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ABSTRACT

Air-to-ground interference poses a critical challenge in integrating unmanned aerial vehicles (UAVS) into
cellular networks. In downlink scenarios, UAVs can withstand significant interference from co-channel base
stations (BSs) due to the guaranteed line-of-sight (LoS) link with ground users. Our research focuses on power
optimization in BSs and applying green-energy principles to pave the way for more sustainable and energy-
efficient BSs within UAV-integrated wireless systems. To this end, this paper investigates a downlink UAV
communication scenario in which the intelligent reflecting surface (IRS) is mounted on the UAV to practically
nullify the interference originating from the co-channel BSs. We formulate the IRS beamforming matrix to
reduce transmit power by optimizing passive beamforming for IRS elements, incorporating adjustments to phase
shifts and amplitude coefficients while considering the positioning of the UAV. The proposed optimization
problem is non-convex and thus a successive convex-approximation (SCA) method is adopted to convert all
constraints into a quadratic approximation. Simulation results demonstrate that the proposed SCA algorithm
provides an efficient transmit-power minimization approach with low computational complexity for large IRS,
since it achieves close-to-optimal performance and significantly outperforms conventional systems without IRS.
In interference scenarios and with different numbers of IRS meta-atoms, the proposed algorithm achieves a
power reduction of approximately 8 and 13 dBm, while maintaining the same required signal-to-interference-
plus-noise ratio.
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1. INTRODUCTION

Unmanned aerial vehicles (UAVS) have become a critical enabler for delivering wireless ad-hoc
connectivity, especially in disaster areas and harsh environments [1]. However, because line-of-sight
(LoS) transmission is dominant in aeronautical communication, UAVs are frequently affected by
signal interference from terrestrial networks. On the other hand, intelligent reflecting surface (IRS) has
emerged recently as a practical way to enhance the wireless-propagation environment by improving
communication and coverage performance [2]. An IRS is made up of several passive meta-atoms that
are coordinated by a microcontroller in order to create a directional reflection of the incident signal
towards a desirable direction. The reflected signals are added either constructively or destructively to
the received signal to strengthen or weaken the signal-to-interference-plus-noise ratio (SINR) by
carefully tweaking the phase shifts. For systems beyond the fifth generation (5G), IRS-assisted
wireless networks have demonstrated considerable spectral and power efficiency [3]. IRS-assisted
UAYV enables intelligent reflection over the air. Compared to terrestrial IRS set-ups, IRS-supported
UAYV systems are more effective at establishing robust LoS connections with ground BSs due to the
UAV’s elevated position, consequently reducing signal blockage [4].

The next-generation wireless networks are poised to transform wireless communication, facilitating
the realization of advanced applications, like holographic telepresence, autonomous vehicles and
pervasive sensing. However, future networks will require higher data rates, reduced latency and highly
reliable, secure communications to support these innovations. This demand will require the
deployment of additional BSs and network components, resulting in heightened energy consumption
[5]. The cooperative-RSMA system with IRS assistance has proven to reduce the system’s energy
consumption [6]. Consequently, it is imperative to explore potential energy-saving opportunities
within the next generation. One crucial area of focus involves optimizing the phase-shift
configurations of multiple IRS meta-atoms to achieve the desired signal amplification or interference
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suppression in IRS-assisted systems. However, it is computationally demanding to solve the joint
optimization of the passive beamforming at the IRS and the active beamforming at the BS directly due
to its non-convex nature. Some algorithms based on alternating optimization (AO) [7], semi-definite
relaxation (SDR) [8] and manifold optimization [9] maximize the performance of passive IRS
beamforming. Consequently, the aforementioned approaches necessitate many iterations or significant
computing complexity to reach convergence for large IRS elements. IRS applications have garnered
significant attention for enhancing the quality of both uplink and downlink transmissions. A joint
transmit beamforming of the access point (AP) and the passive reflection of the IRS was frequently
discussed in technical literature. More specifically, in [10], the authors maximized the secrecy rate of
the communication link with a single eavesdropper in a multi-input-single-output (MISO) system. In
[11], the authors utilized the transmit beamforming and the reflecting coefficients to maximize the
weighted sum secrecy rate. Additionally, the authors in [12] studied the secure-communication
capabilities of the IRS-assisted multi-user in a MISO interference channel. We use the best active
transmit beamforming strategy along with passive phase shifts for the IRSs in this work. These are
found using SDR and successive convex approximation (SCA) methods. The passive-beamforming
capabilities of IRSs were used to attain an optimal performance balance between terrestrial aerial users
and UAVs in [13].

The authors in [14] investigated the security and spectrum-efficiency aspects of secondary users in
Cognitive Radio Networks (CRNs) with the assistance of the IRS. Specifically, they studied the
implementation of the IRS in an underlay CRN and co-designed the transmit and reflect beamforming
vectors at the IRS. To address the challenge of maximizing secrecy capacity in communication
systems, they proposed an iterative AO algorithm. In [15], the authors introduced the IRS and utilized
an AO approach to maximize the secrecy rate in Multiple-Input Multiple-Output (MIMO) wiretap
channels. Jiang et al. investigated the use of IRS in MIMO cognitive radio systems in [16]. To solve
the sum-rate maximization problem, they introduced the weighted minimal mean square error
(WMMSE) approach and an AO-based method. The authors in [17] addressed the problem of
optimizing the beampattern for an eavesdropping target in an IRS-aided integrated sensing and
communication (ISAC) system. They employed an SCA algorithm to jointly optimize the transmit
beamforming of the AP and the phase-shift matrix of the IRS, aiming to maximize the beampattern
gain.

1.1 Related Work

The selection of a phase shifter poses a challenge in IRS-aided communication systems [18]. Previous
works on IRS generally assume that each reflecting unit functions as a continuous phase shifter,
enabling the phase-shift matrix to adjust for reflective beamforming [19]-[20]. The authors in [8]
introduced the joint active and passive-beamforming problem, utilizing the SDR method to minimize
transmit power at the BS. However, implementing this approach in practice is challenging due to
hardware limitations. Conversely, in [21], the authors investigated IRS-aided wireless networks
assuming that only a discrete number of phase shifts are deployed at each reflecting unit. Furthermore,
the utilization of non-orthogonal multiple access (NOMA) in conventional multi-IRS downlink
systems is investigated in [22], where the authors presented a successive phase-rotation approach to
determine the phase shifts sequentially.

In recent years, several papers have focused on IRS-assisted wireless communication [23]. A
significant challenge in this system is the joint optimization of phase shifts at the IRS and
beamforming vectors at the BS. In [24], a study was conducted on a massive multiple-input multiple-
output communication system, where the problem of maximizing the minimum signal-to-interference-
plus-noise ratio was addressed. This was achieved by jointly optimizing the signal power, transmit
precoding vector and the effective phase shifts at the large intelligent surface. Additionally, optimizing
both the active beamforming at the BS and the passive beamforming at the IRS can minimize the BS
transmit power to meet mobile-user rate requirements [8]. Users can flexibly modify the channel
conditions at the IRS, introducing an additional degree of freedom (DoF) to enhance system
performance. In [25], a power-minimization framework was explored within an IRS-enabled NOMA
network. The optimization of transmit beamforming and IRS phase shifts was addressed and solved
using an alternating optimization approach. The authors in [26] addressed the problem of minimizing
power consumption in a downlink-communication scenario assisted by the IRS. This optimization
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aimed to satisfy minimum SINR thresholds. This paper takes a joint approach, considering both power
control and IRS reflection coefficients in the optimization process. On the other hand, the UAV-
assisted IRS can significantly improve communication-system reliability and overcome obstacles by
adjusting both its position and phase shifts. For instance, in [27], the authors explored the concept of a
UAV-carried IRS, aiming to minimize the average total-power consumption of the system through
joint optimization of the UAV’s trajectory/velocity and the IRS’s phase shifts. In [28], the authors
investigated a joint active and passive-beamforming approach using a generalized Bender’s
decomposition-based algorithm. This approach utilizes codebook-based passive beamforming across
multiple IRS in a multi-user MISO system. The primary objective is to minimize the transmit power
while optimizing the system performance. Moreover, the authors in [29] utilized the SCA and SDR
techniques to address the non-convex transmit beamforming-optimization problem. Their objective
was to maximize the energy efficiency of a multi-user MISO system aided by IRS.

Unlike terrestrial wireless channels, which often suffer from significant path loss and multi-path
effects, the elevated position of UAVs typically provides more dominant LoS channels, leading to
improved communication performance. However, these strong LoS links also make UAVs more
vulnerable to attacks from terrestrial nodes, such as eavesdropping and jamming [30]. IRS-assisted
UAVs offer several advantages, including the ability to dynamically adjust the IRS’s position through
UAV maneuvering. This introduces a new degree of freedom for IRS optimization. Moreover,
mounting the IRS on the UAV enables full- angle reflection and increases the number of LoS links
[31]. Numerous studies have focused on optimizing transmit power in IRS-assisted UAV systems [32].

1.2 Motivation and Contributions

Compared to traditional, fixed-insert IRS-aided transmission, the benefits of combining the IRS with a
UAYV are clear. But, there is a lack of research; therefore, further study is required. Our suggested
technique has lower per-iteration complexity compared to [8], which is mostly caused by the system’s
reliance on SDR to solve the optimization problem. The use of AO in [7] makes the problem easier
to understand, but the solution that comes out might not be very good because of how the design
factors are interdependent. Furthermore, convergence of a penalty-based strategy necessitates a large
number of iterations. In this study, we look at how IRS-aided UAVs deal with the problem of
balancing transmit power and quality-of-service (QoS) needs in downlink communication. This paper
introduces a powerful optimization approach that ensures solution convergence by combining SCA
and second- order cone-programming (SOCP) techniques. By breaking the original problem into
manageable convex sub-problems with closed-form solutions, the suggested SCA method effectively
handles the non-convexity of the original problem. This is achieved by utilizing linear approximations
and convex lower limits. Monte Carlo simulations show that the low-complexity SCA achieves
efficient performance, far better than benchmark schemes, evaluating the usefulness of this method.
Finally, the following are the technical contributions of our paper:

e SCA is adopted to counterbalance the non-convex characteristic of the optimization problem,
aiming to minimize the transmit power by optimizing the reflection coefficients of the IRS meta-
atoms. This optimization guarantees the fulfillment of both QoS and minimum power for a
specific SINR value. By formulating the problem as a SOCP, all optimization variables are
updated simultaneously in each iteration. This approach guarantees the algorithm’s provable
convergence.

e We report an interference-mitigation scheme that utilizes a single UAV equipped with an IRS,
eliminating the need for deploying multiple IRSs near each ground BS [13]. This approach
effectively addresses interference issues between UAV and ground users during the UAV’s
downlink communications. The IRS-aided UAV employs passive beamforming to mitigate the
interference originating from the co-channel BSs.

e The problem is formulated as a SOCP and the convergence is shown by updating the variables
simultaneously. Moreover, the algorithm successfully reduces the power consumption by around
13 dBm, while maintaining the required SINR level.

The paper is structured as follows: Section 2 presents the system model and formulates the
optimization problem. In Section 3, we decompose the power optimization and passive beamforming
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using the SCA algorithm. Section 4 summarizes the convergence and complexity analysis. Section 5
shows the numerical results obtained. Finally, the conclusions are summarized in Section 6.

Notations

Regular and bold small letters stand for scalars and vectors, while bold capital letters are used for
matrices. The magnitude of a scalar x is represented by |x/|, while the Euclidean norm of a vector x is
denoted as || x |Il. The transpose of the matrix X is represented by XT, the conjugate transpose by XH
and the rank is rank(X). The notation diag(X) refers to a diagonal matrix. The notation C™*™
represents the set of m X n complex matrices. Complex numbers’ real and imaginary parts are

presented as R(-) and J(-), respectively. Finally, the letter j represents the imaginary unit v—1.

BS
Interference from
co-channel BSs
BS,-User link —
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Figure 1. Downlink interference in a cellular-UAV scenario.

2. SYSTEM MODEL AND PROBLEM DEFINITION

This section introduces the system model under consideration and analyzes the functionality of the
IRS modules in minimizing the required transmit power.

2.1 System Model

We investigate a downlink cellular-connected UAV scenario, assuming all BSs have N, antennas and
a UAV is connected directly with BSyay. This scenario includes K additional co-channel BSs serving
ground UEs, introducing potential interference for the UAV. In contrast to conventional terrestrial
inter-cell interference (ICI), cellular-connected UAV results in an interference problem that includes
aerial-ground interference; i.e., interference resulting from co-channel terrestrial BSs and inter-UAV
interference; i.e., interference resulting among co-channel UAVs. An aided integrating UAV with IRS,
UAVigs, is deployed to minimize the interference that is caused in the k' BS, BS,, Vk €S =
{1,2,...,K}. Here, we assume that only aerial-ground interference exists, as shown in Fig. 1. Let
UAVirs have fixed altitude and elevation angle and the IRS has N meta-atoms.

The meta-atoms in UAV|gs aim to enhance the power efficiency of the communication link between
the BSyay and the UAV. We assume that the amplitude, «; € [0,1] and the phase, 8; € [0,2r), Vi €
{1,2,...,N}, can be independently adjusted for each meta-atom. While the phase and amplitude
responses of the meta-atom are physically interconnected, there exist design approaches that
effectively mitigate this inter-dependency [33]. Consequently, we denote the reflection diagonal
matrix associated with the IRS as:

0= diag[alejgl ayelf .. aNejBN],e CNXN (1)
The BSs are positioned at the Cartesian coordinates (xgs k, Ygs x, igs k), While the coordinates of the

UAV-IRS are (xy, yy, hy), which are assigned during the time interval. In this scheme, it is assumed
that the UAV and the UAV;rg Operate as a swarm system, with the UAV maintained at a fixed altitude,
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hyay and at a close distance with a defined flight period T and maximum speed V.-

Given that the UAV operates at a sufficient altitude, we assume that the link between the UAV and the
BS is only LoS, as described in [34]. Additionally, we assume that a single antenna is installed on the
UAV. Let hgg and h, € C**¥r be the direct channel from BSy,y to UAV and the interfering channel
from BS, to UAV, respectively, while the channel from IRS to the UAV is hfl € CV. Ggg and Gy, €
CN*Nr represent the channels from BSy,y and BS, to UAV|gs, respectively. Moreover, p; and pgg €
CNr*1 denote the transmit-power vector of BS, and BSy,y, respectively. Therefore, the received
signal at the UAV is represented as:

yu = (hgs+h{OGgs)ppsxps

2)
+ Ykes (e + h{OG,)px, +ny

where the symbols transmitted by BSyay and BS, are respectively denoted as xgs, x; and n, ~
N (0,0,) is the additive white Gaussian noise (AWGN) with zero-mean and variance o2 at the
UAV. Therefore, the SINR at the target UAV is given by:
_ _ |eBspes|®

b= Ykes [€xprl?+03 )
where £pg = hgg + h!@Ggg and £, = hy + h}]@G,. Obviously, the interference from the co-
channels is directly affected by the configuration of IRS meta-atoms. Therefore, choosing «; and 6;
for each IRS element has a vital role in maximizing 8. IRS elements can occasionally function as
active components for channel estimation; however, this paper focuses only on passive elements and
provides perfect Channel State Information (CSI) which is acquired between the UAV and each BS
[13]. This assumption is reasonable due to the strong LoS links between the elevated UAV and ground
terminals.

2.2 Problem Definition

With the overwhelming rise of data traffic, data rates, reduced latency and the need for highly reliable
and secure communications, network energy consumption poses a significant economic challenge and
a major hurdle for next-generation wireless networks. This emphasizes the need for energy-efficient
solutions, paving the way for green cellular networks. The objective of this paper is to minimize the
required transmit power from the BSyay by simultaneously optimizing IRS coefficients, ®. The
optimization problem that minimizes the transmit power while ensuring the QoS can be set as follows:

min llPss!|? (4a)

s.it. =y (4b)

a; € [0,1],Vi €N (4c)

0, € [0,21),Vi €N (4d)
JGE =252+ O = 7 < Vo (46)
Xmin < x{] < Xmax (4f)

Ymin < YLtJ < Ymax (49)

where {Xmin, Xmax} @Nd {Ymin, Ymax} denote the boundary of the coordinate of the UAV (or UAVigs)
xy and xy, respectively. (4b) represents the SINR threshold, y, that ensures the acceptable QoS of
UAV. In (4e), it is ensured that the UAV does not exceed its maximum speed. The range of tasks that
the UAV can perform is constrained to those specified in (4f) and (4g). We consider that the BS has
access to perfect CSI for all links, as explained in [8], to fully assess the capabilities of the IRS.
Clearly, the problem in (4) is non-convex due to the left-hand-side of (4b), which is not jointly
concave with respect to pgg and ©.

The challenge in solving (4) arises due to the interdependence between the design variables pgs and ©
in (4a)-(4b). To address this, Hua et al. [7] introduced a dual loop AO method based on penalty
approaches. This algorithm updates the auxiliary variables by solving a quadratically constrained
quadratic program. While the AO approach with a penalty technique achieves variable decoupling, it
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suffers from limited solution efficiency. Furthermore, the complexity per iteration of the penalty-based
method was O (N3). On the other hand, SDR with Gaussian randomization [8] can solve (4). However,
the utilization of SDR becomes increasingly complex as the number of meta-atoms grows.
Furthermore, obtaining a rank-1 feasible solution necessitates a considerable number of randomization
steps, thereby substantially contributing to the overall complexity. Finally, since the coupling between
® and pgs is high, AO-based methods are typically inefficient, as they can not guarantee a
theoretically stationary point.

3. OPTIMAL TRANSMIT POWER USING SCA

In this section, we present a solution to non-convexity of (4b). We address the non-convexity in (4) by
using an SCA to produce a high-performance solution. Our approach relies on a set of (in)equalities
for arbitrary complex-valued vectors a and b, as described in [35]:

llal|? = 2R{b"a} - ||b|?, (52)
R{a"b} =< (lla+ bl — |la—bl?), (5b)
S{a"b} = 2 (|la - jbl|? - ||la + jb|[?) (5¢)

First, to handle (4b), we employ the method of SCA, where both ® and pgg are optimized in each
iteration. Initially, we use (3) to transform (4b) into an equivalent form given by:

|€5spBs|? >y Y 2 4 42 6
—y = kes |rDil Oy (6)

We observe that the term in (4b) is non-convex. However, since we aim to maximize the right-hand
side of (6), we can extract a concave lower bound for it using the following approach:

()
|gspps|® = 2R{™)Hepspps} — [u™)?

®)
> ~{lu™¢ fis + pgs||?

—|[u™e B — pgs||?} — [u™)|?

()
2 RO OL s + pys] ) - ~|lw )2
— > 1u™e s — pgs||? — [u™}2]
= f(Pgs; ©; pps™; 0™),
where u(™ = p(Mpp M) ) — 4 (PUDYH 4 4y (M) and £ UV = hgg + hHO™hgs. Here,
0™ and t’](;;) denote the values of ® and £ gg in the mt" iteration of the SCA model, respectively.

Additionally, (a) and (c) in (7) result from (5a), while (b) results from (5b). It can be proven that
f(Ps; ©; Pes™; @) is jointly concave w.r.t. ® and pgs.

Next, to address (4b), we utilize the concept of SCA, where we optimize both @ and pgg in each
iteration. Initially, we transform (4b) into an equivalent form as:

¢ 2 _

PosPusl 0u* + Tres (0k% + 012, (8a)
Ok = |R{€kpi}l. VE €S, (8b)
Ok = |3{€kpi}. VK ES (8c)

where the new slack variables g, and g, are used. It is simple to observe that if (2.2b) is feasible, then
(8) is also feasible and vice versa. Since the right-hand side (RHS) of (8a) is convex, we need to find a
concave lower bound for the term |€gspgs|? in (8a). Let pgs™ and @™ represent the value of ®
and pgs in the m*" iteration of the SCA process, respectively. Similarly to (7), this can be represented
as:

£ 2 1
| BS}I:BS| = ¥ [SR{(V(m))H[ u(m)fgs — Pas] }

1 1
=112 = {ju™els — ppg||? — [u™)?] ©)

= f(Pgs; ©; pps™; O™).
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By utilizing the property that x > |y| if and only if x > y and x > —y and incorporating (5b), we can
express (8b) in an equivalent form as:

ok = R{bpi} = %(”(t)k + Prll? = 1€ — PilI?), (10a)
ok = —R{€kpi} = i(”(fk = Prll? = 1k + Pil1®) (10b)

Due to the presence of the negative quadratic term on the right-hand side of (10a), it becomes non-
convex. Therefore, we can transform it into convex by applying the inequality in (5a) as:

1 2
o 2l +pill” - 2R(™ ~ @R - p)

(11)
1™ — p ™ 12] = pr(pi; ©; 0 ;5 ©)
Applying a similar argument,(10b) results in:
1 2 H
o =l +pell” - 2R{ET + (™) (8} + pi)) )
HIE ™+ p, ™ 12] = B (D ©; P ™; 0)
Similarly, in (11) and (12), (8c) results in the following inequalities:
_ 1 . . .
B = [I1€R — jprll? = 2R{E7™ — j )Y + i} )
18T + jp 2] = wi (pr; ©; P ™; 00)
_ 1 . . .
G =l + jpicl? = 2R{(ET + j (P ™) (] — i)} ”

(€™ — jp, ™ |2] = @ (py; ©; I ©)

Subsequently, the only remaining issue is the non-convexity of (4c) and (4d). To tackle this issue, we
begin by transforming the equality constraint in (4c) and (4d) into a convex inequality constraint. We
introduce a regularization term into the objective function to guarantee the satisfaction of the
inequality constraint as an equality at convergence. Additionally, To tackle the non-convexity of the
resulting objective function, we employ a first-order approximation of the regularization term centered
around ®™_ As a result, we can restate the non-convex problem in (4) to approximate the convex
sub-problem of the SCA model to an equivalent form as:

min ||pgs||* — 5[2%((@™)0}—1Il 07 |I7], (15a)
,T,T

s.t. f(Pes; ©;pes™;0™) > 6,2 + Tyes (k% + 0x2), VKES (15b)

(11) - (14), vkes (15¢)

a; €[01], VieN (15d)

6, € [0.27), Vi€ N (15¢)

where the regularization parameter is defined as § > 0, m is the iteration number, T = {gy }xes and
T = {0k }xes- Note that the non-convexity of the regularization parameter § in (15a) leads to the non-
convexity of (15). However, to address this issue, we utilize (5a) to convexify (15a). It is evident that
all the constraints specified in (15) can be expressed using quadratic cones. Consequently, (15)
qualifies as an SOCP problem that can be efficiently solved using the MOSEK solver [36]. When the
objective function gradually falls, it eventually reaches a specific threshold e and the optimal @* is
achieved based on the eigenvalues’ decomposition.

4. ALGORITHM ANALYSIS

The proposed algorithm is summarized in Algorithm 1, where the optimization of @ aims to minimize
the BS transmit power, which is achieved by tuning € using the MOSEK solver. In this section, the
feasibility of interference elimination is discussed for LoS channels, then convergence behavior and
computational complexity are presented.

4.1 Feasibility of Interference Elimination in LoS Channels

We investigate a special case of pure LoS channels between BS-UAV, UAV rs-UAV and BS-UAV s
to understand the impact of the number of reflecting elements on interference-cancellation feasibility.
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This scenario is significant in practical applications owing to the elevated altitude of the UAV and
UAV rs. Consequently, we can determine the channel gains for the direct and cascaded paths related to
BS«.

Algorithm 1: SCA-based algorithm for solving (15)

Input: Maximum iteration number M, the initial value (pgs©®, ©©, 6 > 0)
Output: The optimal value {pgs*, ©*}
Initialize: m = 0;

1 repeat
2|  The optimal solution of (15) based-MOSEK tool is pgs®, ®©.
3 Update pBS(m+1)<_ pBS*l QM) (")*
4 m— m+1
5 until The objective value of (15) converges;
Iyl = 2o e s (162)
dguk
hieG,| = kes 16b
Ihg®G ||, == (16b)

Here, B, represents the LoS path loss at a reference distance of 1 meter. dgy ., diy and dgyj denote
the distances between the BS,-UAV, UAVirs-UAV and BS,-UAVigs, respectively. Substituting (16a)
and (16b) into the complete interference-nulling condition, ||h] @Gy ||, = [|h]l;, we obtain:
NBo JBo

P > VP e 17

dpikdiy dBU,k'k $ (17)
In this scenario, the elevated altitude of both the UAV and UAVjrg and their close proximity result in
approximately equal distances, indicated by dpyy =~ dgrx. Consequently, we can simplify the
expression for the minimum number of reflecting elements required to achieve interference nulling at

the UAV as N, = d‘—”]. This suggests that a larger number of reflecting elements facilitates the

VBo

achievement of interference nulling, as demonstrated through simulations in Section 5.

4.2 Convergence Behavior of Algorithm

Without loss of generality and for a given &, let f(pgs™; ™) be the total transmit power and
passive beamforming IRS coefficients’ matrix at the mt" iteration. Thus, we observe:

f(ps™; ™) = f(pgs™*V; 0M) (18)
where (18) holds since (15) represents a convex function and the transmit power pgs™+ is
optimized and updated at (m + 1)™ iteration based on the passive beamforming @™, Interestingly
though, pgs™*? remains unchanged during the (m + 1) iteration, even with the updated passive
beamforming ®*1)_ Therefore, (18) holds. Considering the constraint (15c), the objective sequence
is f(pgs; ®) = —6M, indicating that the objective function f(pgs™; ™) converges. Also, taking
into account the limited system resources and the minimum SINR, we assume that the objective
function in (15) must have a lower bound, which is a finite value. Consequently, we can prove the
convergence of Algorithm 1 towards a feasible solution.

4.3 Computational-complexity Analysis

Let’s suppose that we have only one UAV. It can be easily demonstrated that there are 2(K + N +
1) + 1 optimization variables in total in (15), considering that they are real-valued. There are N + 2
total second-order conic restrictions. As a result, using the justifications in [37], the suggested SOCP-
based method’s overall per-iteration complexity is given by:

O[2(4 + N)*5(1 + K + N)(4 + 16K + 8N + 20K?2 + 8KL + 4N?)] (19)

In realistic scenarios, the IRS meta-atoms are anticipated to be significantly greater than the number of
interfering BSs. Consequently, the complexity of Algorithm 1-based SCA can be accurately
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approximated as O(N3°). Although the use of AO in [7] simplifies the optimization problem, the
complex interdependence among the design variables may prevent it from producing a solution of high
quality. Furthermore, as demonstrated in Section 5, employing a penalty-based algorithm necessitates
a substantial number of iterations to meet convergence, resulting in prolonged problem-solving time.
On the other hand, the complexity of the SDR-based algorithm discussed in [8] is dominated by
solving the semi-definite program (SDP) in (8), resulting in a per-iteration complexity of
approximately O(N7) [37]. This is significantly higher than the complexity of our proposed algorithm,
especially for large numbers of IRS meta-atoms. As we will demonstrate numerically in the next
section, our algorithm offers significant computational advantages.

5. NUMERICAL RESULTS

This section documents numerical results that demonstrate the performance of Algorithm 1. For the
simulation, we examine a system that incorporates an IRS to assist a UAV, where the BSyay and
UAVigs are positioned at (0, 0, 10 m) and (xy, yy, 50 m), respectively. The remaining co-channel
BSs are situated at 10 m height, the locations are randomly and uniformly generated within their
respective cells, which are denoted by coordinates (xgsy, Ygsk, 10 m). The UAVigg operates at a
constant altitude hy;, with a flight duration T set to 80 seconds and the maximum speed of the UAV is
Vmax = 25 m/s. With a total bandwidth of 10 MHz, we suppose that the system operates at its center
frequency of 2.4 GHz. Additionally, we consider parameters § = 0.001 and o2 = —174 dBm. The
UAV-UAVigs channel is assumed to exhibit Rayleigh fading, whereas the BS-UAV channels are
modeled using Rician fading with a Rician factor of K=5 and distance-dependent path-loss for the
communication links, as described in [38].
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Fig. 2 quantifies the relationship between the transmit power and threshold SINR with K = 6, where
the effect of Algorithm 1 is shown with varying numbers of IRS meta-atoms. In this figure, we
calculate the required transmit power without IRS (i.e., ® = 0) and compare the result with uniform
IRS (i.e., ® = 1) at different values of N. We observe that the uniform IRS demonstrates limited
effectiveness when the threshold SINR falls below 5 dBm, while uniform IRS enhances the received
signal for higher y. Its impact is not substantial enough to overcome the interference signals
introduced by the BS when the SINR threshold is below 5 dBm. Consequently, the required transmit
power is decreased by increasing the number of IRS meta-atoms. Moreover, Fig. 2 shows the required
transmit power for Algorithm 1 and compares it with the uniform IRS at N = 100 and N = 200. We
notice that the required transmit power for Algorithm 1 is less than the required power for uniform
IRS. For example, when y = 10 dB, the required transmit power for Algorithm 1 at N = 100 is
approximately 5 dBm less than that of the uniform IRS. Similarly, when N = 200, the reduction is
approximately 13 dBm. These results emphasize the advantage of the IRS-aided communication
system, enabling the UAV to achieve reduced required transmit power while maintaining the desired
QoS and SINR level. Additionally, it shows the savings in power when utilizing the proposed
algorithm.
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Figure 3 illustrates the performance of Algorithm 1 compared to the SDR-based approach [8] using a
predefined threshold of y = 10 and N, = 4. Through comparisons involving varying numbers of
interference base stations while maintaining the same number of IRS meta-atoms (i.e., K =3, K =6
and K = 9 with N = 200), it is observed that the necessary transmit power increases with a rise in the
number of interference base stations. The figure distinctly shows that Algorithm 1 surpasses the SDR-
based algorithm in terms of the required transmit power. Additionally, this effect is attributed to the
destructive beam effects towards the primary network, which satisfies constraint (4b) and
consequently reduces interference, resulting in an improved required transmit power.

The convergence analysis of Algorithm 1 is illustrated in Figure 4. We use different initial values for
0;, uniform (® = 1), randomly distributed (® with randomized 8 and «), or ® = 0. The convergence
is shown for K = 6, N = 100, N,. = 4 and two values for y. We observe the rapid convergence of the
proposed algorithm reaching its convergence point within the 8¢" iteration for any initial point. Also,
we show that the required transmit power is increased by increasing the threshold value of y. In other
words, increasing the QoS for the UAV requires more base station’s transmit power.
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Figure 4. Convergence behavior of Figure 5. Total required transmit power versus SCA-
Algorithm 1 (N=100). IRS meta-atoms for K=6 and Nr=4 under different
schemes.

Figure 5 illustrates the relationship between the required transmit power and the number of IRS meta-
atoms for various threshold SINR values, considering the calculated optimal IRS coefficient ©.
Additionally, the performance of the SDR-based method [8] is presented. As anticipated, a decreasing
trend in the necessary transmit power is observed with an increasing number of IRS meta-atoms. This
trend can be attributed to the passive nature of the IRS, where a higher count of phase shifters allows
for more power to be reflected from the BS. Consequently, this amplifies the SINR, resulting in a
reduced required transmit power. Both the transmit power of BSy,y and that of each co-channel BS,,
are set to be equal, denoted as pgs = p, [13]. It is important to note that the required transmit power
of the UAV to achieve a specific SINR and the received interference power exhibit a steady increase
or decrease with N. However, as N increases, the UAV transmit power decreases due to substantial
interference suppression by the IRS, leading to a more prominent desired signal power. Furthermore,
the figure indicates that the SDR-based methods exhibit similar performance for small values of y.
Conversely, for larger y, Algorithm 1 outperforms the SDR-based methods.
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Finally, Figure 6 illustrates the anticipated decrease in average transmit power required for
information transmission as the number of transmit antennas at the BSy,y increases for y = 10 and
K = 6. This effect is attributed to the availability of more DoF for spatial multiplexing with a larger
antenna array, allowing for lower transmit at the BS. Furthermore, it can be observed that employing
phase shifts at the IRS yields significant performance gains compared to random phase or the absence
of IRS. These findings highlight the effectiveness of multiple-antenna techniques in reducing transmit
power.

6. CONCLUSIONS

In this paper, we have presented a framework that leverages the SCA algorithm and SOCP relaxation
to optimize both the phase-shift and amplitude coefficients of the IRS matrix. This approach
effectively addresses the challenge of minimizing transmit power for UAV-downlink communication
while maintaining QoS. Notably, the algorithm updates all optimization variables simultaneously in
each iteration, ensuring efficient convergence. Furthermore, we investigate the impact of exploiting
both the direct channel and the reflected signal from the IRS, enabling constructive interference and
enhanced reception at the target UAV. The combined use of SOCP and SCA facilitates rapid
convergence to an effective solution. Simulations demonstrate that our IRS-aided UAV
communication system achieves significant power savings of approximately 13 dBm compared to
conventional approaches while maintaining the desired SINR level across various interference
scenarios. In our future work, we aim to address the challenge of analyzing how altitude and speed
impact interference mitigation. Additionally, we will explore the challenges of dynamic channel
conditions and imperfect CSI.
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