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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

THE 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.
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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
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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 (.)T and (.)H , respectively. 0N

denotes the zero vector of size N , where every component
is 0. The N × N identity matrix is expressed by IN . The
Kronecker product of two vectors is denoted by ⊗. A real and
complex normal distribution with mean µ and variance σ2 is
expressed as N (µ, σ2) and CN (µ, σ2), respectively. The Q-
function is denoted by Q(.), while the Dirac delta function
is represented by δ(.). Finally, the expectation operation is
expressed as E(.).

UMI

BS

User

H̄BI h̄IU

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 uBS = [xBS, yBS, hBS], uIRS = [xIRS, yIRS, hIRS],
and uUE = [xUE, yUE, 0], respectively. The transmitted signal
to IRS and reflected signal from IRS is represented with the
subscript q ∈ {t, r} where t and r indicate the transmitted
signal and the reflected signal, respectively. As shown in
Fig. 2, θq and ϕq denote the elevation and azimuth angles
from the IRS in the direction of the BS/UE. Assume εx and
εy are the angular variations of UAV along the x − z 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 εx ∼ N (µx, σ

2
x), and

εy ∼ N (µy, σ
2
y).

A. 3D IRS Pattern

We assume the IRS is configured as a uniform square
array with N = Nq × Nq elements. To ensure independence
between IRS elements, the spacing between elements in both
x− and y−directions, denoted as dx and dy , respectively,
are set to half of the wavelength, λ

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 θq and ϕq are obtained as

θq = arctan(
√
tan2(θqx) + tan2(θqy)),

ϕq = arctan(
tan(θqy)

tan(θqx)
),

(1)

where the directions of IRS pattern without fluctuations are
represented by θqx and θqy in the x− z and y − z Cartesian
coordinates, respectively. On the other hand, the elevation and
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Fig. 2. A visual depiction of fluctuations in UMI. In this case, the elevation
and azimuth without fluctuations are indicated as ϕq and θq , respectively. In
contrast, the elevation and azimuth with fluctuations are represented as ϕ̃q

and ϕ̃q , respectively.

azimuth angles under UAV fluctuaions, i.e., θ̃q and ϕ̃q , are
calculated as

θ̃q(εx, εy) = tan−1(
√

tan2(θqx + εx) + tan2(θqy + εy)),

ϕ̃q(εx, εy) = tan−1(
tan(θqy + εy)

tan(θqx + εx)
).

(2)
where depend on variables εx and εy . Considering the influ-
ence of all IRS elements, the normalized radiation pattern of
the IRS towards angles θ̃t and ϕ̃t from IRS to BS, along with
θ̃r and ϕ̃r from IRS to UE is defined as [28]

G(θ̃t, ϕ̃t, θ̃r, ϕ̃r) = Ge(θ̃t, ϕ̃t, θ̃r, ϕ̃r)×Ga(θ̃t, ϕ̃t, θ̃r, ϕ̃r),
(3)

where Ga(.) is the normalized array factor and Ge(.) 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 εx and εy . The single
element radiation pattern is obtained as [28]

Ge(θ̃t, ϕ̃t, θ̃r, ϕ̃r) = E(θ̃t, ϕ̃t)× E(θ̃r, ϕ̃r), (4)

where E(θ, ϕ) is calculated as

E(θ, ϕ) =

{
cos3(θ), θ ∈ [0, π/2], ϕ ∈ [0, 2π]

0, θ ∈ (π/2, π], ϕ ∈ [0, 2π].
(5)

Furthermore, the normalized array factor can be expressed as
(6) (See top of next page) where δ1 = − sin(θt) cos(ϕt) −
sin(θr) cos(ϕr) and δ2 = − sin(θt) sin(ϕt) − sin(θr) sin(ϕr)
[28] . Note that when the UAV experiences no fluctuations,
Ga = 1, whereas during fluctuations, Ga < 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 Ki = A2/(2δ2) where i = 0, 1.

Here, K0 and K1 correspond to the BS-IRS and IRS-UE links,
respectively. The scale parameter is defined as B = A2+2δ2,
where A2 and 2δ2 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]

fZ(z) =
z

δ2
exp(−z2 +A2

2δ2
)I0(

zA

δ2
), z > 0, (7)

where I0(.) represents the modified Bessel function of the first
kind with order zero.

C. General Received Signal Model

In Fig. 1, the channels between BS and IRS, as well
as between IRS and UE are denoted by H̄BI and h̄IU ,
respectively, which can be modeled as [30],

H̄BI =
√

β0HBI ,

h̄IU =
√
β1hIU .

(8)

where β0 and β1 represent path loss components, and HBI ∈
CN×M and hIU ∈ CN×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, β0 and β1 are defined as:

βk ≜ c0dk
−αk , k ∈ {0, 1}, (9)

where c0 represents the reference path loss at a distance of
1m. The path loss exponents for BS-IRS and IRS-UE links
are denoted by α0 and α1, respectively, whereas d0 and
d1 represent the distance from the IRS to the BS and UE,
respectively. The reflection matrix of the active IRS is defined
as Θ ≜ AΦ, where Φ ≜ diag(ejϕ1 , ..., ejϕN ) represents
the IRS phase shift matrix with ϕn being the phase shift at
the n-th element, n ∈ {1, 2, ..., N}. Additionally, the active
IRS amplification matrix is denoted by A ≜ diag(a1, ..., aN )
where an is the amplification factor of the n-th element. Unlike
passive IRS, active IRS introduces non-negligible thermal
noise at each reflector, denoted as nF ∈ CN×1, which is
typically modeled as nF ∼ N (0N , NF IN ), where NF is the
amplification noise power [10]. Finally, the received signal at
UE is expressed as

y =
√
Gh̄H

IUΘH̄BIws+
√
Gh̄H

IUΘnF + n, (10)

where n ∼ N (0, N0) is the additive white Gaussian noise
(AWGN) at the UE with power N0. The transmit signal
from BS is represented by s with transmit power Pt. The
beamforming vector is denoted by w ∈ CM×1. The power
constraint at active IRS is expressed as follows [31]

Pt∥AΦH̄BIw∥2 + ∥AΦIN∥2NF ≤ PF , (11)

where PF 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

SNR =
PtG|h̄H

IUAΦH̄BIw|2

G∥h̄H
IUAΦ∥2NF +N0

. (12)
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Ga = |
sin(

Nqπ
λ (sin(θ̃t) cos(ϕ̃t) + sin(θ̃r) cos(ϕ̃r) + δ1)dx)

Nq sin(
π
λ (sin(θ̃t) cos(ϕ̃t) + sin(θ̃r) cos(ϕ̃r) + δ1)dx)

×
sin(

Nqπ
λ (sin(θ̃t) sin(ϕ̃t) + sin(θ̃r) sin(ϕ̃r) + δ2)dy)

Nq sin(
π
λ (sin(θ̃t) sin(ϕ̃t) + sin(θ̃r) sin(ϕ̃r) + δ2)dy)

|2 (6)

III. IRS RADIATION PATTERN DISTRIBUTION FUNCTION

The SNR in (12) 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 = Ge × Ga. To obtain the distribution of G, we perform
three steps. First, we derive the distribution of Ga, and
subsequently, we derive the distribution of Ge. Finally, we
obtain the distribution of G by applying the results from the
last two steps.

Step1: Deriving the distribution of Ga

To simplify Ga given in (6), we define Zx and Zy as

Zx ≜ sin(θ̃t) cos(ϕ̃t) + sin(θ̃r) cos(ϕ̃r) + δ1,

Zy ≜ sin(θ̃t) sin(ϕ̃t) + sin(θ̃r) sin(ϕ̃r) + δ2,
(13)

where δ1 = − sin(θt) cos(ϕt) − sin(θr) cos(ϕr) and δ2 =
− sin(θt) sin(ϕt)− sin(θr) sin(ϕr). Therefore, we can rewrite
(6) as follows:

Ga(Zx, Zy) = |
sin(

Nqπ
2 Zx)

Nq sin(
π
2Zx)

|2︸ ︷︷ ︸
gax

× |
sin(

Nqπ
2 Zy)

Nq sin(
π
2Zy)

|2︸ ︷︷ ︸
gay

, (14)

where gax and gay are the array factors along the x-axis and y-
axis, respectively. For a function of one variables f(x) whose
first-order derivative fx exists at a point a, the 1st-order Taylor
polynomial near the point a is

f(x) ≈ f(a) + fx(a)(x− a). (15)

We define εθq (εx, εy) ≜ θ̃t(εx, εy) − θt and εϕq
(εx, εy) ≜

ϕ̃t(εx, εy) − ϕt, representing the fluctuations of the eleva-
tion and azimuth angles, respectively. Utilizing (15), we can
approximate the values of sin(x̃) and cos(x̃) in (13) with
x̃ = x+ ε, where ε is near zero, as follows

sin(x̃) ≈ sin(x) + ε cos(x),

cos(x̃) ≈ cos(x)− ε sin(x).
(16)

Hence, we approximate Zx and Zy given in (13) by applying
(16) as follows

Zx(εθt , εϕt , εθr , εϕr ) ≈ cos θt cosϕtεθt − sin θt sinϕtεϕt

+cos θr cosϕrεθr − sin θr sinϕrεϕr ,

Zy(εθt , εϕt , εθr , εϕr ) ≈ cos θt sinϕtεθt + sin θt cosϕtεϕt

+cos θr sinϕrεθr + sin θr cosϕrεϕr .
(17)

Lemma 1. The distributions of εθq (εx, εy) follows εθq ∼
N (µεθq

, σ2
εθq

) where

µεθq
= Aθqxµx +Aθqyµy,

σ2
εθq

= A2
θqxσ

2
x +A2

θqyσ
2
y,

(18)

Aθqk =
(1 + tan2 θqk) tan θqk√

tan2 θqx + tan2 θqy(1 + tan2 θqx + tan2 θqy)
,

k ∈ {x, y}.
(19)

Proof. Please refer to Appendix A. ■

Lemma 2. The distributions of εϕq
(εx, εy) follows εϕq

∼
N (µεϕq

, σ2
εϕq

) where

µεϕq
= Aϕqxµx +Aϕqyµy,

σ2
εϕq

= A2
ϕqx

σ2
x +A2

ϕqy
σ2
y,

(20)

Aϕqx
= − (1 + tan2 θqx) tan θqy

tan2 θqx + tan2 θqy
,

Aϕqy
= − (1 + tan2 θqy) tan θqx

tan2 θqx + tan2 θqy
.

(21)

Proof. We approximate εϕq
using linear approximation as

follows
εϕq (εx, εy) ≈ Aϕqxεx +Aϕqyεy, (22)

where Aϕqx
and Aϕqy

are derived following the same proce-
dure outlined in the proof of Lemma 1 in Appendix A. The
distribution of εϕq is also obtained analogously. ■

Since all RVs in (17), i.e., εθt , εϕt
, εθr and εϕr

, 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 α, β, ζ and κ using (22) and (90) (See Appendix A) as
follows

αεθt + βεϕt
+ ζεθr + κεϕr

= αAθtxεx + αAθtyεy

+ βAϕtx
εx + βAϕty

εy + ζAθrxεx + ζAθryεy

+ κAϕrx
εx + κAϕry

εy.

(23)

As clear from (23), this linear combination is itself a lin-
ear function of the independent Gaussian RVs εx and εy .
Therefore, any such linear combination remains Gaussian.
Therefore, the distributions of Zk for k ∈ {x, y} follows the
Gaussian distribution, specifically Zk ∼ N (µZk

, σ2
Zk

) where
µZk

is calculated as

µZk
= aTkµε (24)

where ax = [cos θt cosϕt,− sin θt sinϕt, cos θr cosϕr,
−sin θr sinϕr]

T , ay = [cos θt sinϕt, sin θt cosϕt, cos θr sinϕr,
sin θr cosϕr]

T , and µε = [µεθt
, µεϕt

, µεθr
, µεϕr

]T . The
variance of Zk, σ2

Zk
is obtained as

σ2
Zk

= aTkΣak (25)
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where

Σ =


σ2
εθt

Cov(εθt , εϕt
) Cov(εθt , εθt) Cov(εθt , εϕr

)

Cov(εθt , εϕt) σ2
εϕt

Cov(εϕt , εθr ) Cov(εϕt , εϕr )

Cov(εθt , εθr ) Cov(εϕt , εθr ) σ2
εθr

Cov(εθr , εϕr )

Cov(εθt , εϕr ) Cov(εϕt , εϕr ) Cov(εθr , εϕr ) σ2
εϕr


(26)

The Cov(εm, εn) in (26) is calculated as

Cov(εm, εn) = AmxAnxσ
2
x +AmyAnyσ

2
y, (27)

where (m,n) ∈ {(θt, ϕt), (θt, θr), (θt, ϕr), (ϕt, θr), (ϕt, ϕr),
(θr, ϕr)}. For simplicity, we approximate the numerator and
denominator of gax in (14) when Zx is near zero as 1

2 (1 −
cos(NqπZx)) and 1

4N
2
q π

2Z2
x, respectively. Hence, gax in (14)

can be approximate as follows

gax ≃ 2(1− cos(NqπZx))

N2
q π

2Z2
x

. (28)

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

gax ≃ Π(
DaNq|Zx|

2
) +

lDa−1∑
i=1

D2
a(1− cos( 2πiDa

))

2π2i2

× [Π(
DaNq|Zx|
2(i+ 1)

)−Π(
DaNq|Zx|

2i
)],

(29)

where Π(x) =

{
1, if x ≤ 1

0, if x > 1
. Da represents the number of

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

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

fGa
(Ga) =

Ja∑
i=1

pa(i)δ(Ga − qa(i)) (30)

where Ja = l2D2
a, qa = qax ⊗ qay and pa = pax ⊗ pay .

Here, qak ∈ RlDa×1 and pak ∈ RlDa×1 where

qak(i) =
D2

a(1− cos( 2πiDa
))

2π2i2
, (31)

pak(i) = Q(
2i−DaNqµZk

DaNqσZk

)−Q(
2(i+ 1) +DaNqµZk

DaNqσZk

)

+Q(
2i+DaNqµZk

DaNqσZk

)−Q(
2(i+ 1)−DaNqµZk

DaNqσZk

),

k ∈ {x, y}.
(32)

-30 -20 -10 0 10 20 30
0

0.2

0.4

0.6

0.8

1

gax

εx

Exact

Sectoral

Da = 15, l = 2
Da = 5, l = 1

Fig. 3. The exact model of the IRS array factor along x-axis, gax, mentioned
in (14) and its sectoral model, proposed in (29) versus εx for N = 64.

Proof. Please refer to Appendix B. ■

Step2: Deriving the distribution of Ge

Given that θ̃q = θq + εθq , we can rewrite Ge mentioned in
(4) as follows

Ge = cos3(θt + εθt)︸ ︷︷ ︸
get

× cos3(θr + εθr )︸ ︷︷ ︸
ger

, (33)

where get and ger are the single element radiation patterns in
direction of angles θt and θr. Then, by dividing geq in (33)
where q ∈ {t, r} with multiple sectors, we propose a simple
model given by

geq ≃ cos3(θq)Π(LDe|εθq |) +
(De−1)/2∑

i=(1−De)/2

cos3(θq +
2i

LDe
)

× sgn(i)[Π(
LDeεθq
2i+ 1

)−Π(
LDeεθq
2i− 1

)],

(34)
where

sgn(x) =


−1, if x < 0

0, if x = 0

1, if x > 0

. (35)

De is the number of sectors and L is utilized to adjust the
considered range of variation of εx and εy . As L increases,
a smaller range of variation for εx and εy is considered.
Additionally, as L increases, a consistent number of sectors
results in more accuracy. Fig. 4 plots the sectoral model and
exact model of IRS single radiation pattern versus εx for
De = 5 and 9. Increasing De increases the accuracy of
the proposed model at the cost of more complexity. Conse-
quently, selecting the optimal value for De 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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-10 -5 0 5 10
0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

geq

εx

Exact

Sectoral,De = 5

Sectoral,De = 9

θqx = θqy = 30, L = 20

θqx = θqy = 40, L = 15

Fig. 4. The exact model of geq , given in (33) and its sectoral model, proposed
in (34) versus εx.

Lemma 4. The PDF of single element radiation pattern Ge

is derived as:

fGe
(Ge) =

Je∑
i=1

pe(i)δ(Ge − qe(i)) (36)

where Je = D2
e , qe = qet ⊗ qer and pe = pet ⊗ per. Here,

qek ∈ RDe×1 and pek ∈ RDe×1 where

qek(i) = cos3(θk +
2i

LDe
), (37)

pek(i) = Q(
2i− 1− LDµεθk

LDσεθk

)−Q(
2i+ 1− LDµεθk

LDσεθk

),

k ∈ {t, r}.
(38)

Proof. Please refer to Appendix C. ■

Step3: Deriving the distribution of G
Utilizing distribution of Ga and Ge in (30) and (36),

respectively, the distribution of G can be obtained.

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

fG(G) =

J∑
i=1

p(i)δ(G− q(i)) (39)

where J = Ja × Je, q = qe ⊗ qa and p = pe ⊗ pa.

Proof. As G is equal to the product of Ge and Ga, 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

Pout = Pr(γmax ≤ γth), (40)

where γmax and γth 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

γ =
PtG|h̄H

IUΦh̄BI |2

N0
, (41)

where h̄BI is H̄BI when M = 1. It is known that the
maximum SNR is achieved when the phase shift is adjusted
as ϕn = ∠[h̄IU ]n − ∠[h̄BI ]n, ∀n. Hence, the maximum
instantaneous SNR is evaluated as

γmax = Gγ0(

N∑
n=1

|h̄IU,n||h̄BI,n|)2, (42)

where γ0 = Pt

N0
. We define U = V 2 where

V =

N∑
n=1

|h̄IU,n||h̄BI,n|. (43)

From (40) and (42), the OP can be obtained as

Pout = Pr(GU ≤ γth
γ0

)

=

∫
Pr(GU ≤ γth

γ0
|G)fG(G)dG

=

∫
FU (

γth
γ0G

)fG(G)dG,

(44)

where FU (.) is the CDF of random variable U . The PDF of
G, fG(G) is derived in Theorem 1, i.e. in (39). By substituting
(39) into (44), the OP can be given as

Pout =

J∑
i=1

p(i)FU (
γth

γ0q(i)
), (45)

To determine FU (.) in (45), we estimate V , given in (43)
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

Pout =

J∑
i=1

p(i)Q(
µv −

√
γth

γ0q(i)

σv
), (46)

where

µv =
Nπc0

4
√

(K0 + 1)(K1 + 1)d
α0/2
0 d

α1/2
1

L 1
2
(−K0)L 1

2
(−K1),

(47)

σ2
v =

c20N

dα0
0 dα1

1

− π2c20N

16(K0 + 1)(K1 + 1)dα0
0 dα1

1

× (L 1
2 (−K0))

2 × (L 1
2 (−K1))

2.

(48)
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Proof. Given that U = V 2, the CDF of U is denoted as

FU (u) = Pr(U ≤ u)

= FV (
√
u)− FV (−

√
u),

(49)

Based on CLT, when N is sufficiently large, V ∼ N (µv, σ
2
v).

Hence, the CDF of V is calculated as

FV (v) = Q(
µv − v

σv
), (50)

where µv and σv are the mean and standard deviation of V .
From (49) and (50), the CDF of U is represented as:

FU (u) = Q(
µv −

√
u

σv
)−Q(

µv +
√
u

σv
). (51)

Since the value of Q(µv+
√
u

σv
) is negligible rather than

Q(µv−
√
u

σv
), the CDF of U is approximated as

FU (u) ≈ Q(
µv −

√
u

σv
). (52)

Finally, by substituting (52) into (45), Pout can be obtained.
■

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

Pout =

J∑
i=1

p(i)(
γ(Λ,

√
γth

γ0q(i)
/Ω)

Γ(Λ)
), (53)

where Λ =
µ2
V

σ2
V

and Ω =
σ2
V

µV
. µV and σ2

V are provided in
(47) and (48), respectively. Here, γ(.) represents the lower
incomplete gamma function and Γ(.) denotes the complete
gamma function.

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

FU (u) =
γ(Λ,

√
u/Ω)

Γ(Λ)
, (54)

where Λ = E2(V )
var(V ) and Ω = var(V )

E(V ) . By substituting (54) into
(45), Pout 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

γmax = Mγ0G(
√

β0

N∑
n=1

|h̄IU,n|)2 (55)

Suppose V2 =
√
β0

∑N
n=1 |h̄IU,n| and U2 = V 2

2 . The OP can
be obtained as

Pout = Pr(GU2 ≤ γth
Mγ0

)

=

∫
Pr(GU2 ≤ γth

Mγ0
|G)fG(G)dG

=

∫
FU2

(
γth

Mγ0G
)fG(G)dG.

(56)

By substituting (39) into (56), the OP is derived as

Pout =

J∑
i=1

p(i)FU2
(

γth
Mγ0q(i)

), (57)

where FU2
(.) is the CDF of random variable U2. The PDF of

G, fG(G) derived in Theorem 1 in (39). In this section similar
to the previous section, we approximate the distribution of V2

using CLT and Gamma approximations.

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

Pout =

J∑
i=1

p(i)Q(
µv2 −

√
γth

Mγ0q(i)

σv2

), (58)

where

µv2 =
N
√
πc0

2
√

(K1 + 1)d
α0/2
0 d

α1/2
1

L 1
2
(−K1) (59)

σ2
v2 =

c20N

dα0
0 dα1

1

− Nπc20
4(K1 + 1)dα0

0 dα1
1

× (L 1
2 (−K1))

2 (60)

Proof. It can be proven similar to Theorem 2, by replacing
variable V and γ0 with V2 and Mγ0, respectively. Addition-
ally, the mean and variance of RV V2 can be calculated using
basic mathematical operations. ■

We can also consider the gamma distribution for V2, 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

Pout =

J∑
i=1

p(i)(
γ(Λ2,

√
γth

Mγ0q(i)
/Ω2)

Γ(Λ2)
), (61)

where Λ =
µ2
V2

σ2
V2

and Ω =
σ2
V2

µV2
. µV2

and σ2
V2

are given by (59)
and (60), respectively.

Proof. It can be proven similar to Theorem 3, by replacing
variable V , Λ, Ω and γ0 with V2, Λ2, Ω2 and Mγ0, 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

[Φ∗]n = ej(∠[h̄IU ]n−∠[h̄BI ]n), ∀n, (62)
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(A∗)2 =
PF

Pt|h̄BI |2 +NNF
. (63)

Substituting (62) and (63) into (12), the SNR of SISO-Active-
IRS system can be expressed as

γmax =
(
∑N

n=1 |h̄IU,n||h̄BI,n|)2

c1

N∑
n=1

|h̄IU,n|2︸ ︷︷ ︸
Z0

+c2/G
N∑

n=1

|h̄BI,n|2︸ ︷︷ ︸
Z1

+c3/G

, (64)

where c1 = NF

Pt
, c2 = N0

PF
and c3 = NN0NF

PtPF
. Under CLT

approximation, Zk, k ∈ {0, 1}, defined in (64), follows
Gaussian distribution, specifically Zk ∼ N (µZk

, σ2
Zk

) with
mean and variance as follows

µZk
=

Nc0
dαk

k

,

σ2
Zk

=
N(K2

k + 4Kk + 2)c20
(Kk + 1)2d2αk

k

− Nc20
d2αk

k

, ∀k
(65)

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

Pout =

J∑
i=1

p(i)R(q(i)), (66)

where

R(G) = Q(
µv −

√
µw(G)

σv
) + F

(2)
U (µw(G))σ2

w(G), (67)

F
(2)
U (µw(G)) =

1

4
√
2πσ3

v

exp(
−(µv −

√
µw(G))2

2σ2
v

)

× (
µv

µw(G)
− 1

(µw(G))
1
2

− σ2
v

(µw(G))
3
2

).

(68)

Here, µw(G) = c1γthµZ0 +
c2γth

G µZ1 +
c3γth

G and σ2
w(G) =

γ2
thc

2
1σ

2
Z0

+
c22γ

2
th

G2 σ2
Z1

.

Proof. Let Z(G) = c1Z0+c2Z1/G. Since two RVs Z0 and Z1

are independent, the RV of Z(G) follows Gaussian distribution
when RV of G is known i.e. Z(G) ∼ N (µZ(G), σ2

Z(G)),
which µZ(G) = c1µZ0

+ c2/GµZ1
and σ2

Z(G) = c21σ
2
Z0

+
c22G2σ2

Z1
. Now, we can rewrite SNR in (64) as

γmax =
U

Z(G) + c3/G
, (69)

where U =
∑N

n=1 |h̄IU,n||h̄BI,n|. Therefore, the OP can be
given as

Pout =

∫
Fγmax|G(γth)fG(G)dG, (70)

where fG(G) is given by (39). Fγmax|G(.) is the CDF of γmax
conditioned on the radiation gain, i.e., G which is obtained as
follows

Fγmax|G(γth) = Pr(
U

Z(G) + c3/G
≤ γth)

=

∫
Pr(

U

z + c3/G
≤ γth|Z)fZ(z,G)dz

=

∫
FU (γth(z + c3/G))fZ(z,G)dz

= EW {FU (w)},

(71)

where W (G) = γth(Z+c3/G). The distribution of W follows
N (µw(G), σ2

w(G)) where µw(G) = c1γthµZ0 + c2γth

G µZ1 +
c3γth

G and σ2
w(G) = γ2

thc
2
1σ

2
Z0

+
c22γ

2
th

G2 σ2
Z1

. From (52), we
have

FU (w(G)) = Q(
µv −

√
w(G)

σv
). (72)

For a function of one variables f(x) whose first- and second-
order derivatives f (1)(x) and f (2)(x), respectively, exist at the
point a, the 2st-order Taylor polynomial near the point a is

f(x) ≈ f(a) + f (1)(a)(x− a) + f (2)(a)(x− a)2. (73)

Using (73), we approximate FU (w) in (72) at point µw(G) as
follows

FU (w(G)) ≈ FU (µw(G))

+ F
(1)
U (µw(G))(w(G)− µw(G))

+ F
(2)
U (µw(G))(w(G)− µw(G))2.

(74)

By substituting (74) into (71), we have

Fγmax|G(γth) = FU (µw(G))

+ F
(1)
U (µw(G))EW {(w(G)− µw(G))}

+ F
(2)
U (µw(G))EW {(w(G)− µw(G))2}.

(75)

Given that EW {(w(G) − µw(G))} = 0, we can rewrite (75)
as

Fγmax|G(γth) = Q(
µv −

√
µw(G)

σv
) + F

(2)
U (µw(G))σ2

w(G),

(76)
where

F
(2)
U (µw(G)) =

1

4
√
2πσ3

v

exp(
−(µv −

√
µw(G))2

2σ2
v

)

× (
µv

µw(G)
− 1

(µw(G))
1
2

− σ2
v

(µw(G))
3
2

).

(77)

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

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

[Φ∗]n = e−j∠[h̄H
IU ]n , ∀n, (78)

(A∗)2 =
PF

Pt∥HBI∥2 +NNF
, (79)

where ∥HBI∥2 = MNβ0. Therefore, by substituting (78) and
(79) into (12), the maximum instantaneous SNR of MISO-
Active-IRS system is obtained as

γmax =
(
√
β0

∑N
n=1 |h̄IU,n|)2

c4

N∑
n=1

|h̄IU,n|2︸ ︷︷ ︸
Z1

+c5/G

, (80)

where c4 = NF

PtM
, and c5 = NN0

PF
(β0 +

NF

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

Pout =

J∑
i=1

p(i)R2(q(i)), (81)

where

R2(G) = Q(
µv −

√
µϖ(G)

σv
) + F

(2)
U (µϖ(G))σ2

ϖ, (82)

F
(2)
U (µϖ(G)) =

1

4
√
2πσ3

v

exp(
−(µv −

√
µϖ(G))2

2σ2
v

)

× (
µv

µϖ(G)
− 1

(µϖ(G))
1
2

− σ2
v

(µϖ(G))
3
2

).

(83)

Here, µϖ(G) = c4γthµZ1
+ c5γth

G and σ2
ϖ = γ2

thc
2
4σ

2
Z1

.

Proof. We can rewrite SNR in (80) as

γmax =
U2

c4Z1 + c5/G
, (84)

where V2 =
√
β0

∑N
n=1 |h̄IU,n| and U2 = V 2

2 . Therefore, the
OP can be given as

Pout =

∫
Fγmax|G(γth)fG(G)dG, (85)

where fG(G) is given by (39). Fγmax|G(.) is the CDF of
γmax conditioned on the radiation gain, i.e., G, which can be
obtained similar to steps taken in deriving (71) outlined in
Theorem 4 as follows

Fγmax|G(γth) = Eϖ{FU2
(ϖ)} (86)

where ϖ = c4γthZ1+c5γth/G. The distribution of ϖ follows
N (µϖ(G), σ2

ϖ(G)) where µϖ(G) = c4γthµZ1
+ c5γth

G and
σ2
ϖ = γ2

thc
2
4σ

2
Z1

. Note that Fγmax|G is calculated same as (76)
by replacing variable v and w with v2 and ϖ, respectively. By
substituting Fγmax|G into (85), the OP is derived. ■

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 α1 = 2 and α2 = 2.2, respectively, with a reference path-
loss of c0 = −30 dB applied to all links [34]. Additionally,
The Rician factors for the BS-IRS and IRS-UE channels are
set to K0 = 10 dB and K1 = 5 dB, respectively. The thermal
noise power of the user’s receiver and active IRS is N0 = −80
dBm and NF = −70 dBm, respectively [31]. The active IRS
amplification power PF = 0.1Pt and SNR threshold γth = 10
dB. The mean and variance of UAV’s angular variations along
the x-axis and y-axis are the same, with µx = µy = 0.5◦

and σx = σy = 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 FGa

(Ga) =
∑Ja

i=1 pa(i)U(Ga − qa(i)), FGe
(Ge) =∑Je

i=1 p(i)U(Ge−qe(i)), and FG(G) =
∑J

i=1 p(i)U(G−q(i)),

respectively. Here, U(x) =

{
1, x ≥ 0

0, x < 0
. Furthermore, Fig. 5

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 Da = 15, De = 5 remains sufficiently
accurate.

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 Pt 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 Pt values, while
larger values of N improve performance at low Pt values.
This behavior can be attributed to the fact that at low Pt

values, stronger IRS directivity can effectively compensate for
the signal. On the other hand, in high Pt 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. 7 illustrates the OP of the SISO- and MISO-Active-
IRS system as a function of transmit power, Pt 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. 7, 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. 7,
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 Nmax, to ensure reliable
transmission for the UMI system. As angular fluctuations
vary dynamically throughout the day, only a subset of N
elements from Nmax is utilized. This adaptive approach aims

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

min
N

Pout(N,µx, µy, σx, σy)

s.t. 1 ≤ N ≤ Nmax.
(87)

The optimal number of reflecting elements along with cor-
responding minimum achievable outage probabilities can be
determined for varying values of µx, µy , σx, and σy . 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. 8 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 Nmax = 200. As illustrated in Fig. 8, 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 10−1 even with
the maximum number of elements, N = 200. In contrast, the
MISO-Active-IRS system achieves a remarkably lower OP of
5 × 10−5 with optimal number of elements, Nopt = 50. This
significant difference highlights the advantages of using active
components in the IRS, particularly in enhancing communica-
tion reliability under dynamic conditions.

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 (1) and (2), we rewrite εθq as

εθq (εx, εy) = tan−1(
√
tan2(θqx + εx) + tan2(θqy + εy))

− tan−1(
√
tan2(θqx) + tan2(θqy)).

(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(x, y) ≈ f(a, b) + fx(a, b)(x− a) + fy(a, b)(y − b). (89)

Based on (89), we approximate εθq (εx, εt) near (0, 0) as:

εθq (εx, εy) ≈ Aθqxεx +Aθqyεy, (90)

where Aθqx and Aθqy can be expressed as

Aθqk =
(1 + tan2 θqk) tan θqk√

tan2 θqx + tan2 θqy(1 + tan2 θqx + tan2 θqy)
,

k ∈ {x, y}.
(91)

From (90), since εθq is the sum of two independent Gaussian
RVs, i.e. εx and εy , the distribution of εθq follows εθq ∼
N (µεθq

, σ2
εθq

) where µεθq
and σ2

εθq
are obtained as

µεθq
= Aθqxµx +Aθqyµy,

σ2
εθq

= A2
θqxσ

2
x +A2

θqyσ
2
y.

(92)

APPENDIX B
PROOF OF LEMMA 3

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

fgax
=

lDa−1∑
i=0

Jax(i)× δ(gax −
D2

a(1− cos( 2πiDa
))

2π2i2
), (93)

where

pax(i) = Q(
2i−DaNqµZx

DaNqσZx

)−Q(
2(i+ 1) +DaNqµZx

DaNqσZx

)

+Q(
2i+DaNqµZx

DaNqσZx

)−Q(
2(i+ 1)−DaNqµZx

DaNqσZx

).

(94)
Note that, the PDF of RV gay can be derived similarly to
(93) by replacing the subscript x with y. According to (14),
Ga = gax × gay and applying (93), the PDF of array factor,
Ga conditioned on the array factor in x-axis, gax can be given
as

fGa|gax
(Ga) =
lDa−1∑
i=0

pay(i)

gax
× δ(

Ga

gax
−

D2
a(1− cos( 2πiDa

))

2π2i2
),

(95)

By using (93) and (95), the PDF of array factor, fGa
(Ga) is

derived as

fGa
(Ga) =

∫
fGa|gax

(Ga)fgax
dgax

=

lDa−1∑
i=0

lDa−1∑
j=0

∫
pax(i)pay(j)

gax

× δ(
Ga

gax
−

D2
a(1− cos( 2πiDa

))

2π2i2
)

× δ(gax −
D2

a(1− cos( 2πjDa
))

2π2j2
)dgax

=

lDa−1∑
i=0

lDa−1∑
j=0

pax(i)pay(j)δ(Ga − qax(i)qay(j))),

(96)
where

qak(i) =
D2

a(1− cos( 2πiDa
))

2π2i2
, k ∈ {x, y}. (97)

We can rewrite result in (96) as

fGa
(Ga) =

l2D2
a∑

i=1

pa(i)δ(Ga − qa(i)), (98)

where qa = qax ⊗ qay and pa = pax ⊗ pay . Here, qak ∈
RlDa×1 and pak ∈ RlDa×1 where k ∈ {x, y}. pak(i) and
qak(i) are given in (94) and (97), respectively.

APPENDIX C
PROOF OF LEMMA 4

Since εθq is the random variable that relies on the fluctua-
tions of IRS and follows a Gaussian distribution, the PDF of
geq, q ∈ {t, r} can be represented as

fgeq =

(De−1)/2∑
i=(1−De)/2

peq(i)× δ(geq − cos3(θq +
2i

LDe
)), (99)

where

peq(i) = Q(
2i− 1− LDµεθq

LDσεθq

)−Q(
2i+ 1− LDµεθq

LDσεθq

).

(100)
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According to (33), Ga = gax × gay and applying (99), the
PDF of Ge conditioned on get can be determined as

fGe|get(Ge) =

(De−1)/2∑
i=(1−De)/2

per
get

× δ(
Ge

get
− cos3(θr +

2i

LDe
)).

(101)
The PDF of array factor Ge is obtained by utilizing equations
(99) and (101) as

fGe
(Ge) =

∫
fGe|get(Ge)fgetdget

=

(De−1)/2∑
i=(1−De)/2

(De−1)/2∑
j=(1−De)/2

∫
pet(i)per(j)

get

× δ(get − cos3(θt +
2i

LDe
))

× δ(
Ge

get
− cos3(θr +

2j

LDe
))

=

(De−1)/2∑
i=(1−De)/2

(De−1)/2∑
j=(1−De)/2

pet(i)per(j)δ(Ge − qet(i)qer(j)),

(102)
where

qek(i)) = cos3(θk +
2i

LDe
), k ∈ {t, r}. (103)

We can rewrite result in (102) as

fGe
(Ge) =

D2
e∑

i=1

pe(i)δ(Ge − qe(i)) (104)

where qe = qex ⊗ qey and pe = pex ⊗ pey . Here, qek ∈
RDe×1 and pek ∈ RDe×1 where k ∈ {t, r}. pek(i) and qek(i)
are given in (100) and (103), respectively.

REFERENCES

[1] 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.

[2] 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.
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