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ABSTRACT: UAV-mounted intelligent reflecting surface (IRS) helps address the line-of-sight (LoS) blockage between
sensor nodes (SNs) and the fusion center (FC) in Internet of Things (IoT). This paper considers an IoT assisted by
multiple UAVs-mounted IRS (U-IRS), where the data from ground SN are transmitted to the FC. In practice, energy
efficiency (EE) and mission completion time are crucial metrics for evaluating system performance and operational
costs. Recognizing their importance during data collection, we formulate a multi-objective optimization problem
to maximize EE and minimize total mission completion time simultaneously. To characterize this tradeoff while
considering optimization objective consistency, we construct an optimization problem that minimizes the weighted
sum of the total mission completion time and the reciprocal of EE. Due to the non-convex nature of the formulated
problem, obtaining optimal solutions is generally challenging. To tackle this issue, we decompose it into three sub-
problems: UAV-SN association, number of reflecting elements allocation, and UAV trajectory optimization. An iterative
algorithm combining genetic algorithm, CS-BJ algorithm, and successive convex approximation technique is proposed
to solve these sub-problems. Simulation results demonstrate that when the transmitted data amount is 10 and 30 Mbits,
compared to the static collection benchmark (the UAV hovers directly above each SN), the EE of the proposed method
improves by more than 10.4% and 5.2%, while the total mission completion time is reduced by more than 5.4% and
3.3%, respectively.

KEYWORDS: Unmanned aerial vehicle; intelligent reflecting surface; energy efficiency; total mission completion time;
optimization

1 Introduction

Sensors can be deployed in farmlands to collect environmental data such as soil moisture, air tempera-
ture, and wind speed, laying the foundation for Internet of Things (IoT) in precision agriculture [1]. However,
limited energy storage restricts their operational lifespan. If sensor-collected data cannot be transmitted
to the fusion center (FC) promptly, the finite memory capacity of sensors may lead to data overwriting.
Furthermore, obstacles between sensors and the FC can result in incomplete data transmission due to the
lack of a direct line-of-sight (LoS) path.

To address these issues, unmanned aerial vehicles (UAVs) have been leveraged as mobile base stations
(BSs), relays, or data collectors [2]. Their high mobility and flexible deployment enable them to establish
effective communication links, effectively mitigating non-line-of-sight (NLoS) problems. Nevertheless,
UAVs are constrained by battery power, limiting their flight range and operational duration. This makes
optimizing UAV trajectories crucial for energy-efficient data collection, especially when sensor nodes (SNs)
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are widely dispersed [3]. For tasks beyond the capability of a single UAV, collaborative multi-UAV systems
are deployed [4], often by partitioning SNs among UAVs for full coverage [5]. Research in multi-UAV
systems has focused on various objectives, including minimizing energy consumption [6], reducing the
maximum task completion time [7], lowering costs [8], and enhancing data collection rates [9]. Further
studies explore tradeofts between performance metrics, such as balancing computation capacity and energy

consumption [10] or optimizing energy usage vs. task completion time [11].

As another way to improve channel quality, intelligent reflecting surface (IRS) manipulates incident
signal propagation [12], enabling communication between SNs and FC without deploying costly mobile base
stations (BSs) or relays, thereby enhancing energy and spectral efficiency (EE and SE) for reliable system
performance. Conventional IRS is installed on building surfaces [13], offering ease of installation but limited
coverage and mobility. To address this, researchers propose integrating IRS with UAVs. UAV-mounted IRS
(U-IRS) [14] delivers superior flexibility, link quality, and coverage for SNs. In such U-IRS-assisted IoT, SNs
transmit signals to the FC via U-IRS, effectively bypassing NLoS channel limitations.

1.1 Related Work

As a transformative technology, U-IRS significantly enhances the performance of IoT. Existing studies
broadly fall into single-U-IRS and multi-U-IRS-assisted IoT, as summarized below.

1.1.1 Single-U-IRS-Assisted IoT

Researchers primarily focus on enhancing capacity/achievable rate, reducing energy consumption, and
improving EE. Notably, Ref. [14] pioneered the concept of U-IRS and demonstrated its advantage over
terrestrial IRS in terms of average data rate and LoS probability, laying the foundation for subsequent studies.
Subsequent studies typically involve the joint optimization of parameters such as SN transmit power, UAV
trajectory, IRS phase shifts, and the number of reflecting elements (NoRE) to maximize the sum rate [15-17]
or the minimum data rate [18]. Other works have extended these optimizations to maximize secrecy rate [19-
21] or to design energy-aware trajectories [22-24]. Metrics like EE, defined as the total information bits
per propulsion energy, have been quantified to explore rate-energy tradeoft [25], with further investigations
into solar-powered U-IRS for EE maximization [26] and applications in maritime communications [27]. A
max-min optimization framework for covert throughput and propulsion efficiency was proposed in [28].

However, a common shortcoming of these single-U-IRS studies is their inherent limitation in coverage
and task capacity. The performance of a single U-IRS is bounded by the UAV’s limited flight endurance and
range. Consequently, they are unsuitable for large-scale IoT deployments where SNs are widely dispersed,
creating a clear motivation for employing multiple collaborative U-IRSs.

1.1.2 Multi-UAV IRS-Assisted IoT

For complex tasks exceeding single-UAV capabilities, multi-U-IRS collaboration is essential. However,
research in this area remains sparse. Existing works have jointly optimized UAV placement, BS beamforming,
and IRS passive beamforming to maximize the weighted sum rate [29], minimized UAV energy consumption
in mobile-edge computing networks [30], derived outage probability for non-orthogonal multiple access
(NOMA) systems [31], and minimized the maximum task offloading time by optimizing UAV positions [32].

1.1.3 Challenges in Existing Studies

Based on the above review, we identify the following specific gaps in the current literature on multi-U-
IRS-assisted IoT:
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i) Impact of NoRE: While parameters like trajectory and phase shifts are extensively optimized, with
less consideration given to the impact of NoRE in the IRS. Although studies like [22,23] that analyze
NoRE assume identical channel characteristics for all reflecting elements, resulting in low accuracy in the
optimal NoRE.

ii) Optimization of total task completion time: In practical scenarios like smart agriculture, where
frequent data collection is needed, minimizing the total mission completion time is vital for long-term cost
efficiency. The number of UAVs, the energy provided to UAVs, and the flight trajectories of UAVs all affect
the total mission completion time, which is related to costs. While prior multi-UAV research has focused
on minimizing the maximum completion time (critical for time-sensitive applications like disaster relief or
emergency communications), e.g., [7]. This metric does not guarantee a minimal total completion time. For
instance, optimizing two UAVs’ completion times from (7, 2 s) to (6, 4 s) reduces the maximum time but
increases the total time from 9 to 10 s. The optimization of total completion time in multi-U-IRS systems is
rarely addressed.

iii) Tradeoff between EE and total time: EE and total task completion time are interdependent
metrics crucial for system performance and cost. However, the tradeoff between these two key performance
indicators remains significantly under-explored in the context of multi-U-IRS-assisted IoT.

1.2 Motivation and Contributions

The aforementioned gaps motivate our work. Specifically, we investigate the fundamental tradeoff
between EE and the total task completion time in a multi-U-IRS-assisted IoT data collection system. The
main contributions of this paper are fourfold:

o We establish a data collection model for multi-U-IRS-assisted IoT. The expressions for the achievable
rate, energy consumption, and system EE are formulated. On this basis, the total task completion time is
mathematically characterized. Then, the impacts of UAV-SN association, NoRE, and UAVs trajectories
on EE and total mission completion time are analyzed.

o We propose a novel balanced objective function formulated as a weighted sum of the total task
completion time and the reciprocal of EE. This formulation allows us to concurrently maximize EE and
minimize the total time under practical constraints.

o Tosolve the resulting non-convex and complex optimization problem, we develop an efficient alternating
optimization algorithm. The algorithm decomposes the problem into three subproblems: (i) the UAV-
SN association, reformulated as a multi-traveling salesman problem (mTSP) and solved via a genetic
algorithm; (ii) the NoRE allocation, solved optimally using a conditional judgment-binary search (CJ-
BS) algorithm by leveraging the proved unimodality of the objective function; and (iii) the UAVs
trajectories, non-convex constraints are relaxed via slack variables and SCA is utilized to iteratively solve
the convexified subproblems.

o Simulation results illustrate the tradeoff between EE and total mission completion time, validating the
effectiveness of the proposed scheme. The results demonstrate that the proposed scheme outperforms
the static collection benchmark (the UAV hovers above SNs) [8] in terms of mission completion time,
highlighting its practical value given the limited endurance and cost of UAVs.

1.3 Structure and Notations

The remainder of this paper is organized as follows: Section 2 presents the system model and problem
formulation for multi-U-IRS-assisted data collection in IoT. Section 3 details the iterative algorithm for the
joint optimization of UAV-SN association, the optimal NoRE, and UAVs trajectories. Section 4 presents the
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numerical results to verify the efficient performance of the proposed algorithm. Finally, Section 5 concludes
this paper.

Notations: Scalars are denoted by italic letters, vectors by bold lowercase letters, and matrices by bold
uppercase letters. ()H and E (-) denote the conjugate transpose of a matrix or vector and the expectation
operator, respectively. |-| denotes the Euclidean norm, and diag (-) represents a diagonal matrix. arg(x)
denotes a vector with each element being the phase of the corresponding element in x. R™*! represents the
space of M-dimensional real-valued vector. |G| denotes the cardinality of set G.

2 Sytem Model and Problem Formulation

2.1 System Model

In this paper, the system model for multi-U-IRS-assisted IoT data collection is illustrated in Fig. 1.
The FC is located at coordinates D = {0, 0, 0}, which is far from the sensors and obstructed by barriers,
resulting in no direct line-of-sight (LoS) path between them. We deploy M (M > 1) rotary-wing UAVs,
each UAV equipped with IRS to assist relay sensor signals to the FC, where the set of UAVs is denoted as
{um,1<m < M}. Each UAV flies at a constant altitude H, complying with safety regulations and avoiding
obstacles. Each U-IRS comprises N reflecting elements, and the NoRE allocated to the SN k is denoted as Ny.
A total of k sensors (K > M) are deployed on the ground, with the set of sensors denoted as {s;,1< k < K}.
These sensors are stationary with known locations, and their horizontal coordinates are defined as Sy € R?*!.
Each sensor is exclusively served by one U-IRS. Due to the number of sensors exceeding the number of
UAVs (K > M), the SN are partitioned into M disjoint groups. Let {G,,,1 < m < M} represent the SN group
associated with the UAV U,,, and |G,,| denote the cardinality of the group, G,, € {s¢,1 < k < K}. We allocate
non-overlapping frequency channels |G,,| to each UAV U, for collecting data from sensors in G,,. Sensors
associated with the same UAV upload data using time-division multiple access (TDMA), eliminating intra-
UAV interference. It is reasonable to assume that all SNs aim to upload their task input data as soon as
possible. Therefore, the transmission power of each sensor is set to a constant value [32].

(2&
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Figure 1: The multi-U-IRS-assisted IoT data collection model

This paper adopts the fly-hover-communicate protocol (FHCP) [33]: where UAVSs utilize onboard IRS
to assist in SN data collection only during hovering phases, while non-active SNs can enter a sleep mode [34],
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thereby extending the lifetime of IoT. Each U-IRS serves one sensor group, and each SN corresponds to a
unique hovering point. After completing data collection at one hovering point, the UAV proceeds to the
next one, e.g., the UAV U, exclusively collects data from SNs in G,,, with |G,,| hover points involved in this
process. Consequently, the trajectory of the UAV U,, starts from the start point, traverses all the hovering
point |G|, finally flies to the end point. The 2D coordinates of the UAV'’ start and end points are predefined
as q;, q € R**!, respectively. Therefore, determining the UAV'’ trajectories requires solving for the optimal
hovering point positions.

We define A,, € {0,1} as the SN-UAV association variable [35]. If the SN sy is associated to the UAV
Upm> Am .k = L;otherwise, A, = 0.S0 G,y = {sx [Am.x =1, Vk,1< m < M }, ensure exclusive association. Since

M
a SN is only served by one U-IRS, we can get > A,k =1 7y = (W15 T 25 -‘~,7Tm,|Gm‘) represents the
m=1

visiting order of the SN, the visit sequence of SNs in G, can be expressed as (sz,, . Sz,.,> ***> 57,6, )- Define
q, € R**1,1< I < |G| as the 2-D coordinate of the hover point corresponding to the SN s, associated
with the UAV U,,. The start and end point of the UAV U, are definedasq, ~=q;andq, o = 9E°

For the SN s, the received signal at the FC is

H /
y”m,l = gNm,I,FCGgl,NmJ Psx + wﬂm,l (1)

where P; is the transmit power of the SN s, . Without loss of generality, hypothetically E (x) = 0, E (xz) =

L. wg,, ~CN (0,02) is the Gaussian noise with zero mean and variance 2. N,..1 is the NoRE used

by the SN s, ,, 1< N,,; < N. Let Nm,l denotes the index of a specific reflecting element in use, with

Npi1e{,2,---,Nu.}. gﬁw,FC = [gl,FC>g2,FC> ---,gNmJ,Fc] represents the channel power gain from the
) H

reflecting element to the FC, ggm’b e €CN. g Nt = [ Q182 8l NW] represents the channel power

gain from the SN s, , to the reflecting element, g, \ € CN*1. The channel power gain can be expressed

as [36]: 8K, FC = 1 /po dzzii,,,FcC” 818, = pod;’;]m’l ¢1, where py is the average channel power gain at a ref-

erence distance of 1 meter, d; x,,, Tepresents the distance between SN s, and the reflecting element N m,l 0

2 2
the IRS, d, 5 = \/H2 + ’ Q,, = Sn.| - dn,rc=\/H*+ ‘ qnm,r‘ -dy;, | rc represents the distance from

the reflecting element N, ; in the IRS to the FC (approximated as UAV-to-FC distance due to small IRS size),

deJ,FC = H2 + ‘
Rayleigh fading component of the channel, which is an exponential variable that satisfies the independent
and same distribution, with E (|ck|2) =1. Define GN%, = eje’vmvl, ©® =diag [01, 0,, ---,GNM, ~-,9Nm,l].
Oy , €[0,2m) is the phase shift of the reflecting element N,,.;, which can be expressed as [37]: Oy

—arg(gg,  rc&N,, )
The instantaneous achievable rate corresponding to the SN s;; , can be expressed as a function of the
NoRE N, and the position of the hover pointq, .

2
Nm,l
A DY
N,,.=1

8N, Fc81LN,,,
0—2

2
q, H . a represents the path loss exponent. ¢, describes the medium and small-scale

m,l

(2)

Ry, {Nm,l’qﬂm,z} = Blog, | 1+
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where B is the bandwidth allocated to the UAV U,,. The frequency-division multiplexing access mechanism is
adopted to avoid inter-UAV interference, which assumes that different UAV's operate on distinct frequencies
during data collection and transmission.
2
Nm,l
P; > N ol A
N, =1 ’ '

The SE is defined as
8K, FC8I,N,.,
o2

SE;,., {Nm,lanm,,} = l {Nm’l’qnm’l} =log, |1+

©)

2.2 EE Model

The total energy consumption of the system during UAVs-assisted service comprises the following com-
ponents: the energy consumption for traveling of the UAVs, the total UAVs hovering energy consumption,
the energy consumption of reflecting element in IRS for phase shifting, the energy consumption of SNs
(including signal transmission and intrinsic circuit power), the intrinsic energy consumption of FC. The total
energy consumption can be formulated as

Ew = Eyav,f + Evav.n + Eirs + Eg,, + Erc

|G| +1 |Gl

= E;W lgl 9, ~ 9, , + lgl Tr,. (PUAV(O) + Ny, 1Prrs + 1P + Pc,ﬂm)l + Ppc) (4)
|G| +1 |Gm]

= E;)”r E:l qﬂm,l - qnm,Fl + E:l Tnm)l (Nm,lPIRS + Pelse,rrm,l)

The calculation methods for Ej'" and Pyav (V) refer to [33]. E}" is the maximum-range (MR)
propulsion energy consumption of the UAV per unit traveling distance in Joule/meter, representing the
minimum UAV energy consumption per unit traveling distance. Pyay (V') is the power consumption of the
rotor-wing UAV, when V' = 0, and Pyay (0) denotes the UAV’s hovering power consumption when the UAV
hovers. Pejse,x,, = Puav(0) + 4P + Pc,z, , + Ppc, Tn,,, is the hovering time of the UAV U, corresponding
tothe SN s, .. Prgs is the power consumption when the reflecting elements of IRS provide the phase shift.
denotes the power amplifier efficiency, Pc ,, , is the intrinsic circuit power consumption of the SN s, and
Prc represents the intrinsic power consumption of the FC.

The total energy consumption and EE of the system can be expressed as (5) and (6), respectively, where
Qy,,, is data amount that need to be collected from the SN s, .

M |Gn |+1 M |Gl
Etotal - Z E, = Emr Z Z qﬂm,1—1 + Z Z Tnm,l(Nm,lPIRS +Pelse,7r,,,,,) (5)
m=1 [=1 m=1 [=1
M |Gl
Zl lZ Qx,.,
m=1 =1
EEiia1 = M (Gl +1 M (Gl (6)
EZ” Z Z qﬂm‘l - qﬂm’Fl + Z Z Tﬂml(Nm lPIRS + Pelse ﬂmz)

m=1 =1 m=1 =1
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2.3 Mission Completion Time

In multi-U-IRS-assisted IoT data collection, the total mission completion time comprises two compo-
nents: (1) The flight time of UAVs: The time required for UAVs to fly from the starting point, traverse all
hovering points in sequence, and finally reach the endpoint. (2) The hovering time of UAVs: The time spent
at each hovering point, during which the IRS in UAVs assists in transmitting SN signals to the FC. After
completing data transmission from the associated SNs, UAV's terminates hovering and proceeds to the next
hovering point immediately. Set T to the UAVSs total flight time, it is associated with the total flight distance
of the UAVs. So the total mission completion time can be expressed as

X X

CHE W
m=1 =1 T, 1 T, 1—-1

Ty = v (7)

M |Gu|+1

where V,,,, is the MR speed, which is the minimum UAYV flight speed with minimal energy consumption
under the FHCP [33].

Let T}, be the total hovering time of the UAVs, which is related to the UAVs hovering time at each
hovering point and can be expressed as

Gl

3

Mk

T]’l = Tﬂ’m)[ (8)

1

3
i
N

Thus, the total task completion time can be expressed as [35]

M |Gu|+1
mz=:1 El U, = D | M |Gl
Ttotar = Tf + Ty = + Z Z Tt (9)
er el 121

As shown in (9), both T},,; and EE are associated with the flight distance and hovering time of UAVs,
indicating that these two objectives are highly coupled.

2.4 Problem Formulation

Unlike single-U-IRS-assisted IoT data collection, in multi-U-IRS-assisted IoT data collection, we must
consider both maximizing EE and minimizing the total mission completion time to fully demonstrate the
advantages of multi-UAV systems. Eqs. (6) and (9) reveal that EE and mission completion time are closely
related to three optimization parameters: the SN-UAV association {1, x }» NoRE {N,, ;}, and the hovering
point positions {qﬂmJ } In this paper, we aim to achieve a balanced optimization of EE and total mission
completion time by jointly optimizing these three parameters. To facilitate analysis, we define as (10).

M |Gn|+1 M |Gl
1 Eg" Z Z qnm, _qnm -1 + Z Z Tﬂm,z(Nm,lPIRS +Pelse,ﬂm,l)
_ _ m=1 [=1 ’ ’ m=1 [=1 (10)
X EEs1al M |Gl
mZI 121 Qx,,,

Thus the problem of EE maximization is transformed into the minimization problem of y.
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According to the above analysis, the problem can be formulated as a multi-objective optimization

problem (P1).
(pD): min % (11a)
Osd N far,
min Ttotal (llb)
(i N3 {a,, )
M
st.Y Amk=11<k<K, Vk (11c)
m=1
Gn = {Sk Mm,k =1L Vk,1<m< M} (11d)
Amik€{0,1},Vm, k (11e)
1<N, <N, Vm,]I a1f)
Ui, =9 b,y 0 = 9F (11g)
Tﬂm,l(’/lps +PC,TZ,,,)[) S Eﬂ'm)[,ma)() vm, l (11h)
|G +1 G
Y las,, - an,, [ + % T (Puny (0) + N Pies) £ B Yo, (11)
| -1
Nm,l
P X (8K, FC&LK,,
N, =1 .
Tn,., Blog, | 1+ = > Qg,, > Vm,l (115)

Eq. (11c)-(1le) indicates the association between the UAV and SN. Eq. (11f) represents the constraint
on the NoRE. It is the upper bound of the NoRE, which means that the number of allocated elements can
not exceed the most NoRE that the UAV carried. Eq. (11g) defines the UAV trajectory’s start and end point
constraints. Eq. (11h) indicates the energy budget constraint of the SN, where E;; | max denotes the maximum

energy budget of a SN s, . Eq. (11i) represents the UAV energy constraint. Due to the limited endurance

time of UAV’s, the mission must be completed within the UAV’s operational duration. Eq. (11j) represents the
throughput constraint, ensuring complete data collection from all SNs.

Lemma 1: At the optimal solution to problem (P1), we have

N,
(s

Nm,I:1

gNm,I)FCgl,NmJ

T,, Blog, | 1+ =

= Qﬂm,l’ vm; l (12)
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Proof: Lemma 1 can be shown by contradiction. If there is an optimal solution 7, = making

Nm,l 2

Ps(k X |gmm,,,ch/,/\‘zm,, )
T, Blog, (1 + Tl = ) > Qg,,»Vm,l. We can find 7;, <7,  to satisfy these constraints.
In other words, T;m, , can be decreased with other variables fixed, then y and T}, decrease, and all other

constraints are still satisfied, contradicting Pareto optimality, the lemma is proved.O

As revealed by Lemma 1, for (P1), the optimal hovering time in (P1) exactly matches the time required
to complete data transmission from the SNs. Upon completing data collection, the UAV ceases hovering and
proceeds to the next hovering point along a straight trajectory. We assume that all SNs have identical data

upload requirements and the number of information bits that need to be collected from every SN is Q, so
M ‘Gml -

we derive 37 Y. Q. , = K- Q. Following lemma 1, the hovering time of the UAV U, at the hover point
m=1 [=1

associated with the SN s, can be expressed as

Q
Rﬂm’, {Nm,l’ qnm,z}

L {Nm,z,qnm,l} = (13)

As shown in the expression for EE in (6), the EE depends on the UAV-SN association {A,, x }, NoRE
{N,..1}, and hovering point position {qﬂ } Similarly, the total mission completion time is also influenced

m,l
by these three parameters. Taking the NoRE as an example: (2) indicates that the achievable rate of the
associated SN increases with NoRE, thereby reducing the UAV hovering time required for transmit the target
data amount Q and shortening the total mission completion time. However, increasing the NoRE also raises
energy consumption, which negatively impacts the system EE. This implies the NoRE minimizing mission
completion time does not necessarily correspond to the maximum EE. Similar tradeoff analyses apply to the
other two parameters. Therefore, a fundamental tradeoff between EE and mission completion time can be

explored. To characterize the tradeoft, we define a weighted sum as

Ay = wwf‘//cfX + (1 - wwf)Ttotal (14)

where 0 < w,, r < 11is the weighting factor, y is the compensation factor for y. Since the y and Tj,q4; are at
different levels, v is therefore introduced to scale these two terms to a comparable numerical range, this
enables the two variables to be of the same order of magnitude, ensuring that the weight 0 < w,, s <1 can
effectively and intuitively adjust the tradeoff between energy efficiency and total mission completion time.
Finally, (P1) is reformulated as

(P2): min Ay
(i N {4, } (15a)
s.t. (11c)—(11i) (15b)
0< Wy < 1 (15¢)

According to (P2) and (12), w,, r and (1 - w,, s) determine the priority of enlarging the system’s EE and
decreasing the total mission completion time, respectively. Note that the case of w,,; =1 is equivalent to
the y minimization problem, which equates to the EE maximization problem. w,, s = 0 is equivalent to the
total mission completion time minimization problem. Obviously, we can always obtain the unique optimal
tradeoff between the EE and the total mission completion time for any w,, ;.
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3 Algorithm Design

(P2) is a constrained combinatorial optimization problem, where the objective function A, depends
on UAV-SN association {A,, x }, NoRE {N,, ;}, and hovering point positions {qnm’l } The coupling of these
three variables in constraints (11g)-(11i), along with the non-convexity of (11i) and A,, x is a binary function
in (11d), renders (P2) intractable for direct optimization. We decompose (P2) into three sub-problems to
optimize the UAV-SN association optimization, NoRE, and the hovering point position separately. For each
sub-problem, we assume the other variables are fixed and optimize only the targeted variable. The alternating
optimization of these three variables is then employed to solve (P2).

To facilitate subsequent analysis, we expand and reorganize the mathematical expression of A,, and
combine like terms. The reformulated expression of A, is given as

Aw:wwfV/CfX"' (1_ wwf)Ttotal

M |Gpl+1 K
E;M Z Z ‘ qnm’l - qﬂmqu’ + Z Tk(NkPIRS + Pelse,k)
_ a)wflllcf m=1 [=1 2 Q~ k=1
M |Gu|+1
Z Z | qﬂm,z - qﬂm,l—l M |Gul

—_

+(1— wwf) m=1_I=1 Vi + Z Z Tﬂm’l
m=1 [=1

[ OwrVer BT 1= @\ M 1GulH
- A + \ )P qﬂm,z - qﬂm,l—l
K-Q mr m=1]=1 16)
M |Gl @ N, Pis+P
wfll/cf( m, I PIRS+ Felse,n,, )
| )
m=1 [=1
mr M |Gu|+1
_ CUwfu/c{Ep +1—wwf Z | 2|: _
KQ er m=1 =1 qﬂm,l qﬂm,l—l
part1
M |Gnl . Nyt Pirs + P,
Q @ f¥er (N1 Prrs + else,nm’l)
+ 2 . 2 ( KO +(1_wwf)
m=1 [=1
Ps(NmZ’:1|gNm’,,FC81,NmJ|)
Blog, | 1+ - >

4

part 2

Eq. (16) intuitively illustrates the correlation among UAV-SN association {A,, x}, NoRE {N,, ;},
hovering point position {qﬂm I }, and the objective function A, thereby facilitating subsequent analysis.

The alternating optimization process proceeds as follows.

3.1 Algorithm Design
When the NoRE {N,, ;} and the hovering point {qﬂ } are given, the achievable rate of the associated

m,l
SN and the corresponding UAV hovering time become fixed. Consequently, part 2in (16) becomes a constant.

For the UAV-SN association {A,, x } requiring optimization, we only need to analyze part 1 in (16). Under
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these conditions, (P2) can be reformulated as

) wwfwcfE]’,”’ 1- wyf M |G| +1

(P3): min _ + = q, (17a)
{Am,k}( K . Q er ) mZ::l lz:; ‘ q m,l q m,l—1

s.t. (11c)—(1le), (11g), (15¢) (17b)

The objective function of (P3) can be expanded as

OupVerEy” 1= wu flwﬂ‘q -q,,,.|
K-Q Vinr ol A1

m=1 [=1

0w W By 1-w, ) (121 |Gal+1 G| +1
- ( K- Q . + er ) ( IZ:; ‘qnl,l - q”l,l—l | + IZ:; |q712,1 - qﬂz,l—l Tt IZ:; ‘q”M,l - qﬂM,1—1|

(18)

As shown in (18), the minimization of the objective function in optimization problem (P3) corresponds
to minimizing the flight distances of UAVs serving different SN groups, which constitutes a multiple
Traveling Salesman Problem (m-TSP) with predetermined initial and final locations. Specifically, this
involves multi-salesmen starting from predefined origins, each visiting a distinct subset of cities (where
each city is visited exactly once by one salesman), and all salesmen ultimately arriving at predetermined
destinations. The goal is to find the solution that minimizes the total travel distance. Since the m-TSP is NP-
hard, optimization problem (P3) also falls into the NP-hard category. Consequently, genetic algorithm can
obtain an efficient approximate solution for (P3).

3.2 Optimizing NoRE

When given the UAV-SN association {1, x} and hover point position {q”myl}, the UAV trajectory
and the SN groups associated with each UAV are determined, and the visit sequence of SNs within each
assigned group becomes deterministic. Therefore, part1in (16) becomes deterministic. For the NoRE {N,, ; }
requiring optimization, we only need to focus on minimizing part 2 in (16). Under this condition, (P2) can
be reformulated as (P4).

M 1G] ) wiWef (N 1 Pirs + Pelse,n
(P4): min Z Z QN - x(w fV’f( ! IRS fse, '"’l)+(1—a)wf))
{Nm,1 m=1 ]=1 Ps(Zn:{” |gn,ch1,n|) K-Q
Blog, |1+ =
(19a)
s.t. (11f), (11h)=(11i), (15¢) (19b)

By expanding the objective function in (P4), we can get (20), which is shown at the bottom of page
w c P 9
9. Where Ym,1 = %ém’ ﬁNm,l 2 ﬂNm,l+l’ = %’ ﬁNm,l = ‘gNm,l:FCgl,Nm,l

, and in descending order, that is
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BN, 2 BN, +1-

M 1Gn] ; wiWef(Now1Pirs + Peise n
>3 ) ) (osternalie ) - )

N K-
) ‘gwm’,,chz,NmJ Q
m, =1

o2

2 @ P w p
= Z NQ 5 ( m,1 WJ;//.CJ;?IRS . ( wf‘/’;(f. lese,ﬂmJ . (1 ) wwf)))
PS(N Z_1|gNm,lchgl,Nm’l|)

m=1 [=1
Blog, | 1+ ———;

u .
Q
= Z N 2 (Nm,lym,l + (m,l)
" Blog, [1+ 5( 5 ﬂle) )
Nyi=1 ’
= Q s (Npiyn + ) + Q o (Niayra + Qo)+ +
N N
Blog, |1+ X PBnw. Blog, [ 1+ 8( > B,
N1,1=1 N1)2=1
part (1,1) part (1,2)
Q
7 (NG VMGl + CafGl) (20)
N
Blog, |1+ 6( > ﬁNM,Gm|)
Nt G| =1
part (M,|G|)

First, we select part (m, [) in (20) for analysis, subsequently extending the methodology to the aggregate
2
N
sum of all parts. According to our prior work [38], when 8( 3 /’)Nm,z) >L Ry, (N +1) =Ry (Npyi) >
Npi=1
Ry, (Nt +2) =Ry, (Nyy +1). Proposition 1: F(N,, ;) = < o (Nt Yt + G s a
Blogz(l + 8(N > ﬁNm,l) )
m,1=1

unimodal function.
Proof: See Appendix A.O

According to proposition 1, it can be seen that F(N,, ;) is a unimodal function, and the CS-BJ algorithm
in our existing research [38] is applied to solve the optimal NoRE N, ; to obtain the minimum value of
F(N,, ). Similarly, in (18), we can use the CS-BJ algorithm to solve the minimum value of each part, thus
obtaining the minimum value of the objective function in (P4). The CS-B] algorithm for (P4) is summarized
in Algorithm 1.
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Algorithm 1: CS-B]J algorithm for solving (P4)

1: Initialize UAV-SN association {A,, x } and the hovering position {qﬂ } Calculate the range of the NoRE

m,l

N and N according to the constraints.

10: else

11: N}, | is solved by the Binary Search algorithm;
12: Frin (Ny1) = F (N}, )

13: end

14: end

15: Output: The optimal NoRE N ;.

F(N,, ;) can be written as

QN 3 (Nm,lym,l + (m,l) =
Blog, (1 + S(NZ 1/3Nm,,) )

m,l=

. St
QYm,l X Nm’l * Ym,1 (21)
B

N 2
oo & pe))
N 1

m, =

F(Nm,l) =

From (21), it is evident that as a unimodal function, the peak of the unimodal function F(N,, ;)

corresponds to a specific NoRE N, ; and % Different values of w,, 7 yield distinct (LII, and then obtain

Vm,
distinct optimal NoRE N, ;, which also affect the value of A,,. Thereby w,,  is critical to achieve the balance
between EE and the total mission completion time. The impact of w,, 7 is analyzed in the simulations.

3.3 Optimizing UAV Trajectory

Given UAV-SN association {A,, x } and NoRE {N,, ; }, the SN group associated with each UAV is also
determined, and the visit sequence of SNs within each SN group and NoRE used by each SN is determined.
According to (16), the hover point {qnm’]} is related to both part 1 and part 2. Compared to (P2), the
constraints involved in {1,, x } and {N,, ; } need not be considered. So (P2) can be rewritten as

(P5): min A,

- (22a)

s.t. (11g)—(11i), (15¢) (22b)
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mr M |Gm| +1
_ [ ©ws¥erEy 1-wyf
Aw - ( K'Q + Vinr mz:l lgl qﬂm,l q”m,l -1
M |Gnl - Nyt Pizs + P,
Q wwflllcf( m, 1 LIRS else,m,, |
+ZZ N 2 ( K0 = +(1—wwf)
m=1 [=1 m,
Ps(Nle:1 |gNmJ,chl,Nm’, |)
Blog,| 1+ . p
M |G|+l M |Gl ~
— Q(Nm,lym,l + Cm,l)
(3% |an, -G, |+ 22 z
m=1 [=1 m=1 [=1 of & -
Bl 1+ Nomt =L m
og _-—
? (dl,Nm 1N F(,)a (23)
|G1| +1 |G1| ~ |G2| +1
Q(Nuiyii + &)
=t X ‘qﬂl,l - Cl7Tl,l—1| + X Ny, n t6 X 9G,, ~ iy
I=1 I=1 L I=1
o N Zzthl,l’l’l
Blog,|1 + L
T Gy v re)”
G M Gm| +1 G ~
Il Q(Na1ya1 + 1) o+ gl Mz': q - q 4 lf' QN 1ymi + Cmt)
-1 Na,i : ] M.l M, -1 i Narg 2
B 8 szthz’I,z,l o N 2:1 Npp Ml
Blog,| 1 + 2174,‘ Blog,| 1 + At
(d”Nz,Isz,l'Fc) (d’ Nag1 N, FC)
th,l’m’I wwfu/ffE;,"' l—wwf

—=—— 7. By expanding A, we can get (23), where £ = xa T v
(dl’Nm,l de’,,FC)

Eq. (23) reveals that A, is composed of M sub-terms A, ,. The objective of (P5) is to minimize A,
so we try to minimize each sub-term individually. Specifically, focusing on one sub-term A, ,,, which
corresponds to the portion associated with UAV U, in A, we then analyze the minimization problem of

Ay, m- The hovering point in (P5) is related to A, therefore A, ,, can be expressed as a function of {qﬂm l }:

Set |gn, . FCgIN,.,| =

|G l+1

Aw,m(qﬂm)l) =L Z Hq”m,l N qﬂ'm,l—l
I=1

|G| 3
+ Z Q(Nm,lym,l + Cm,l) (24)
I=1

Non,1 2
6( Z thl,m,l)
Nip,1=1 ’

(dl,NmJ de’, ,Fc)a

)

Blog, (1+

We consider using a convex optimization method to solve the hovering point { q, } Since (11h) is non-
convex, d; Nm,ldlz\fm,;, rc has been proven to be a non-convex function of {qnm,z} in our existing study [39].
We first introduce relaxation variables u; y, , and v, , rc that satisfy:

2
u?’éw >diy (25)

o2 (26)

2
VN, EC 2 AN, FC
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Then (24) can then be written as

Gl Sl QN Yt + )
Aw,m (qnm’l) = g Z | qﬂm,, - qﬂm’171 ‘ + Z - yr[:l:nl m’ 2 (27)
o o ( &y, ZW)
N =1 4
Blog, (1+ —™ )

UIN,, | YNy, 1 FC

To obtain the optimal solution of UAV hovering position {qﬂ } at minimum A, (q, ), all the

m,l
constraints in (25) and (26) must be satisfied with strict equality. We introduce the relaxation variable

Now 1 ?
d NYE o th,l ,m,l

IST— ). The first-order Taylor of a convex function is a lower bound
N1 "N 1>

) ()
Ny 0 iy,

Gm, instead of Blog,(1+

of its function at any point, let u k¢ De the j-th iteration of the given u,y, , and v, rc

Non,1 2
6( Z—l th’l,m,l)

m,l

respectively. The global lower bound of Blog,(1+

N 2
m,l .
B‘s( Z th)l,m,l) 10g2

N, 1=1

N
) can be expressed as (28), where 9 =
ul’Nm,lVNm,l’FC

Ny 2
(NG =
ul,Nm’IVNm’I,FC_HS N,E:th”’vl’m’l

Nm,l 2 Nm,l 2
o X hw,mi O X hn,mi
Ny=1 N, =1
Blog, |1+ > Blog, | 1+ DRG]
UINy VN1, FC
’ ’ LNy, Ny, FC
() 6))
UILLNwi ~UIN,,,  YNui,FCTVYN,  FC
-9 , L+ _ ’ (28)
u(]) V(J)
I,Np s N1, FC

Based on the above analysis, we can formulate the minimization optimization problem of Ay, (q,, )
as follows: ’

(P6): min A, (29a)
q"m,l
(11g)—(11i), (15¢), (25)—(26) (29b)
Nm,l 2
(N%—l N’"’“m’l) uz,Nm,z—uY?V ) VNm,,,Fc—Vz(v]),pc
Gm,1 < Blog, | 1+ : . - — . e (29¢)
s 2 (C)NE)) 6)) )
U Nyt YN, EC Ul N VN1 FC

After transformation, A, ,, is a convex function, and its constraints are also convex functions, so (P6) is
alinear convex optimization problem, which can be efficiently solved by the existing convex optimal toolbox
such as CVX. See Algorithm 2 for details.
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Algorithm 2: SCA-based algorithm for solving (P6)

1: Initialization: Given {1, x}, {N,,;}, and total iterations j;,,;. Initialize {q,(T?n)J}, the iteration number

j =0, and the convergence accuracy e.
2: repeat
3:  Solve the convex problem (P6) for given {qE,Jm)l} and obtain the optimal solution as {q;m’ ] }

4:  Update the point as q,(,{:ll) =qy, -

5: Update j=j+1
6: until The objective value A, ,, converges within the prescribed accuracy e.

In Algorithm 2, we typically initialize the hovering points at positions directly above the SNs, then
iteratively solve for their optimal locations. Once the hovering points are determined, the UAV departs
from its starting point, sequentially visits the hovering points within its associated SN group, and finally
proceeds to the endpoint, thereby generating its flight trajectory. Although (P6) specifically analyzes the
portion associated with the UAV U,,, this approach can be generalizable to multi-UAV scenarios. Algorithm
2 is applied to optimize all UAV hovering points of (P5).

According to (P6), the minimum value of A, ,, depends on ¢, y,, ; and (,, ;, which are influenced by
the weighting factor w,, r. Therefore, selecting an appropriate value of w,, s is essential.

Based on the comprehensive analysis above, we propose an alternating optimization algorithm to solve
(P2). The detailed procedure is outlined in Algorithm 3.

Algorithm 3: SCA-based algorithm for solving (P2)

I: Initialization: Initialize the iteration number x and the convergence accuracy e.

2:fori=1:x.

3: Solve (P3) with genetic algorithm to solve m-TSP problem to obtain SN-UAV association {1, }, and
serving order {7, }.

4:form=1: M.

5: Using the CS-BJ algorithm to solve the optimal NoRE {N,, ;} in (P4).
6: end

7:form=1: M

8:for j=1: jioral

9: Using the SCA algorithm to solve the UAV hovering point {q,,myl} in (P5).

10: end

11: end

12: Based on (12) to calculate the updated Ag,”l). If AE)M) < A((,f). Update the SN-UAV association, the
optimal NoRE, and the hovering point. Otherwise, break.

13: Update i = i + 1.

14: Until (P2) achieves the convergence accuracy ¢ or the number of iterations exceeds the value of .

In Algorithm 3, the genetic algorithm, CS-BJ algorithm, and SCA algorithm all converge to a certain
extent. Additionally, a break condition is implemented: once the optimized A, increases, contradicting
the optimization objective, Algorithm 2 halts variable updates and breaks, further ensuring convergence of
Algorithm 2.
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The overall complexity of Algorithm 3 is determined by the complexities of sub-problems (P3)-(P5).
For (P3), genetic algorithm is used to solve the m-TSP problem, with its complexity roughly O(M * K * A),
where A is the iteration number of genetic algorithm. For (P4), the CS-BJ algorithm is applied to solve the
optimal NoRE used by each SN, with its complexity roughly O(M = logf ). For (P5), it is solved via SCA, its
complexity is roughly O((MK)>* logy © ), where ¢ is the accuracy of the SCA method for solving the problem.
Thus, the total complexity of Algorithm 3 is approximately O(x(M * K * A + M * logy + (MK)*? log;/ )R
where x denotes the number of iterations in Algorithm 3.

4 Numerical Results
4.1 Parameter Settings

In this section, the proposed optimization strategy is compared with the static collection benchmark,
where the wake-up time allocation and NoRE are optimized using the genetic algorithm and Algorithm
1, respectively. We assume there are K = 20 SNs randomly distributed within a 500 x 500 m? area, with its
center on the X-axis.

Four UAVs (M = 4) are deployed. The start and end of the UAVs flight trajectory at predefined
coordinates q; = [600, —250] (lower-left corner) and q. = [100, 250] (upper-right corner) of the area. Given
the negligible size of the IRS relative to transmission distances, the IRS coordinates are aligned with the UAV’s
position. The original hovering points of the UAVs are set directly above the sensors (static strategy). The
UAV propulsion parameters follow Table 1 in [37]. The total system bandwidth B = 2 MHz is equally divided
among the four UAVs. The FC is located at the origin [x4, y4, 0] = [0, 0, 0]. The EE’s reciprocal (1/EE) is
typically on the order of 10~ Joules/bits for our considered system. The total mission completion time T}, is
typically on the order of several hundred seconds. The compensation factor y s = 107 is therefore introduced
to scale these two terms to a comparable numerical range, this enables the two variables to be of the same
order of magnitude, ensuring that the weight . ¢ can effectively and intuitively adjust the tradeoff between
EE and total mission completion time. The main parameters used are shown in Table 1.

Table 1: Parameter setup

Parameters

Values

Noise power at the receiving end
The FC’s inherent power consumption of the
circuit per time slot
The circuit’s inherent power consumption of each
SN
The maximum energy budget per SN
The transmit power of each SN
The efficiency of the power amplifier at
transmitter (SN)
The flight height of the UAV's
The maximum power limit of the UAV
The NoRE of the IRS mounted on the UAV
The power consumption of each reflecting
element in the IRS when provides the phase shift
The MR speed of the UAV

% = -100 dbm
Pd,k =10 dbm [40]

PC»”m,I =10dBm

Eﬂm,l,max =1]
pr=01W [41]
n=12

80 m [15]
Pyav,max = 100W [33]
50 x 50 [42]
PIRS =5mW [43]

Vinr =18.3m/s [44]

(Continued)
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Table 1 (continued)

Parameters Values
The maximum energy for each UAV Eyav max = 3500]
The maximum speed of each UAV Vinax =30m/s
The path loss at the reference distance of 1 m po = —-30dB
The path loss exponent o =22, a, =2.8 [44]
The bandwidth B =2MHz [7]
The compensation factor Yep =107

4.2 Numerical Results

In this subsection, we first investigate the impact of varying transmission data amounts and weighting
factors on the optimized trajectories and the required NoRE allocations. Subsequently, we evaluate how the

weighting factor w,, s influences the EE, total mission completion time, and A,,, with comparisons to the
static collection benchmark.

Figs. 2 and 3 illustrate the optimized UAVs trajectories under varying transmission data amounts Q
(10 Mbits and 30 Mbits) and weighting factors w,, r (0.3 and 0.7). By comparing Fig. 2a and b, as well as F'ig. 3a
and b, it can be observed that for identical weighting factor w,, r, the optimized UAV's trajectories are closer
to the SN when Q = 30 Mbits compared to Q = 10 Mbits. This occurs because a larger data amount requires
a higher transmission rate to complete data transfer within the limited hovering time. Reducing the distance
between the hovering point of the UAV and the SN shortens the propagation distance of the signal, improving
the achievable rate. Although proximity to the SN increases the UAV’s flight distance and raises the flight
energy consumption, the significant gain in achievable rate outweighs the additional energy cost, reflecting
a tradeoft between rate and power consumption.

(a) (b)
300 300
—&—UAV1 —e—UAV 3 ~—eo—UAV 1 —e—UAV 3

UAV 2 UAV 4 __End UAV 2 UAV 4

200 200

<100 100

BN 3 O sN 6 O sn11 O sN14

F(‘~.0

y(m)
B
y(m)

--100 --100

7SN 8 Osng O sNn16 O sn17 - 1200

- -300 - -300

(@) Q = 10Mbits (b) Q = 30Mbits

Figure 2: The optimized UAV trajectories with different data amounts Q when the weighting factor w,, s = 0.3
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Figure 3: The optimized UAV trajectories with different data amounts Q when the weighting factor w,, s = 0.7

For the same Q, distinct weighting factors w, s prioritize different optimization objectives: When w,, s =
0.3, it emphasizes minimizing the total mission completion time, whereas w,, ; = 0.7 emphasizes maximizing
EE. By comparing Figs. 2a and 3a, as well as Figs. 2b and 3b, for the same Q, distinct optimized trajectories
emerge under different w,, ¢. Notably, as w,, s increases, the UAV’s flight distance decreases, indicating that
flight energy consumption is a critical factor affecting EE, which aligns with (6).

Fig. 4 illustrates the optimized NoREs under varying data transmission amounts Q (Q =10 Mbits and
Q = 30 Mbits) and weighting factors w,, s (w,, s = 0.3and w,, r = 0.7). As shown in Fig. 4, for a given weighting
factor w,, 7, the optimized NoRE at Q = 30 Mbits is significantly larger than that at Q = 10 Mbits. This is
because a higher data amount Q demands more NoRE to satisfy data collection requirements, ensuring the
data transmission is completed within the limited hovering time. Furthermore, by comparing the optimized
NoRE for the same Q under different weighting factors in Fig. 4a and b, the optimized NoRE under
w, s = 0.3 utilizes more NoRE than w,, ¢ = 0.7. As proven in Proposition 1, the objective function of the
optimization problem is a unimodal function of the NoRE. When w,, s = 0.3, the optimization is weighted
toward minimizing the total task completion time. With more optimized NoRE, the achievable rate increases
while the required hovering time decreases, which collectively contributes to reducing the overall mission
completion time.

Figs. 5 and 6 compare the EE and total mission completion time of the proposed scheme against the
static collection benchmark under varying data transmission volumes Q. The proposed solution achieves
higher EE and shorter mission completion time compared to the benchmark across all Q, demonstrating
its effectiveness.



20 Comput Mater Contin. 2026;86(2)

(@) (b)

2500 2400

2450 2300 -

2400 - 2200¢

IN)
w
o
S
N [N)
S g
S o
S S

©
=]
]

The number of REs
n N
N w
g 8

The number of REs

@
[=]
(=]

2200
N 1700 -

2150 - 1600
—O— Q=10Mbits —©— Q=10Mbits
—#&— Q=30Mbits —E— Q=30Mbits
2100 : L d 1500 L L ),
0 5 10 15 20 0 5 10 15 20
The number of SNs The number of SNs
(@) wyr =03 (b) wyr =07
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Figure 5: EE comparison of the two schemes with different Q

A larger Q increases system EE but also extends mission completion time. That is to say, sacrificing
time to get the gain of EE, necessitates a balance between EE gains and time costs. Of course, what we most
expect is that simultaneously improve EE and reduce the total mission completion time, i.e., for Q =10 Mbits,
select w,, 7=04, and for Q = 30 Mbits, select wyr=0.7. Conversely, configurations that reduce EE while
prolonging mission completion time should be avoided (e.g., w,, s = 0.2 for Q =10 Mbits or w,, s = 0.6 for
Q =30 Mbits). When the transmitted data amount is 10 and 30 Mbits, compared to the static collection
benchmark (the UAV hovers directly above each SN), the EE of the proposed method improves by more than
10.4% and 5.2%, while the total mission completion time is reduced by more than 5.4% and 3.3%, respectively.



Comput Mater Contin. 2026;86(2)

Total Task Completion Time (s)
N
©
o

==©— CVX Optimization
= B =Hover Above SN
L L

0.4 0.6 0.8 1
wf

(@) Q = 10Mbits

Total Task Completion Time (s)

21

(b)

T

CVX Optimization
t{= B = Hover Above SN I!l

W,

wf

(b) Q = 30Mbits

Figure 6: Total mission completion time comparison of the two schemes with different Q

Fig. 7 compares the weighted objective function A,, of the two schemes under varying data transmission
amounts Q. The proposed solution achieves a smaller optimized A,, than the static collection benchmark
across all Q, aligning with the goal of (P2), thereby validating the effectiveness of the proposed algorithm.
In contrast, for Q = 10 Mbits, A,, is minimized at w,, 7 =0, indicating that minimizing the total mission
completion time takes precedence over EE optimization in the objective function. For Q = 30 Mbits, A,,
is minimized at w, s =1, showing that EE optimization becomes more critical than reducing mission
completion time. It implies for smaller data amounts, prioritizing shorter mission completion time reduces
system costs, whereas for larger data amounts, prioritizing EE enhances system performance at the expense
of longer mission time. This reflects an adaptive equilibrium between EE and mission completion time,
embodying a compromise between system performance and operational cost.
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5 Conclusion

This paper investigates the fundamental tradeoff between EE and the total mission completion time for
data collection in multi-U-IRS-assisted IoT. We analyze the expressions of EE and total mission completion
time. To ensure consistency in optimization objectives, we first formulate an optimization problem that
minimizes the reciprocal of EE and the total mission completion time. Subsequently, we propose minimizing
the weighted sum of the reciprocal of EE and the total mission completion time. Due to the intractability of
directly solving the original problem, we decompose it into three subproblems and develop an alternating
algorithm for optimization. Specifically, a genetic algorithm is employed to optimize UAV-SN association,
the CS-BJ algorithm is used to optimize the NoRE, and the SCA is applied to optimize UAV's trajectories.
Simulation results demonstrate that, compared to the static collection benchmark, the proposed solution
achieves higher EE, shorter total mission completion time, and smaller objective function values under vary-
ing data amounts, highlighting its superiority and effectiveness. This work provides practical implications for
UAV deployment in real IoT scenarios. For instance, in cost-sensitive, periodic agricultural monitoring, an
operator can set a high w,, s to prioritize EE, extending the fleet’s operational lifetime and reducing long-term
costs. Conversely, for time-sensitive tasks like post-disaster assessment, a low w,, 7 can be used to generate
mission plans that prioritize rapid data collection above all else.

For future research, it would be valuable to incorporate adaptive power control for the SNs, which
could further enhance the EE and data rate of the system. In heterogeneous IoT applications, different
SNs may exhibit significant variations in data generation rates due to their diverse monitoring task.
Handling scenarios with heterogeneous data amounts represents a highly valuable research direction for the
future, which will further enhance the universality of the proposed framework. A comprehensive empirical
comparison between the proposed algorithm and a wider range of heuristic methods, including clustering
and meta-heuristics, constitutes an important direction.
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Appendix A
We first analyze the variation of F(N,, ;) under the condition1 < N,,, ; < N. As N,, ; increases, F(N,, ;)
exhibits the following trends:
1) F(N,,,;) monotonically decreases with increasing N,,, ;.
2) There always exists an optimized NoRE N, ; such that F(N,,, ;) < F(Ny; +1) < F(Npy +2) < ---.
When F(N,,.;) < F(N,,; +1), we derive:

Q - Q Nm, m, + m, Q~ Nm, +1 m, + m,
(K Yt + o) = (No1 Pt + Snt) - QUNmt + 1)yt + Cnt) (AD)
N an,z(Nm,l) an,l(Nm,l + 1)
Blog,|1+6| ¥ By l
NM)I:I m,
Expanding both sides of inequality (A1) yields:
~ RT[ Nm
Nm,lﬁ—(m’l n m,l( ,l)
Ym,i an,I(Nm,l + 1) - an,I(Nm,l)
— _(m,l + _(Rﬂm,I(Nm,l + 1) - R”ml(Nm,l)) + Rﬂm,l(Nm)l + 1)
Ym,1 Ry, (Numi+1) =Rz, (Nu,1)
R, (N,;+1
_ _(m,l 1+ m,z( §) ) (AZ)

Ym,i an,z (le + 1) - Rﬂm,l (Nm,l)

Since Ry, (N1 +1) = Ry, (Nu,1) 2 Ry, (N1 +2) = Ry, (N1 + 1), inequality (A2) can be rewrit-
ten as:
Ry, (N +1) Comt Ry, (Npi+1)

- < - -1+
ym’l R”m,l (Nm)l + 1) - R”m,l (Nm’l) me Rﬂm,l (Nm)l + 2) - R”m,l (mel + 1)

(A3)

Based on inequality (A3), we further obtain F(N,,;+1) < F(N,,; +2). By extension, F(N,, ) <
F(N,.; +1) < F(N, +2) < --- can be derived.

The above analysis proves that F(N,, ;) is a unimodal function when 1< N, ; < N. In (P4), the
numerical range of N, ; can be determined using constraints (11¢), (11g)-(11i), thereby revealing the trend
of F(N,, ;) within this range.
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