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Highlights

Based on practical communication scenarios and existing research, this paper innovatively proposed a
dual IRS-UAV assisted uplink model for WSN. The dual reflection link between the IRSs was utilized
to effectively enhance the system’s transmission rate. Additionally, a novel algorithm was designed to
jointly optimize the IRS phase shifts and UAV flight trajectory, aiming to maximize the system sum
rate. Experimental results demonstrate that the scheme proposed in this paper is significantly superior
to the traditional IRS-UAV trajectory design schemes.

What are the main findings?

e This paper designed a completely new model of dual IRS-UAV-assisted communication.

e This paper presents a new trajectory optimization algorithm.

What is the implication of the main finding?

e Compared with the traditional single IRS-UAV-assisted communication model, the newly proposed
model can significantly enhance the sum rate of the communication system.

e The proposed new algorithm can effectively address the non-convexity issue in optimization
problems.

Abstract

Intelligent reflecting surface assisted unmanned aerial vehicles (IRS-UAVs) have been widely applied
in various communication scenarios. This paper addressed the uplink communication problem in
wireless sensor networks (WSN) by proposing a novel double IRS-UAVs assisted framework to improve
the pairwise sum rate. Specifically, the base station (BS) received signals to users at a relatively short
distance through a single-reflection link of one IRS, and received signals to users at a relatively long
distance through the double-reflection link of two IRSs. Within each work cycle, the IRS-UAVs followed
a fixed service sequence to cyclically assist all sensor node pairs. We designed a joint optimization
algorithm that simultaneously optimized the UAV trajectories and IRS phase shifts to maximize the
pairwise sum rate, while guaranteeing each node’s transmission rate meets a minimum quality of
service (QoS) constraint. The proposed algorithm decomposed the optimization problem into multiple
sub-problems and conducted iterative optimization, leading to the derivation of the optimal solution.
Numerical results indicate that this algorithm can effectively optimize flight trajectories of the UAVs
and significantly enhance the pairwise sum rate of the system.

Keywords: Intelligent reflecting surface (IRS); unmanned aerial vehicle (UAV); wireless sensor net-
works (WSN); trajectory optimization

1. Introduction

In recent years, intelligent reflecting surface (IRS) has gradually matured and been widely applied
in actual communication scenarios. It has the characteristics of low deployment cost and flexible
deployment locations. It is usually deployed on the outer layer of high-rise buildings to cope with
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the situation where there are many obstacles in the direct connection channels. However, the position
of IRS is difficult to change after deployment and cannot adapt to the situation where the receiving
source location is variable [1-3].

To address the above problems, some studies have proposed combining unmanned aerial vehicle
(UAV) with IRS to utilize the high maneuverability of UAVs to meet the needs of users with real-time
changing positions [4-6].

In [7], the authors compared the performance of the relay system in three modes (UAV-only, IRS-
only and IRS-UAV) and maximize the system reachable rate by optimizing the number and deployment
height of IRS reflectors. The author in [8] also introduced IRS-assisted UAVs (IRS-UAVs) to optimize
the NOMA network. By optimizing the phase of IRS, resource allocation and the trajectory of UAVs,
the total energy consumption of the system is reduced. In [9], the authors studied the multi-user
symbiotic radio (SR) system assisted by IRS-UAV. They developed an iterative algorithm based on
block coordinate descent (BCD) technology to meet the minimum communication rate requirements
and minimized the maximum bit error rate (BER) among all ground devices (GDs). In [10], the author
proposed to improve the network coverage of the IRS-UAV communication system by increasing the
number of base stations (BS). In addition, the joint optimization of multiple UAVs can further improve
the performance of the system. In [11], the joint IRS selection and beamforming optimization problem
had been investigated in multiple IRS-UAV-assisted anti-jamming device-to-device (D2D) networks.
Furthermore, the authors in [12] proposed an IRS-assisted multilayer UAV network and analyzed the
symbolic error rate and outage probability.

Although many studies have explored the combination of UAVs and IRSs, most of them focus on
the optimization problem in the scenario with only single-reflection links. However, as urban density
rises, the number of required cells (or users) has significantly increased. The coverage area of an
IRS-UAV is difficult to meet the requirements of large-scale network. Therefore, increasing the number
of IRS-UAVs involved in communication and taking advantage of double-reflection links can greatly
improve network coverage. In [13], the novel IRS-assisted cognitive UAV systems (CUAVS) were
investigated. However, the IRS cannot be moved freely. The authors studied an IRS-UAV wireless-
powered mobile edge computing (MEC) system, where multiple IRS-UAVs were considered between
Internet of Things (IoT) devices and the BS to improve the computation bits and energy harvesting
in [14], but they overlooked the interconnectedness of IRSs.

In this paper, we consider a novel IRS-UAVs assisted the uplink of wireless sensor networks
(WSN), where the BS can provide services to sensor nodes in a farther area through a double-reflection
link of two IRSs. Compared with the traditional single IRS-assisted UAV system, this system can
significantly enhance the network coverage by simultaneously optimizing the flight trajectories of
two UAVs and the beamforming of the IRSs. We formulated the corresponding optimization problem,
but due to the intercoupling among the optimization variables, it is difficult to solve. We proposed
an algorithm that first divides the original problem into multiple sub-problems and introduces slack
variables, then solves them iteratively via a joint optimization framework. The simulation results
show that, compared with traditional scheme where UAVs fly from a user’s location to another’s, the
proposed algorithm can significantly enhance the sum rate of the system at each stage.

2. System Model and Problem Formulation
2.1. System Model

In this section, we consider the uplink communication scenario of two IRS-UAVs in Figure 1, which
involves two coverage holes: one located proximal to the BS and another positioned distally, comprising
Kj and K; sensor nodes, respectively. There are two IRS-UAVs that perform the communication mission
at altitude H employing time division multiple access (TDMA). Continuous trajectories are represented
with N discrete coordinates. For each pair of sensor nodes corresponding to the two covering holes,
they are denoted as uyg and uy,. Their locations are represented by uy; and uy; respectively. q; , and
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q2,» are the positions of the UAVs, which are assumed to be co-located with the IRSs. The discrete
trajectory satisfies the following constraints as

VinaxT
||qmrn - qm,n+1|| < m;]X Ivnlm - 1/ 2/ (1)

where Viax represents the maximum flight speed of UAV, T/ N represents the time length of each time
slot, n demotes the index of time slots.
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Figure 1. Double IRS-UAVs assisted the uplink of WSN.

Due to the obstruction, the sensor nodes and BS cannot communicate directly with each other. We
assume both IRS-UAVs operate with identical service cycles of duration T, where sensor nodes within
the same coverage hole are allocated equal uplink transmission time slots. In time slot #, the distances

of BS-1;, BS-Ip, I1-uyq and Ip-sy, are denoted by db,h,n =y ||(11,n||2 + H?, db,IZ,n =y 2,1 |2 + H?,

dn = \/ I qLn — wp ||* + HZ, ALy 50 = \/ g2 — ska||* + H2, respectively. IRS-assisted communi-
cation channel is composed of line-of-sight (LoS) and non-line-of-sight (NLoS) components. As the

deployment position of IRS is raised, the probability of LoS will keep increasing. Especially in remote
areas, when the altitude exceeds 40 meters, the probability of LoS will approach 100% [15]. In this case,
we assume that all the channels of the system are approximately equivalent to LoS channels without
obstacles. The channel from node i to j, with {i,j} € {(BS,I1), (I1,uk1), (I2,sk2)} can be modeled in
the following general from

H
Gl,] = gl',]‘ar (6{,], U{j, m]) ut (9;:,], U}:’]‘, ml) 7 (2)

i2np. . . . . S . . .
where g¢;; = ,B[l)/ Ze A Pij/ Df‘]/ 2 is the complex channel gain of the i — j link with By denoting its
channel power gain at the reference distance of 1 m, A denoting the signal wavelength, D; ; denoting

the distance from node i to j, and a denoting the pass-loss exponent. Moreover, 0} j (or vf j) € [0, ]

and 9}/ j (or vlt-, ]-) € [0, 7] denote respectively the azimuth (or elevation) angle-of-arrival (AoA) at node j
and angle-of-departure (AoD) at node i w.r.t. the IRS plane, m () denotes the number of elements of
L, (Ip), a; (Gf,j, UZ?,]-, m]-) denotes the receive array response from node i to j and a; (9},]-, v}’]-, mi) denotes
the transmit array response from node i to j.

The inter-IRS channel between I; and I, namely

Gy, =
r r H (gt t
V&N T r (611,12'011,12/’”2) V81,1 A (Hll,lzrvll,lzrml) : 3)

f1 £
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In time slot 7, the effective channels BS-I;-u; and BS-1;-1,-s, denoted by hy,, and ks, respectively,

Ukt
are given by

_ ,H
hukl - gllrn,ukl (Dl/ngb,llrn’ (4)
_ oH H
hs, = 8l s @2, Gh,lzq)lz”gb,h,n T 8L 50 q)zfngb/h,n’ ©)

H 1x H 1x x1 x1
where 81w € Cm, 8L s € Cxm, 81, € C™>** and 8o, € C™2** denote the channels from

I; to ugy, I to syy, BS to Ij, and BS to I respectively. @4, denotes the reflection matrix of I; and the
definition of ®; , is similar, which can be given by

®;, € Py, =

‘[q)]m,m‘ = 1’

[<I>]m,p =0mpe{l,...,m},m#p
s=1,2.

® (6)

The corresponding achievable rates from BS to uk1 and BS to sk2 in bits per second per Hertz
(bps/Hz), denoted by ry, ,, » and 11, 5, », respectively, are thus given by

P|hy, |*

Tbuyyn = 108, <1 + |OIZC1 | >, 7)
Plhs, |

To,sim = 108y (1 + | ;f‘ > 8)

where 0% denotes the noise power, P represents the transmission power of BS.

In each time slot, only one pair of sensor nodes establish a communication link with the BS. At
the same time, ensure that the transmission rate of each node can meet the minimum quality of service
(QoS) standard, which is expressed as

v(rb,ukl 1 Tbspn ) 2 Riow, ©9)

where Ry, represents the minimum communication rate requirement for each node. Thus, the sum
rate of the sensor nodes in time slot # can be expressed as

Ry, = b,y + b,y (10)

2.2. Problem Formulation

Our research aims to maximize the sum rate under the constraints of the phase shifts ® of IRSs
and the trajectories Q of UAVs, in which ® = {®;,,, ®3,},and Q = {q1n, q2n}-

Thus, this problem is expressed as

(P1) max R,
®Q (11)

s.t. (1)(6)(9).

Due to the existence of binary and coupled variables, this problem is difficult to be solved directly.
To address (P1), we propose an algorithm to derive the second-best solution.

3. Proposed Algorithm

Taking into account the inherent complexity of the coupling variables, we will obtain an effective
solution by splitting the original problem into two sub-problems and solving them iteratively. Firstly,
given the trajectories of the UAVs, we obtain the optimal phase shift. Then, we optimize the trajectories
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of the UAVs using the successive convex approximation (SCA) technique. These two sub-problems
can be solved separately through iterative algorithms.

3.1. Phase Shift Optimization

When operating on sensor node uk1, the optimal phase of I; can be obtained as

>+g<[g]>> (12)

where m; = 1,..., M;j. At this time, 7 can be restated as

(o,
|:¢Il,n:| —¢ ‘ 1,11

PmZ 2
rb/uklln = logz (1 + U'Zd“ l‘[jéo )’ (13)

b1y, T

When operating on sensor node sy,, referring to [16,17], it can be shown that the main diagonal of
the optimal IRSs’ passive beamforming matrix is given by

Aol ) »

(e ([stmal,,, ) Fos(6) ) (1)

2

|:¢1,1’l:| mq,mq

(1>

lI>

[62'7’1] mo, 1y

wherems =1,..., M, s =1, 2. We assume that the time consumed by the phase optimization of
IRSs can be neglected. By optimizing (13) and (14), the IRSs beamforming achieves the optimal phase
shifts. Then (8) can be restated as

Tbsipn = log, (1
2
mzﬁo (16)

(db/IZ,n dIZ,n Sk2 )

3
N % mymoBg

(o
(db,h,n dIZ,n Sk2 D I I )

+

NIR
N|=

3.2. Trajectory Optimization

After acquiring the phase shifts of IRSs, the trajectories of the UAVs can be derived by solving the
following optimization problem.

(P2.1) maxRy,
qdi1,n (17)
s.t. (1), (9),

(P2.1) maxR,
Q2,n (18)

st. (1),(9).

Itis very difficult to solve (P2.1) directly, so we employ slack variables dy, to replace dy | d

Ly ot ”
satisfying
digp = dgrh,ndﬁ,mukr (19)
Therefore, we can rewrite (13) as
C
R, = log, (1 + ) (20)
dlk,n 9

(a)
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sz 2
where C; = 012/3 :

243, +C1)C . . o
(21 +C1) »—. It is obvious that the second order derivative is larger than 0 when C; > 0 and

(d%k,n'i'dlk,ncl) In2
dix, > 0 are satisfied. We can use SCA technology to obtain the lower limit Rllok";; of (a).

The second order derivative of (a) with respect to dy;, can be written as

C
"o = log, | 1+ T;
1k,n
C !
- IR ), )
In2 ( (dlk,n) + dlk,n C1>
= Ri%,

The right-hand sides of the constraints (19) are all non-negative and convex (« > 2). We can
obtain the expressions for the approximations F(k, q1 ,) [13], which are denoted by

[ [
1, 091, 0

1 ) 2 I 2
= E ((dg,ll,n + dﬁ,n,ukl >2 - (d]gr%l,n) - (dl(l,)nrukl) ’X)

1 D\T 1
—2(d} )" (@) (a1, —ai)) (22)
1 i T 1
—2(d) ) (@t — wa) " (qe - ai))
= F(k/ ql,n)'

From these, we can convert (P2.1) into the following questions

(P3.1) max R,
q1,n

s.t. (1),(9) (23)
F(k, ql,n) < dlk,n-

For (P2.2), due to db/h,n' dbrlz,n’dIZ,nrskz > 0 we employ variables x = In dbrll,n’y =In db/IZ,n and

z = Indy,, s, to replace them. Therefore, we can rewrite (16) as

Sk2
2
P —5(x+z) —5(y+z)
Tosn = 10g2 1+ p Core 2 + Cze™ 2 , (24)
(b) (c)

3

3
where C, = ”];1’”2/3%0 ,C3 = mypPy. It can be shown that the second derivative of (b) and (c) are greater

1.1
than zero, and (24) is a convex function. The suboptimal solution of (P2.2) can be obtained through

SCA.

3.3. Joint Optimization of Trajectory and Phase Shift Algorithm

Based on the solutions to the sub-problems proposed in the above sections, we can obtain the
maximum sum rate by iteratively solving these sub-problems. The algorithm for joint trajectory and
phase shift design is summarized in Algorithm 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. This is a table caption. Tables should be placed in the main text near to the first time they are cited.

Algorithm 1 Proposed Solution for (P1).

Initialize: Set {®] ,, ®5,,q],,95,} and e = 0.

Repeat
Given {<I>§,n, qin, qin}, obtain the optimal phase shift <I>ij11 based on (12), (14);
Given {®{*!,q{ ,, q5 ,}, obtain the optimal phase shift ®5" ' based on (15);
Given {®{'!, ®5"!,q5  }, obtain the optimal trajectory qj' based on (23);

1n 7 N M
Given {<I>§j11, <I>§,J;1, qf;ll}, obtain the optimal trajectory q;ql based on (18);

Update the iterative number ¢ = ¢ + 1;
Until convergence.

The computational complexity of the joint IRS phase shift and UAV trajectory optimization
algorithm in this paper is dominated by its iterative decomposition framework and core input scales.
The algorithm converges after a constant number of outer iterations Loyter, with each iteration involving
two sub-problems. For IRS phase shift optimization, since the optimal phase of each of the mj /m; IRS
elements is computed via O(1)arg(-) operations and phase adjustment is required for each of the N UAV
trajectory discretization slots (core input scale), its complexity per outer iteration is O(N - (mq +mjy)) =
O. For UAV trajectory optimization, the non-convex problem is transformed into convex sub-problems
via SCA. Each convex subproblem, solved by interior-point methods, involves O(N) variables and
O(N) constraints, leading to a complexity of O(N?3). Summing the two subproblems and incorporating
Louter, the overall time complexity of the algorithm is O(Louter - (N + N3)) = O(N?3).

4. Numerical Results

This section conducts simulation experiments to demonstrate the effectiveness of the joint trajec-
tory optimization algorithm. Establish a three-dimensional Cartesian coordinate system with the BS as
the origin. The closer coverage holes have four sensor nodes, while the farther ones have three nodes,
namely, K; = 4, K; = 3. BSis located at (0,0,0), and u; = (15, —20,0), up = (15,50,0), uz = (30,70,0),
uy = (40,30,0), s; = (15,160,0), sp = (25,200, 0) and s3 = (40, 140,0). We assume that the communi-
cating order in one working cycle is predetermined as u; — u; — uz — ug(and s; — sy — s3). The
UAVs fly at a fixed altitude H = 100 m with the maximum flight speed V1,5, = 5m/s and Voy0x =5
m/s. The spacing of the IRS elements is d = A/2, where A = 0.05 m. Other parameters are set as
Bo = —30dB,, P = 50 dBm, ¢ = —90 dBm, m; = 150, mp = 150 and Ry, = 0.01 Hz/bps [16].

Figure 2 shows the flight trajectories of each period within one working cycle with T = 60 s. We
use different colors to distinguish the current communication nodes involved. The UAV equipped
with the IRS changes its trajectory to approach the nodes as the mission period increases.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Trajectories of different schemes.

To further demonstrate the effectiveness of the proposed algorithm, three distinct trajectory
optimization schemes are introduced for comparison. It is well established that the maximum signal-
to-noise ratio (SNR) is achieved when the IRS is positioned close to the nodes or BS, whereas an active
relay is typically deployed between the node and BS [1]. Therefore, two traditional trajectory schemes
are introduced as benchmark schemes in this paper: one is that the IRS-UAVs fly around nodes along a
straight-line trajectory; the other is that the IRS-UAVs hover at fixed points within each coverage hole,
respectively. (1) Proposed scheme, which is given by Algorithm 1. (2) Linel scheme, where the UAV
flies from one node to the next at constant speed. (3) Hovering scheme, where the UAVs hover in the
geometric center. The times of different communication pairs are equally distributed in the comparison
scheme.

Compared to the traditional trajectory schemes, it can be observed that the flight trajectory of the
UAV within one cycle exhibits a similar trend to the inter - node connection line. Nevertheless, due to
multiple constraints such as the UAV’s maximum flight speed, working cycle and so on, the circular
trajectory is always shorter than the inter - node connection line.

Meanwhile, as this paper assumes the communication link to be a LoS link, Node sy, in the farther
coverage hole often achieves a higher transmission rate than Node 1y in the closer coverage hole, as it
constructs an uplink via both dual-reflection and single-reflection links. This also explains why the
flight trajectory of I, is more consistent with the traditional trajectory than that of I.

Figure 3 illustrates the comparison between the proposed optimization scheme and the traditional
scheme in terms of each period and sum rate. Under the traditional trajectory, nodes cannot ensure
that the transmission rate remains optimized throughout the transmission time; thus, the proposed
algorithm is significantly superior to the unoptimized traditional scheme. Furthermore, as the opti-
mized flight trajectory is shorter than the traditional one, the UAV may hover at a certain position until
the next node requires service.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Comparison of sum rates with different scheme.

Figure 4 shows the flight trajectories of UAVs during one working cycle with T = 60's, 36 s, and
24 s, respectively. As the time length of working cycles increases, the UAV have more time to fly
towards the theoretically optimal transmission position. Near the optimal positions, UAVs may be in a

hovering state.

200 T T T T ’ T T
5 —e— T=60s
———T=36s
T=24s
150 J
[ ]
53
100 - 1
E
-
50 7
[ ]
Yy
0 1
BS
_50 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

X (m)
Figure 4. Trajectories under different T.

Figures 5 and 6 show that the UAV tend to fly closer to the node at the fastest speed. As the
working cycle increases, the UAV have more time to fly at low speed or hover near the node to assist
in communication with the same node, and finally fly to the next node. When the speed drops to 0, it

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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means that the IRS-mounted UAV is hovering to serve the same node. This can also be derived from
the fact that each of the hovering points has the same color as its neighboring points in Figure 4.

Speed (m/s)

——o— T=60s
0.5 —*k— T=36s 7
— O T=24s

\ .
0 10 20 30 40 50 60
Time (s)

Figure 5. Speeds of the UAV1 under different T.

35 1

Speed (m/s)
[ %)
(9}

2r i
1.5 b
1r i
——o— T=60s
0.5 —*— T=36s B
——— T=24s
0 - Coosoeeels - -
0 10 20 30 40 50 60

Time (s)
Figure 6. Speeds of the UAV2 under different T.

As shown in Figure 7, given the differences in QoS constraints of wireless sensor nodes across
various communication scenarios, this paper further investigates the flight trajectories of UAVs under
different QoS constraints. It is shown that as the stringency of QoS constraints increases, the flight
trajectory of UAV1 gradually approaches the BS, while the flight trajectory of UAV2 remains relatively
unchanged.
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5. Conclusions

This paper proposes a novel double IRS-UAVs assisted framework for the uplink of WSN to
enhance the pairwise sum rate. Unlike existing studies that mainly focus on single-reflection links or
ignore IRS interconnections, this work enables the BS to serve proximal nodes via a single-reflection
link of one IRS-UAV and distal nodes through a double-reflection link of two IRS-UAVs. A joint
optimization algorithm is designed to maximize the sum rate by co-optimizing UAV trajectories and
IRS phase shifts, with constraints on minimum QoS for each node. The original non-convex problem is
decomposed into phase shift optimization and trajectory optimization sub-problems, solved iteratively
using techniques like SCA and slack variables. Numerical results validate that the proposed algorithm
outperforms traditional schemes in sum rate improvement by optimizing UAV trajectories effectively.
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