Yth) = Ew{FUz (w)}

where @ = ¢4V:n Z1 + ¢5Y:1/G. The distribution of w follows
N(p=(G),0%,(G)) where p(G) = cavenpiz, + <3 and
02 = 'yfhciaﬁl. Note that F, ¢ is calculated same as
by replacing variable v and w with vy and w, respectively. By
substituting F., ¢ into @, the OP is derived. [ ]

(85)

(86)

maz|

V. NUMERICAL RESULTS AND DISCUSSIONS

This section provides numerical results to validate the theo-
retical analysis of the UMI system. The simulation parameters
are configured as follows: the BS, IRS, and UE are located
at [0, 0, 20], [10, 10, 70] and [50, 50, 0], respectively. The path-
loss exponents for BS-IRS and IRS-UE links are configured
as a1 = 2 and as = 2.2, respectively, with a reference path-
loss of ¢g = —30 dB applied to all links [34]]. Additionally,
The Rician factors for the BS-IRS and IRS-UE channels are
set to Ko = 10 dB and K; = 5 dB, respectively. The thermal
noise power of the user’s receiver and active IRS is Ny = —80
dBm and Np = —70 dBm, respectively [31]]. The active IRS
amplification power Pr = 0.1P; and SNR threshold ~;;, = 10
dB. The mean and variance of UAV’s angular variations along
the x-axis and y-axis are the same, with p, = p, = 0.5°
and o, = o, = 1°. To improve comprehension, we plot CDF
instead of PDF for the array factor, single element radiation
pattern, and radiation pattern. This transition from PDF to CDF
provides a better understanding of the radiation patterns and
their characteristics.

Fig. [5] shows the CDF of the array factor, single ele-
ment radiation pattern and radiation pattern of UMI for both
Monte-Carlo simulations as well as analytical results calcu-
lated as Fg, (Ga) = 372, pa(i)U(Ga — ga(i)), Fe.(Ge) =
S p()U(Ge—q. (i), and Fg(G) = 37, p(i)U(G—q(3)),

L z2 O. Furthermore, Fig. |5

0, 0
illustrates that the accuracy of the analytical results is highly
dependent on the number of sectors. A precise alignment
between simulation and theoretical results can be achieved
with a sufficiently large number of sectors. However, as shown
in Fig. 5] even for smaller value of N, the analytical model
obtained by using D, = 15,D, = 5 remains sufficiently
accurate.

respectively. Here, U(z) =

The performance of the UMI system is assessed using the
OP as a key performance metric. To analyze the influence
of the IRS pattern and the UAV’s angular vibrations on
system performance, we compare scenarios without vibrations
(marked as 'w/o’ in legends) against those with vibrations.
Fig. [6] shows the outage probabilities of SISO- and MISO-
Passive-IRS under CLT and Gamma assumptions, plotted as a
function of P; for varying values of N. The simulation results
confirm the accuracy of the derived analytical expressions. As
shown in Fig. [6] the OP decreases with increasing the number
of IRS elements N when the UAV experiences no fluctuations.
Conversely, when the UAV encounter a some fluctuations, the
OP increases. From Fig. [6] it is clear that smaller values of N
result in improved performance in the high P, values, while
larger values of N improve performance at low P, values.
This behavior can be attributed to the fact that at low P,
values, stronger IRS directivity can effectively compensate for
the signal. On the other hand, in high P; values, the OP for a
narrow beam is constrained by the orientation fluctuations of
the UAV. In such cases, a wider IRS pattern is necessary to
mitigate the effects of UAV orientation changes. Moreover, the
analytical outcome under the CLT and Gamma approximation
closely aligns because they are equivalent for large N.

Fig. [/] illustrates the OP of the SISO- and MISO-Active-
IRS system as a function of transmit power, P, using CLT
approximation for varying values of N. Based on our simula-
tion results, we can confirm the accuracy of derived analytical
expression. Consequently, the system utilizing active IRS
employs fewer elements due to the amplification capability.
As shown in Fig.[/] the system performance remains relatively
stable with a low number of elements, even in the presence
of vibrations. This stability can be attributed to the wider
IRS pattern associated with fewer elements, which helps
mitigate the impact of UAV fluctuations. Additionally, when
the number of elements is low, the OP decreases with an
increase in N when UAV fluctuations are present. From Fig.
we can conclude that when UAVs experience fluctuations,
employing active components with fewer elements is beneficial
for minimizing the impact of these fluctuations. However, this
approach may require additional power consumption.

Since weather conditions change continuously during the
day, the angular fluctuations induced by UAVs also change
over time. We propose designing the IRS with the maximum
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number of elements, denoted as N..x, to ensure reliable
transmission for the UMI system. As angular fluctuations
vary dynamically throughout the day, only a subset of N
elements from N,y is utilized. This adaptive approach aims

(b)

to minimize the OP. Consequently, the optimization problem
can be formulated as follows

mj\i[n Pout(NaMa:a,uy7UI7Jy)
1 <N < Npax.

The optimal number of reflecting elements along with cor-
responding minimum achievable outage probabilities can be
determined for varying values of p, p,, 0., and o,. By
analyzing the performance metrics based on these parameters,
we can identify the configurations that yield the best reliability
for the communication link in the UMI system. It is important
to note that, based on our derived analytical expressions, the
above optimization problem can be solved efficiently without
requiring extensive computational time. Fig. [§| shows the OP
for both passive and active IRS configurations in SISO and
MISO systems as a function of the number of elements,
N. In this analysis, the transmit power is set to 30 dBm
for the passive scenario and 5 dBm for the active scenario,
with Npax = 200. As illustrated in Fig. the optimal
number of elements for each scenario is obtained using our
derived analytical expressions. Note that the SISO-Passive-IRS
configuration fails to operate effectively with transmit power
equal to 30 dBm, as the OP remains around 10~ even with
the maximum number of elements, N = 200. In contrast, the
MISO-Active-IRS system achieves a remarkably lower OP of
5 x 10~° with optimal number of elements, Nope = 50. This
significant difference highlights the advantages of using active
components in the IRS, particularly in enhancing communica-
tion reliability under dynamic conditions.

(87)
S.t.

VI. CONCLUSION

This study investigated the performance of an IRS mounted
on a UAV, characterizing the IRS 3D pattern while accounting
for random angular fluctuations of the UAV. We derived a
closed-form PDF for the 3D IRS pattern to facilitate per-
formance analysis and validated the accuracy of our ana-
lytical models using Monte Carlo simulations. The results
demonstrated that, unlike terrestrial IRS systems, aerial IRS
performance cannot be enhanced indefinitely by increasing
the number of elements due to UAV instabilities. Addition-
ally, simulations revealed that optimal system performance is
achieved by selecting the optimal number of elements and
incorporating active components.
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APPENDIX A
PROOF OF LEMMA 1

From @) and @), we rewrite ¢, as

€o,(EzrEy) = talrl_l(\/tanQ(Oq,ch +e.)+ tan2(9qy +ey))

- tan_l(\/taHQ(qu) + tan?(,y)).

(88)
For a function of two variables f(x,y) with first-order partial
derivatives at a point (a,b), the first-order Taylor polynomial
near (a,b) is given by

f(fE, y) ~ f(a7 b) + fx(aa b)(df - CL) + fy(a7 b)(y - b) (89)
Based on (89), we approximate g, (¢.,€;) near (0,0) as
€0, (Exrey) = Ay, ez + Ao,y (90)
where Ag,, and Ay, can be expressed as
4 (14 tan? ;) tan 04
Ogr — ;
" Vtan? 0, + tan? 04, (1 4 tan? 0,, + tan6,,)
ke {z,y}.
oD
From , since €g, is the sum of two independent Gaussian

RVs, ie. €, and ¢y, the distribution of €o, follows €g, ~
N(pe,, 02, ) where jic, and o2, are obtained as

Heq, = Aeqm,ua: + Aé)qyﬂyy ©92)
ageq = qum o2+ quy 05.

APPENDIX B
PROOF OF LEMMA 3

Given that, Z, and Z, are the RVs that are dependent on
the fluctuations of UMI and follow a Gaussian distribution,
the PDF of g,, will be given by

Z Jaai

D%(1 - 005(2,%;)) )
27242 ’

fgaz X 5 gax - (93)

where
N 21 — DaNq/J/Z 2(1 + 1) + DaNq,U/Z
Paa(i) = Q DuNyoz. Q( DuN,oz. )
2i+DaNq/J/Zw 2(7,+1) —DaNq,uZ
+Q( DaNqO'Zx Q( DaNqo'Zz )
%94)

Note that, the PDF of RV g,, can be derived similarly to
(©3) by replacing the subscript = with y. According to (T4),
Ga = gaz X gay and applying @), the PDF of array factor,
G, conditioned on the array factor in x-axis, g,, can be given
as

fGalgaw (Ga) =
lDail Pay () w Ga D%(1 - cos(%:’)) 95)
i=0 Yazx Yax 27T2i2 ’
By using and (95), the PDF of array factor, fg,(G,) is
derived as
fou(Ga) = / Fe. g0 (Ga) fon, A
—11D,
— Z Z /paT pay
=0 7=0
G, Dz 1 — cos( 2z
5B _ DA oo,
Jax 2123
D2(1 — cos(Z2))
5 ar De d ax
x 0(g o2 )dg
a—11Dg
= Z Z paw pay 6(Ga - qaz(z)qay(])))v
=0 7=0
(96)
where
. D2(1 = cos(F1))
qar (i) = 5272 . kefzyt. 97
We can rewrite result in (96) as
12D?
Ga - qa<i)>7 (98)

= Z pa(i)a(

where q, = Que ® Qay and py = Paz ®@ Pay- Here, qur €
R!Pax1 and p,p, 6 ]RlDaXl where k € {x,y}. par(i) and

qar (i) are given in (94) and (97), respectively.

APPENDIX C
PROOF OF LEMMA 4

Since gg, is the random variable that relies on the fluctua-
tions of IRS and follows a Gaussian distribution, the PDF of
Geq, q € {t,7} can be represented as

(De—1)/2

>

i=(1-D.)/2

2

3 [
COoS (eq + LDe))?

fgea = (99)

Peq(i) X 6(geq —
where
] 2i —1—LDpu, 2i+1—LDpu,
peq(z) _ Q( 0q _ Oq )
LDO'EQq LDO’ESq
(100)




According to (33), G4 = gax X gay and applying (99), the
PDF of G, conditioned on g.; can be determined as

fGelget (GG) =

(De—1)/2

>

i=(1-D.)/2 Jet

2
D)
(101)

Per

X 5(@ —cos®(0, +
Get

The PDF of array factor G, is obtained by utilizing equations

(©9) and (10T) as

f6.(Ge) = / fGe\get(Ge)fgﬁtdget

(Defl)/Z (D

— Z Z /pet pe'r' )
i=(1-D.)/2 j=(1-D.)/2
27
a3
X 6(get — cos” (0 + ID. )
Ge 2j
x 5(E — cos®(0, + ﬁ))
—1)/2  (D.—1)/2
= Z Z pet(i)per(j)(s(Ge - Qet(i)QET(j»v
i=(1—=D.)/2 j=(1—D.)/2
(102)
where
qer(i)) = cos®( LD ) ke {t,r}. (103)
We can rewrite result in (T02)) as
D?
) =D pe(D)5(Ge — ge(i)) (104)
i=1

where de = ez @ ey and Pe = Pez ® Pey- Here, Qek €
RP<*1 and p.p € RP<X! where k € {t,7}. per (i) and ge (i)

are given in (T00) and (T03), respectively.

[1]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

S. Basharat, S. A. Hassan, H. Pervaiz, A. Mahmood, Z. Ding, and
M. Gidlund, “Reconfigurable intelligent surfaces: Potentials, applica-
tions, and challenges for 6g wireless networks,” IEEE Wireless Commu-
nications, vol. 28, no. 6, pp. 184-191, 2021.

Y. Zhu, B. Mao, and N. Kato, “Intelligent reflecting surface in 6g
vehicular communications: A survey,” IEEE Open Journal of Vehicular
Technology, vol. 3, pp. 266-277, 2022.

E. Bjornson, z. Ozdogan, and E. G. Larsson, “Intelligent reflecting
surface versus decode-and-forward: How large surfaces are needed to
beat relaying?” IEEE Wireless Communications Letters, vol. 9, no. 2,
pp. 244-248, 2020.

H. Shakhatreh, A. Sawalmeh, A. H. Alenezi, S. Abdel-Razeq, and
A. Al-Fuqaha, “Mobile-irs assisted next generation uav communication
networks,” Computer Communications, vol. 215, pp. 51-61, 2024.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/
S50140366423004619

A. C. Pogaku, D.-T. Do, B. M. Lee, and N. D. Nguyen, “Uav-assisted
ris for future wireless communications: A survey on optimization and
performance analysis,” IEEE Access, vol. 10, pp. 16320-16 336, 2022.
Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent reflecting
surface-aided wireless communications: A tutorial,” IEEE Transactions
on Communications, vol. 69, no. 5, pp. 3313-3351, 2021.

Z. Kang, C. You, and R. Zhang, “Active-irs-aided wireless communica-
tion: Fundamentals, designs and open issues,” IEEE Wireless Commu-
nications, vol. 31, no. 3, pp. 368-374, 2024.

Z. Zhang, L. Dai, X. Chen, C. Liu, F. Yang, R. Schober, and H. V. Poor,
“Active ris vs. passive ris: Which will prevail in 6g?” IEEE Transactions
on Communications, vol. 71, no. 3, pp. 1707-1725, 2023.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

K. Zhi, C. Pan, H. Ren, K. K. Chai, and M. Elkashlan, “Active ris
versus passive ris: Which is superior with the same power budget?”
IEEE Communications Letters, vol. 26, no. 5, pp. 1150-1154, 2022.
R. Long, Y.-C. Liang, Y. Pei, and E. G. Larsson, “Active reconfigurable
intelligent surface-aided wireless communications,” IEEE Transactions
on Wireless Communications, vol. 20, no. 8, pp. 4962-4975, 2021.

J. Loncar and Z. §ipu§, “Challenges in design of power-amplifying active
metasurfaces,” in 2020 International Symposium ELMAR, 2020, pp. 9-
12.

G. Geraci, A. Garcia-Rodriguez, M. M. Azari, A. Lozano, M. Mez-
zavilla, S. Chatzinotas, Y. Chen, S. Rangan, and M. D. Renzo, “What
will the future of uav cellular communications be? a flight from 5g to
6g,” IEEE Communications Surveys and Tutorials, vol. 24, no. 3, pp.
1304-1335, 2022.

Y. Zeng, Q. Wu, and R. Zhang, “Accessing from the sky: A tutorial on
uav communications for 5g and beyond,” Proceedings of the IEEE, vol.
107, no. 12, pp. 2327-2375, 2019.

X. Zhang, H. Zhang, W. Du, K. Long, and A. Nallanathan, “Irs empow-
ered uav wireless communication with resource allocation, reflecting
design and trajectory optimization,” IEEE Transactions on Wireless
Communications, vol. 21, no. 10, pp. 7867-7880, 2022.

C. Zhao, X. Pang, W. Lu, Y. Chen, N. Zhao, and A. Nallanathan, “Energy
efficiency optimization of irs-assisted uav networks based on statistical
channels,” IEEE Wireless Communications Letters, vol. 12, no. 8, pp.
1419-1423, 2023.

Z. Ji, W. Yang, X. Guan, X. Zhao, G. Li, and Q. Wu, “Trajectory
and transmit power optimization for irs-assisted uav communication
under malicious jamming,” IEEE Transactions on Vehicular Technology,
vol. 71, no. 10, pp. 11262-11266, 2022.

Z. Wei, Y. Cai, Z. Sun, D. W. K. Ng, J. Yuan, M. Zhou, and L. Sun,
“Sum-rate maximization for irs-assisted uav ofdma communication
systems,” IEEE Transactions on Wireless Communications, vol. 20,
no. 4, pp. 2530-2550, 2021.

Y. Cai, Z. Wei, S. Hu, C. Liu, D. W. K. Ng, and J. Yuan, “Resource
allocation and 3d trajectory design for power-efficient irs-assisted uav-
noma communications,” IEEE Transactions on Wireless Communica-
tions, vol. 21, no. 12, pp. 10315-10334, 2022.

Y. Su, X. Pang, S. Chen, X. Jiang, N. Zhao, and F. R. Yu, “Spectrum
and energy efficiency optimization in irs-assisted uav networks,” IEEE
Transactions on Communications, vol. 70, no. 10, pp. 6489-6502, 2022.
Y. Qian, C. Yang, Z. Mei, X. Zhou, L. Shi, and J. Li, “On joint
optimization of trajectory and phase shift for irs-uav assisted covert
communication systems,” IEEE Transactions on Vehicular Technology,
vol. 72, no. 10, pp. 12873-12 883, 2023.

L. Zhao, S. Qu, H. Xu, Z. Wei, and C. Zhang, “Energy-efficient
trajectory design for secure swipt systems assisted by uav-irs,” Vehicular
Communications, vol. 45, p. 100725, 2024. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S2214209623001559
T. Cheng, B. Wang, K. Cao, B. Zheng, J. Tian, R. Dong, D. Diao, and
J. Chen, “Aerial irs-assisted secure swipt system with uav jitter,” IEEE
Transactions on Green Communications and Networking, pp. 1-1, 2024.
Y. Ge, J. Fan, and J. Zhang, “Active reconfigurable intelligent surface
enhanced secure and energy-efficient communication of jittering uav,”
IEEE Internet of Things Journal, vol. 10, no. 24, pp. 22 386-22400,
2023.

A. B. M. Adam, X. Wan, M. A. M. Elhassan, M. S. A. Muthanna,
A. Muthanna, N. Kumar, and M. Guizani, “Intelligent and robust
uav-aided multiuser ris communication technique with jittering uav
and imperfect hardware constraints,” IEEE Transactions on Vehicular
Technology, vol. 72, no. 8, pp. 10737-10753, 2023.

M. T. Dabiri, M. Rezaee, V. Yazdanian, B. Maham, W. Saad, and
C. S. Hong, “3d channel characterization and performance analysis
of uav-assisted millimeter wave links,” IEEE Transactions on Wireless
Communications, vol. 20, no. 1, pp. 110-125, 2021.

W. Wang and W. Zhang, “Jittering effects analysis and beam training
design for uav millimeter wave communications,” IEEE Transactions on
Wireless Communications, vol. 21, no. 5, pp. 3131-3146, 2022.

M. T. Dabiri, H. Safi, S. Parsaeefard, and W. Saad, “Analytical channel
models for millimeter wave uav networks under hovering fluctuations,”
IEEE Transactions on Wireless Communications, vol. 19, no. 4, pp.
2868-2883, 2020.

W. Tang, M. Z. Chen, X. Chen, J. Y. Dai, Y. Han, M. Di Renzo,
Y. Zeng, S. Jin, Q. Cheng, and T. J. Cui, “Wireless communications with
reconfigurable intelligent surface: Path loss modeling and experimental
measurement,” IEEE Transactions on Wireless Communications, vol. 20,
no. 1, pp. 421439, 2021.


https://www.sciencedirect.com/science/article/pii/S0140366423004619
https://www.sciencedirect.com/science/article/pii/S0140366423004619
https://www.sciencedirect.com/science/article/pii/S2214209623001559

[29] S. Li, S. Yan, L. Bariah, S. Muhaidat, and A. Wang, “Irs-assisted full
duplex systems over rician and nakagami fading channels,” IEEE Open
Journal of Vehicular Technology, vol. 4, pp. 217-229, 2023.

H. Nguyen-Kha, H. V. Nguyen, M. T. P. Le, and O.-S. Shin, “Joint uav
placement and irs phase shift optimization in downlink networks,” IEEE
Access, vol. 10, pp. 111221-111231, 2022.

C. You and R. Zhang, “Wireless communication aided by intelligent
reflecting surface: Active or passive?”’ IEEE Wireless Communications
Letters, vol. 10, no. 12, pp. 2659-2663, 2021.

J. Yao, J. Xu, W. Xu, C. Yuen, and X. You, “A universal framework
of superimposed ris-phase modulation for miso communication,” IEEE
Transactions on Vehicular Technology, vol. 72, no. 4, pp. 5413-5418,
2023.

P. Wang, J. Fang, X. Yuan, Z. Chen, and H. Li, “Intelligent reflect-
ing surface-assisted millimeter wave communications: Joint active and
passive precoding design,” IEEE Transactions on Vehicular Technology,
vol. 69, no. 12, pp. 14960-14 973, 2020.

T. Cheng, B. Wang, K. Cao, R. Dong, and D. Diao, “Irs-assisted secure
uav communication system for multiuser with hardware impairments,”
IEEE Systems Journal, vol. 17, no. 3, pp. 4946-4957, 2023.

[30]

[31]

[32]

[33]

[34]

Mohammad Javad Zakavi was born in Nur, Iran,
in 1997. He received the B.Sc. (Hons.) and M.Sc.
(Hons.) degrees in communication engineering from
the Iran University of Science and Technology
(IUST), Tehran, Iran, in 2019 and 2021, respec-
tively. He is currently pursuing the Ph.D. degree in
communication engineering at the Sharif University
of Technology (SUT), Tehran, Iran. His research
interests include wireless communications, massive
MIMO, and intelligent reflecting surface (IRS)-
assisted communications.

Mahtab Mirmohseni (Senior Member, IEEE) re-
ceived the B.Sc., M.Sc., and Ph.D. degrees in com-
munication systems from the Department of Electri-
cal Engineering, Sharif University, in 2005, 2007,
and 2012, respectively. She is a Senior Lecturer
at the Institute for Communication Systems (ICS),
University of Surrey, UK, since Nov. 2021, and she
has been an Associate Professor with the Depart-
ment of Electrical Engineering, Sharif University of
Technology (SUT), Iran. She was a Postdoctoral Re-
searcher with the School of Electrical Engineering,
Royal Institute of Technology (KTH), Sweden, till February 2014. Her current
research interests include different aspects of information theory, mostly fo-
cusing on secure and private communication, future wireless communication,
and molecular communication. She was the recipient of the Award of the
National Festival of the Women and Science (Maryam Mirzakhani Award)
in 2019. She serves as an Associate Editor for the IEEE Transactions on
Communications and the IEEE Transactions on Molecular, Biological, and
Multi-Scale Communications.

Farid Ashtiani (Senior Member, IEEE) received
his Ph.D. degree from Sharif University of Tech-
nology, Tehran, Iran, in 2003, in Electrical Engi-
neering. From 1995 to 1999, he was partly working
at the Power Research Center (P.R.C.) and Niroo
Research Institute (N.R.I.) of Iran. From 1999 to
2001, he was a member of research staff with
the Advanced Communication Science Research
Laboratory, Iran Telecommunication Research Cen-
ter (LT.R.C.), Tehran, Iran. Since 2003, he has
been with the Department of Electrical Engineering,
Sharif University of Technology, where he is currently an Associate Professor
at the same department. His research interests include queueing theory,
modeling, analysis, and design of different types of wireless networks,
and performance analysis of distributed computing and storage in dynamic
conditions.

Masoumeh Nasiri-Kenari (Senior Member, IEEE)
received the Ph.D. degree in electrical engineering
from the University of Utah, Salt Lake City, UT,
USA, in 1994. Upon her Ph.D. graduation, she
joined the Department of Electrical Engineering,
Sharif University of Technology (SUT), Tehran,
Iran, where she is currently a Professor. In 2001,
she founded the Wireless Research Laboratory to
coordinate research activities in wireless communi-
cations, which is now focusing on 6G and molecular
communications. She is an Associate Member of
the Iranian Academy of Science Engineering Committee/Workgroup and a
Member of the WIE Task Group of the Iranian Academy of Science, Tehran.
She was the recipient of several awards, including SUT’s Distinguished
Researcher Award and Distinguished Lecturer Award, Distinguished Scientist
of Mazandaran Province, and Distinguished Professor of engineering from
the Iranian Academy of Science. She also received the 2022 IEEE Iran
Section the Hakkak award for outstanding and lifetime contribution to research
in communications engineering. She held the International Research Chair
on Nano Communication Networks from INSF and a Research Grant on
Green Communication in Multi-Relay Wireless Networks from the Swedish
Research Council, from 2015 to 2017. She was the Editor of IEEE Transaction
on Communications and IEEE Transaction on Molecular, Biological, and
Multi-Scale Communications. She is now the Area Editor of IEEE Transaction
on Communications.



	Introduction
	Related Works
	Our Contribution
	Outline and Notations

	System Model
	3D IRS Pattern
	Channel Model
	General Received Signal Model

	IRS Radiation pattern Distribution Function
	Performance Analysis
	SISO-Passive-IRS
	MISO-Passive-IRS
	SISO-Active-IRS
	MISO-Active-IRS

	Numerical results and discussions
	Conclusion
	Appendix A: Proof of Lemma 1
	Appendix B: Proof of Lemma 3
	Appendix C: Proof of Lemma 4
	References
	Biographies
	Mohammad Javad Zakavi
	Mahtab Mirmohseni
	Farid Ashtiani
	Masoumeh Nasiri-Kenari


