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Average Age-of-Information Minimization in Aerial
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Abstract—Aerial intelligent reconfigurable surface (IRS) is a
promising technology to enhance channel quality in data delivery.
In this article, we study an aerial IRS deployment problem to
enable timely and reliable data delivery in a remote Internet
of Things (IoT) scenario, in which an IRS mounted on an
unmanned aerial vehicle (UAV) is adopted as a mobile relay
to assist devices in uploading data to the base station (BS).
The objective is to minimize the average Age of Information
(AoI) of the data received by the BS over time by jointly deter-
mining the aerial IRS deployment position and phase shift,
transmit power of devices, and data uploading time. Under
the requirements of peak AoI (PAoI) and communication reli-
ability, we formulate an average AoI minimization problem.
Since the nonlinear relations among optimization variables make
the formulated problem nonconvex and intractable to solve, we
propose a block coordinate descent (BCD)-based iterative algo-
rithm which decomposes the formulated problem into several
subproblems. The variables are optimized in each subproblem
individually in an alternately iterative manner to attain a near-
optimal solution. Simulation results demonstrate the superiority
of the proposed algorithm in improving the information freshness
compared with the benchmark schemes.

Index Terms—Age of Information (AoI), intelligent reconfig-
urable surface (IRS), joint optimization, unmanned aerial vehicle
(UAV), wireless data delivery.
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I. INTRODUCTION

THE COMMERCIALIZATION of the fifth-generation
(5G) networks has fostered a large number of time-

critical applications [1], such as intelligent transportation
systems [2] and remote environmental monitoring [3]. In these
applications, the information freshness of data is essential
for monitoring network status accurately or making decisions
timely, especially in safety-related applications [4]. The trans-
mission of outdated information may result in the waste of
communication resources and even serious damage. To prop-
erly quantify the freshness of information, the metric Age of
Information (AoI) [5], [6], [7] can be a key performance indi-
cator (KPI) for time-critical applications. AoI is defined as
the time elapsed since its most recent status update was gen-
erated [5]. Different from other metrics, such as end-to-end
transmission delay, AoI is a metric that dynamically evolves
with time, which characterizes the evolution of information
freshness over time [6]. The maximum value of AoI before
a new information update arrived at the receiver is defined
as peak AoI (PAoI) [7]. The maximum value of AoI can be
limited by the PAoI requirement.

Information freshness is essential for time-critical appli-
cations. However, it is challenging for remote Internet of
Things (IoT) [8] devices to keep the freshness of information
contained in the transmission data. This is because it is
difficult for devices distributed in the suburbs to reliably trans-
mit data to the receiver over a long distance, especially for
energy-limited devices or blocked propagation environment.
Therefore, delivering data in a timely and reliable man-
ner is critical to improving the information freshness of the
transmission data in time-critical applications. To this end,
unmanned aerial vehicles (UAVs) [9] and intelligent recon-
figurable surface (IRS) [10], [11], [12] can be considered
promising technologies to enhance the communication quality.
The aerial IRS [13], i.e., the IRS mounted on the high-altitude
platforms [14] or UAVs [15], is regarded as a promising solu-
tion to improve the information freshness [16] in time-critical
applications.

UAVs have been deployed widely to provide on-demand
services as multifarious flying platforms [17], [18], [19]. Due
to the high flight altitude and flexible deployment, UAVs can
be dispatched to assist communication for devices with limited
energy capacity or maximum transmit power by establishing
Line-of-Sight (LoS) links [20]. However, the endurance time is
a bottleneck for UAV-assisted communications. UAV trajectory

2327-4662 c© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Waterloo. Downloaded on November 03,2023 at 14:26:09 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-1663-6172
https://orcid.org/0000-0001-6850-0595
https://orcid.org/0000-0002-9694-3294
https://orcid.org/0000-0002-0458-1282
https://orcid.org/0000-0002-4140-287X


15134 IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 17, 1 SEPTEMBER 2023

is thus required to be well-designed to enlarge the endurance
time. In addition, UAV-assisted relay transmission introduces
additional intermediate delay [21] and the UAV needs to bear
additional processing and transmission power consumption.
While for IRS, as one of the new emerging revolutionary
technologies for 6G [22], [23], [24], it can be used as the
controllable passive relay for improving the channel quality.
IRS is a planar metasurface that consists of a large number
of low-cost and passive reflecting elements, while each ele-
ment can independently shift the phase of the electromagnetic
waves impinging on itself with minimal power consumption.
Despite these advantages, the deployment of terrestrial IRS
is highly restricted by the network environment and scenar-
ios [24]. Once the terrestrial IRS is deployed, its position
generally cannot be moved, which limits the coverage that
the IRS can provide and thus limits the potential channel
enhancement.

Fortunately, the aerial IRS can address the limitations of
UAV and terrestrial IRS. The aerial IRS is more likely to
establish strong LoS links with the ground devices due to
the higher altitudes of the UAV. Furthermore, aerial IRS can
adjust its positions dynamically according to the changes in
the network environment and thus can maintain persistent reli-
able links between transceivers. However, there are still several
critical issues that need to be solved. First, the aerial IRS
deployment, which determines the quality of the established
channel, needs to be well-designed to improve the information
freshness and increase the UAV flying endurance. Second,
multiple types of resources, i.e., communication, energy, and
time resources, should be jointly allocated to enable efficient
aerial IRS. Finally, it is challenging to analyze the AoI evolu-
tion, derive its expressions under different system frameworks,
and deal with the difficulties of joint optimization, such as
variable coupling, nonconvex constraints, etc.

In this article, we investigate an average AoI minimization
problem in a remote IoT scenario, where an aerial IRS is
adopted as a passive relay to assist in delivering the data gen-
erated by devices with limited energy budgets to a faraway
base station (BS). In this scenario, we first analyze the evo-
lution of AoI over time and derive the expression of PAoI.
To improve the information freshness of data received by
the BS, we formulate an average AoI minimization problem
under the requirements of PAoI and communication relia-
bility by jointly optimizing the aerial IRS deployment and
phase shift, transmit power of devices, and data uploading
time. Due to the coupling among these optimization vari-
ables and the nonconvexity of constraints, it is intractable
to solve the formulated problem directly. To deal with this
issue, we develop an iterative algorithm based on the block
coordinate descent (BCD) method [25] to solve the noncon-
vex average AoI minimization problem. Simulation results
demonstrate the effectiveness of the algorithm developed
in this article in improving the information freshness.
The main contributions of this article are summarized as
follows.

1) We propose a BCD-based iterative algorithm, which can
provide a flexible aerial IRS deployment and resource
management solution to improve the information fresh-
ness in aerial IRS-assisted data delivery.

2) Under the coupling nature of AoI in time, we decompose
the nonconvex AoI minimization problem and develop
an iterative algorithm to solve it in an alternating manner.
This provides ideas to cope with the complex nonconvex
problems with coupling relations among variables.

3) The BCD-based iterative algorithm can achieve a
near-optimal solution with limited time complexity.
Extensive simulations are provided to demonstrate that
the proposed solution performs better than the fixed
aerial IRS deployment (FIRS) and the active relay
(AcRelay), i.e., UAV.

The remainder of this article is organized as follows.
Section II reviews the related work. Section III presents the
system model and formulates the average AoI minimization
problem. An iterative algorithm is developed based on the
BCD method in Section IV. Simulation results are presented
in Section V. Finally, conclusions are drawn in Section VI.

Notations: Scalars, column vectors, and matrices are written
in italic, boldfaced lowercase, and uppercase letters, respec-
tively, e.g., a, a, and A. The superscripts (·)H and (·)T indicate
the Hermitian transpose and the transpose, respectively. The
operator ‖·‖2 represents the �2-norm of the vector. In addition,
the space of M-dimensional real vector and complex vector are
denoted by R

M and C
M , respectively. C

M×M represents the
space of M × M dimensional complex space. The logarithm
with base 2 is denoted by log2(·). ⊗ represents the Kronecker
product. Given set K � {1, . . . ,K}, K̄ � K\{K} represents
the set of elements in K except K.

II. RELATED WORK

A. UAV-Assisted Communications

UAVs have been used as flying communication platforms in
military and commercial applications to enable energy-efficient
network design [17], [18], [19], assist in timely data collec-
tion [26], [27], or enlarge communication coverage [28]. These
studies focus on the optimization related to network efficiency
and UAV endurance. Among the existing research work on
UAV-assisted communications, there are also some efforts to
pay attention to the optimization of information freshness. An
AoI-based UAV trajectory planning problem for data collec-
tion was investigated in [29]. This work minimized the AoI of
collected IoT data by designing the UAV trajectory consider-
ing uncertain data arrival patterns. The authors investigated an
average PAoI minimization problem for a source-destination
pair with the assistance of a UAV as a mobile relay [30].
Jiang et al. [31] studied the average PAoI minimization problem
in a UAV-assisted wireless sensor network, where the UAV
assists in data collection and forwarding as a mobile relay.
Zhang et al. [32] addressed an AoI minimization problem in
a UAV-assisted cellular network by jointly optimizing service
time, UAV trajectory, and task scheduling. Wu et al. [33]
proposed an AI-based framework for data collection in wire-
less sensor networks, where the UAV trajectory is designed to
minimize the maximum AoI and the average AoI.

B. IRS-Enabled UAV Communications

The potential topics and solutions on combining UAV
and IRS have been discussed in [24]. Existing studies on
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IRS-enabled UAV communication can be divided into two
types: 1) terrestrial IRS [34], [35] and 2) aerial IRS [36].
Al-Hilo et al. [34] studied a UAV-assisted data collection
problem from multiple devices with the time constraint. A
terrestrial IRS in [34] was deployed to improve both the con-
nectivity and energy efficiency of the UAV. Mu et al. [35]
proposed a new transmission framework for maximization
of the sum rate of networks, where multiple UAV-mounted
BSs employ nonorthogonal multiple access (NOMA) to
serve multiple groups of ground users with the aid of an
IRS. Khalili et al. [36] investigated a total transmit power
minimization problem by jointly optimizing each UAV tra-
jectory/velocity, IRS phase shift, subcarrier allocations, and
active beamformers at each BS. This work revealed that the
transmit power can be reduced by 6 dBm by deploying aerial
IRSs while maintaining a similar Quality of Service (QoS).
The research on AoI-oriented optimization with aerial IRS
assistance is still in its infancy.

C. AoI Optimization With Aerial IRS Assistance

Although the aerial IRS is expected to be an efficient solu-
tion to improve the information freshness and communication
quality, there is little research on AoI optimization with aerial
IRS assistance. Samir et al. [21] investigated an expected sum
AoI minimization problem by jointly optimizing the altitude
of the UAV, the communication schedule, and IRS phases
shift in an aerial IRS-assisted IoT network. They developed
an approach to solve the joint optimization problem based on
proximal policy optimization algorithm. This work is the first
study on AoI optimization via the assistance of aerial IRS.
Lyu et al. [37] studied a packet scheduling problem in a ter-
restrial wireless network assisted by an aerial IRS. They jointly
optimize the UAV trajectory, passive and active beamforming,
and scheduling scheme based on successive convex approxi-
mation (SCA) algorithm to minimize the weighted sum of AoI
of all ground users.

These works provide insights into applying the aerial IRS
in time-critical applications to satisfy the AoI requirements. In
this article, we propose an offline design for dynamic deploy-
ment of aerial IRS based on convex programming to improve
information freshness. Different from assuming that the com-
munication is completed within a time slot, we calculate the
exact data uploading time according to the data size and
transmission rate. As such, we can characterize the AoI evo-
lution more accurately to study the impact of communication
network parameters on AoI.

III. SYSTEM MODEL AND PROBLEM FORMULATION

A. Scenario Model

We consider an aerial IRS-assisted remote IoT communica-
tion scenario, as shown in Fig. 1, wherein there are one aerial
IRS, one BS, and K ground IoT devices. In this scenario, the
devices with limited energy capacity need to upload the data
timely to the BS for further processing. Due to the long dis-
tance, communication links between the devices and the BS
cannot be established directly. Thus, an aerial IRS is employed
as a mobile and passive relay to assist in the data delivery for

Fig. 1. System model of an aerial IRS-assisted wireless network.

improving communication quality and information freshness.
The service sequence for devices is preassigned. To ensure the
stability of the established channel, the deployment position of
the aerial IRS is considered unchanged [21] when assisting one
device in uploading. The BS and K devices are each equipped
with an omnidirectional antenna, while the aerial IRS is fitted
with a uniform planar array (UPA) of M reflective elements.
The phase shift of each IRS reflective element is controlled by
the IRS controller mounted on the UAV based on the results
provided by the BS. In addition, we denote the position of the
BS by s0 = (x0, y0) ∈ R

2, and the position of the kth device
by sk = (xk, yk) ∈ R

2 ∀k ∈ K � {1, . . . ,K}. The flight altitude
of the aerial IRS is fixed as h. The starting position and end
position of the aerial IRS are denoted by qs = (xs, ys) ∈ R

2

and qe = (xe, ye) ∈ R
2, respectively.

We define a time frame as the total time for the aerial IRS
to assist K devices to upload status packets to the BS. At the
end of a time frame, K data packets are uploaded. Since the
status information of the device changes over time, the packet
delivery process needs to be executed repeatedly to ensure that
the BS can receive the status information as fresh as possible.
This system is considered to work on N time frames.

In this scenario, the aerial IRS can flexibly adjust its
deployment positions toward devices in different positions.
Specifically, the aerial IRS first departs from starting posi-
tion qs and flies to a suitable position to assist the first device
to upload its packet. The position remains unchanged when
the aerial IRS assists one device in uploading to maintain the
stability of the established communication link. After that, the
aerial IRS moves to the next position to assist with upload-
ing for another device. Until the communication tasks within
N time frames are completed, the aerial IRS flies to the end
position qe directly. The aerial IRS is required to assist each
device in uploading one packet within a time frame. Thus,
the nth time frame, which is denoted by Tn, can be divided
into K service time segments, where Tn can be mathematically
expressed by

Tn =
K∑

k=1

Tn,k ∀n ∈ N � {1, . . . ,N} (1)

where Tn,k is the service time for the kth device in the nth
time frame, further, it contains two parts

Tn,k = Tn,k,1 + Tn,k,2 ∀n ∈ N , k ∈ K (2)

Authorized licensed use limited to: University of Waterloo. Downloaded on November 03,2023 at 14:26:09 UTC from IEEE Xplore.  Restrictions apply. 



15136 IEEE INTERNET OF THINGS JOURNAL, VOL. 10, NO. 17, 1 SEPTEMBER 2023

Fig. 2. Example of AoI evolving over time frames.

where Tn,k,1 ∈ R is the flying time used to deploy the aerial
IRS, and Tn,k,2 ∈ R is the hovering time used to upload the
status packet.

We denote the starting moment of the nth time frame Tn and
the starting moment of the service time Tn,k by Sn and Sn,k,
respectively. As shown in Fig. 2, the relationship between Sn

and Sn,k can be expressed as

Sn,1 = Sn ∀n ∈ N (3a)

Sn,k = Sn +
k−1∑

i=1

Tn,i ∀n ∈ N , k ∈ K. (3b)

Since the IRS is mounted on the UAV, the internal distance
between the UAV and the IRS can be negligible compared
to the long communication distances. The positions of the
UAV and the IRS can be considered the same. The aerial IRS
trajectory can be approximated by a series of discrete posi-
tions. Specifically, the position of the aerial IRS at the time
instant Sn,k +Tn,k,1 is denoted by qn,k = (xn,k, yn,k) ∈ R

2. The
variable qn,k remains unchanged for Tn,k,2 period during the
process of uploading.

Due to the mechanical and regulatory limitations, the UAV
has a flight speed limit which is denoted by vmax. The distance
constraints over consecutive positions due to the flight speed
limit can be modeled by

‖q1,1 − qs‖2 ≤ T1,1,1vmax (4a)

‖qn,k+1 − qn,k‖2 ≤ Tn,k+1,1vmax ∀n ∈ N , k ∈ K̄ (4b)

‖qn+1,1 − qn,K‖2 ≤ Tn+1,1,1vmax ∀n ∈ N̄ , k ∈ K (4c)

‖qe − qN,K‖2 ≤ (Tmax − SN − TN)vmax ∀n ∈ N̄ , k ∈ K (4d)

where K̄ � K\{K} represents the set of devices other than
K, and N̄ � N \{N} is defined similarly. In (4d), Tmax is
the maximum battery life of the UAV. Equations (4a) and (4d)
require that the aerial IRS should depart from the starting posi-
tion qs, and to the end position qe when all the tasks within
N time frames are completed. Equations (4b) and (4c) are
the constraints between the adjacent devices and time frames,
respectively.

B. Communication Model

For the aerial IRS with M reflective elements, we
define the diagonal phase-shift of the aerial IRS for
the kth device in the nth time frame as �n,k =

diag{ejθn,k[1], . . . , ejθn,k[m], . . . , ejθn,k[M]} ∈ C
M×M with

θn,k[m] ∈ [0, 2π),m ∈ M � {1, . . . ,M}. θn,k[m] represents
the phase shift of the mth element for the kth device in the
nth time frame. Although the direct links between the BS and
devices can not be established, there exist links assisted by the
aerial IRS. Thanks to the high-probability LoS links establish-
ment of the UAV [20], the link from devices to the aerial
IRS (D-R) and the link from the aerial IRS to the BS (R-B)
can both be modeled by the Rician fading channel with a
dominant LoS model [21], [38], [39]. Therefore, the channel
gain of the D-R link denoted by hn,k,1 ∈ C

M×1 is defined by

hn,k,1 =
√
ρd−α

n,k,1βh̄n,k,1
(
φr

n,k, η
r
n,k

) ∀n ∈ N , k ∈ K (5)

where
√
ρd−α

n,k,1 represents the path loss coefficient, ρ is the
average path loss at a reference distance of one meter, α rep-
resents the path loss exponent, and β �

√
[κ/(κ + 1)] where

κ is the Rician factor. dn,k,1 �
√

‖qn,k − sk‖2
2 + h2 is the dis-

tance between the aerial IRS and the kth device in the nth
time frame. φr

n,k and ηr
n,k are the azimuth angle and the ele-

vation steering angle from the kth device to the aerial IRS,
respectively.

The indices along the X and Y axes for the IRS ele-
ments are denoted by 0 ≤ mx ≤ Mx and 0 ≤ my ≤ My,
respectively, where M = MxMy. The mth reflective ele-
ment is denoted as m = my(mx − 1) + my. Then, we set
ur

n,k � sin (φr
n,k) cos (ηr

n,k), and wr
n,k � sin (φr

n,k) sin (ηr
n,k), the

steering vector h̄n,k,1(φ
r
n,k, η

r
n,k) is given by

h̄n,k,1
(
φr

n,k, η
r
n,k

) =
(

1, . . . , e
−j 2πd

λ (Mx−1) sin
(
φr

n,k

)
cos

(
ηr

n,k

))

⊗
(

1, . . . , e
−j 2πd

λ (My−1) sin
(
φr

n,k

)
sin

(
ηr

n,k

))

=
[

1, . . . , e
−j 2πd

λ

(
mxur

n,k+mywr
n,k

)

, . . . ,

e
−j 2πd

λ

(
(Mx−1)ur

n,k+(My−1)wr
n,k

)]T

(6)

where λ and d represent the carrier wavelength and the spac-
ing between the IRS elements, respectively. ηr

n,k and φr
n,k

can be calculated as ηr
n,k = arctan((‖qn,k − sk‖2)/h), φr

n,k =
arctan([ȳk − yn,k]/[x̄k − xn,k])−π min(sgn(x̄k − xn,k), 0) ∀n ∈
N , k ∈ K.1

Similarly, the channel gain of the R-B link hn,k,2 ∈ C
M×1

is given by

hn,k,2 =
√
ρd−α

n,k,2βh̄n,k,2
(
φt

n,k, η
t
n,k

) ∀n ∈ N , k ∈ K (7)

where φt
n,k and ηt

n,k are the azimuth angle and the elevation
steering angle from the aerial IRS to the BS, respectively.

In (7), dn,k,2 �
√

‖qn,k − s0‖2
2 + h2 is the distance between the

aerial IRS and the BS in the nth time frame. h̄n,k,2(φ
t
n,k, η

t
n,k) is

the steering vector in hn,k,2, where ut
n,k � sin (φt

n,k) cos (ηt
n,k),

1The function sgn represents the sign function used to extract the sign

of a real number, which is defined as sgn(x) = {
1, x > 0,
0, x = 0,

−1, x < 0,
for any real

number x.
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and wt
n,k � sin (φt

n,k) sin (ηt
n,k). The calculation of h̄n,k,2 which

is similar to h̄n,k,1 is omitted here for brevity. Therefore, the
overall channel gain between the kth device and the BS via
the aerial IRS is expressed as

Hn,k = hH
n,k,2�n,khn,k,1

= ρβ2
√

d−α
n,k,1d−α

n,k,2

M∑

m=1

ej(θn,k[m]+ψn,k,m−ϕn,k,m) (8)

for all n ∈ N , k ∈ K,m ∈ M, where ψn,k,m �
[(−2πd)/λ](mxur

n,k + mywr
n,k), and ϕn,k,m � [(−2πd)/λ]

(mxut
n,k + mywt

n,k).
Due to the limited radio frequency output power, each

device has a maximum power Pmax. In addition, each device
needs to upload N status packets within a given energy bud-
get Emax. The transmit power of the kth device in the nth time
frame is denoted by pn,k, which is subject to

0 ≤ pn,k ≤ Pmax ∀n ∈ N , k ∈ K (9a)
N∑

n=1

pn,kTn,k,2 ≤ Emax ∀k ∈ K. (9b)

Then, the received signal-to-noise ratio (SNR) at the BS can
be expressed as

γn,k = pn,k|Hn,k|2
σ 2

∀n ∈ N , k ∈ K (10)

where σ 2 is the variance of additive white Gaussian noise
(AWGN) power at the BS. We assume that the perfect channel
state information (CSI) can be obtained by the existing chan-
nel estimation methods [40]. The communication bandwidth
is denoted by B. Thus, according to the Shannon capacity, the
achievable rate for the kth target in the nth time frame Rn,k

bps/Hz is given by

Rn,k = B log2
(
1 + γn,k

) ∀n ∈ N , k ∈ K. (11)

To guarantee the communication quality, the achievable
throughput for the kth target in the nth time frame is required
to be no less than the packet size Ds for ensuring the reliable
transmission, i.e.,

BTn,k,2 log2
(
1 + γn,k

) ≥ Ds ∀n ∈ N , k ∈ K. (12)

C. Age of Information Model

The queue length at each device is set to one, which means
that the newly arrived packet must replace the older packet.
The just-in-time transmission policy [5] is adopted in this
article. This policy requires that once the device receives
the message that requests device uploading from the UAV,
it can upload the latest status packet immediately. In this arti-
cle, the AoI characterizes the time evolution from the packet
generation to the reception by the BS, as shown in Fig. 2.
Specifically, we denote the AoI value for the kth device in
the nth time frame by an,k, which starts from the time instant
Sn,k +Tn,k,1. The AoI value an,k keeps increasing linearly until
a new status packet is received by the BS in the (n+1)th time
frame, and the AoI of the nth status packet for the kth device
will reach its peak, denoted by An,k. After that, the AoI in the

(n+1)th time frame which is denoted by an+1,k will drop to the
AoI value of the latest received status packet, i.e., T(n+1),k,2.
Then, before a new status packet is received in the next time
frame, the AoI still grows linearly over time. Thus, the AoI
evolution over time for the kth device within adjacent time
frames is expressed as

an+1,k =
{

aB
n,k + (t − Sn+1), Sn+1 ≤ t < Sn+1,k + Tn+1,k

t − (
Sn+1,k + Tn+1,k,1

)
, Sn+1,k + Tn+1,k ≤ t < Sn+2

(13)

for all n ∈ N̄ and k ∈ K, where aB
n,k is the AoI value observed

at the BS for the kth device when the nth time frame ends,
which is given by

aB
n,k =

K∑

i=k

Tn,i − Tn,k,1 ∀n ∈ N , k ∈ K. (14)

We assume that the system has not received any status
packet from devices before running. The AoI evolution for
the kth device in the first time frame is given by

a1,k =
{

0, S1 ≤ t < S1,k + T1,k,1

t − (
S1,k + T1,k,1

)
, S1,k + T1,k,1 ≤ t < S2

(15)

for all k ∈ K. It is worth mentioning that there is no peak in
the first time frame due to the initial state of the system.

To improve the freshness of the status packets received by
the BS, we aim to minimize the average AoI (AO) observed at
the BS for all devices over N time frames. Time discretization
is adopted to avoid the difficulty of integration in finding the
average AoI. Thus, AO is expressed as

AO = 1

NK

N∑

n=1

K∑

k=1

aB
n,k ∀n ∈ N , k ∈ K. (16)

In addition, the PAoI of the nth status packet for the kth
device An,k is given by

An,k = Sn+1,k + Tn+1,k − (
Sn,k + Tn,k,1

)
(17a)

=
K∑

i=k

Tn,i +
k∑

i=1

Tn+1,i − Tn,k,1 ∀n ∈ N̄ , k ∈ K. (17b)

To ensure the QoS, we require that the PAoI for each device
should be no larger than an upper limit Ath, i.e.,

An,k ≤ Ath ∀n ∈ N̄ , k ∈ K. (18)

D. Problem Formulation

The AoI evolution process indicates that AoI is coupled
in service time, i.e., aerial IRS flight time and data uploading
time of devices, which is indirectly determined by the transmit
power of devices, the aerial IRS deployment, and the phase-
shift design. To improve the information freshness, we aim to
minimize the average AoI of all status packets received by the
BS. Thus, the joint optimization problem is formulated as

(P1) min
P,T,Q,�

AO (19a)

s.t. 0 ≤ θn,k[m] < 2π ∀n ∈ N , k ∈ K,m ∈ M (19b)

(4), (9a), (9b), (12), (18)
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where P = {pn,k ∀n, k}, T = {Tn,k,1,Tn,k,2 ∀n, k}, Q =
{qn,k ∀n, k}, and � = {θn,k[m] ∀n, k,m}. Constraint (19b)
denotes the value range for each aerial IRS reflection element.
Constraint (4) indicates the set of the distance constraints due
to the maximum flight speed vmax. Constraints (9a) and (9b)
represent the maximum transmit power and total energy limit,
respectively. Constraint (12) ensures the communication QoS
for each device. Constraint (18) is the requirement of PAoI.

The coupling of optimization variables causes the con-
straints (9b) and (12) to be nonconvex and leads to high
complexity for the algorithm design. Thus, Problem (P1) is
nonconvex and cannot be solved directly by off-the-shelf con-
vex solvers [41]. Although it is difficult to obtain the globally
optimal solution, we can solve Problem (P1) approximately
by problem decomposition to obtain a near-optimal solution.
The technical challenge for solving Problem (P1) lies in the
decoupling of optimization variables. It is known that the allo-
cation of the service time determines the evolution of AoI. We
observe that the transmit power of devices, aerial IRS deploy-
ment, and phase shift jointly determine the data uploading
time by affecting the channel quality separately. It is reason-
able to separate each variable into a separate group, but the
existence of Emax couples the transmit power of devices and
data uploading time together. Thus, the optimization variables
can be divided into three blocks, i.e., {P,T}, Q, and �. We
can obtain a near-optimal solution by alternately optimizing
each variable block to minimize the objective function.

IV. PROPOSED SOLUTION

In this section, we develop an iterative algorithm based
on the BCD method by optimizing the variables in each
block alternately with the variables in other blocks fixed.
Specifically, we first optimize the transmit power and service
time {P,T} for the given aerial IRS deployment and phase-
shift matrix. Then, for the given aerial IRS fight time, data
uploading time, transmit power, and aerial IRS phase-shift
matrix, we optimize deployment Q. Afterward, for the given
aerial IRS deployment, device transmit power, and time alloca-
tions, we optimize the phase-shift matrix �. The above three
steps are repeated until the value of the objective function
converges.

A. Transmit Power and Time Optimization

With any given feasible deployment and the phase shift of
the aerial IRS, the optimization problem of transmit power and
service time {P,T} can be given by

(P2) min
P,T

AO (20)

s.t. (4), (9a), (9b), (12), (18).

Remark 1: Note that the constraint (12) must hold with
equality at the optimal solution of Problem (P2), otherwise
the objective function can be decreased by either reducing the
data uploading time or increasing the transmit power. For any
given feasible deployment and phase shift of the aerial IRS,
we can obtain the minimum value of the data uploading time
by setting the transmit power as high as possible for mini-
mizing the objective function. When the total energy for each

device is large enough, the device can always upload data at
the maximum transmit power pn,k = Pmax ∀n ∈ N , k ∈ K.
The optimal value of AO in Problem (P2) is thus achieved.
However, since each device needs to upload N status packets
under a limited energy budget Emax, it is essential to verify
the feasibility of Problem (P2) before solving it.

To minimize the objective function at each iteration, we
transform the feasibility check of Problem (P2) into an
optimization problem with an explicit objective. By increas-
ing the flight time to large enough, the trajectory constraints
(4a)-(4c) must be feasible. Constraints (4d) and (18) are also
feasible by setting Tmax and Ath large enough. Thereby, we
need to check the conflict between the total energy budget
and data size. To this end, we introduce an auxiliary variable
en,k, where en,k = Tn,k,2pn,k. The feasibility of Problem (P2)
can be checked by considering the following problem, i.e.,

(P2a) min{Tn,k,2, en,k} AO (21a)

s.t. en,k ≥ 0 (21b)
N∑

n=1

en,k ≤ Emax (21c)

BTn,k,2 log2

(
1 + en,k|Hn,k|2

Tn,k,2σ 2

)
≥ Ds (21d)

for all n ∈ N , k ∈ K. Recall that the function f (x) =
x log(1 + [a/x]) with x ≥ 0 is strictly increasing in x,
and f (x) approaches to a when x increases to infinity, i.e.,
limx→∞ f (x) = a. Without loss of feasibility, we can readily
observe that the inequality in (21d) holds with equality at the
optimal solution. Therefore, for the kth device, Problem (P2)
is feasible if and only if Emax satisfies the following inequality:

Ēk �
N∑

n=1

ln 2Dsσ
2

B|Hn,k|2 ≤ Emax ∀k ∈ K. (22)

Based on the feasibility analysis, we proceed into the algo-
rithm design for solving Problem (P2). By introducing the
auxiliary variable en,k, the nonconvex constraint (12) can be
rewritten as (21d) which is in the form of perspective function
of log2(1 + x). Thus, (21d) is a convex constraint. By replac-
ing the nonconvex constraints (9b) and (12) with convex (21c)
and (21d), respectively, we obtain

(P2b) min{en,k,Tn,k,1,Tn,k,2} AO (23a)

s.t. en,k ≤ PmaxTn,k,2 ∀n ∈ N , k ∈ K (23b)

(4), (18), (21c), (21d).

Problem (P2b) is convex and can be solved efficiently by the
off-the-shelf convex optimization solvers, e.g., CVX [41]. The
details of the proposed iterative algorithm for solving Problem
(P2) are shown in Algorithm 1. As long as Problem (P2) is
guaranteed to be feasible, the objective function is monotoni-
cally nonincreasing after each iteration and lower bounded by
zero. Therefore, Problem (P2) can be guaranteed to converge
to a stationary point.
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Algorithm 1 Iterative Algorithm for Solving Problem (P2)

Input: B,K,M,Pmax,Emax, i = 0, ε > 0.

1: Initialize {qn,k, θn,k[m],∀n, k};
2: Calculate Ēk = ∑N

n=1
ln 2Dsσ

2

B|Hn,k|2 ,∀k;

3: if Emax < Ēk then
4: (P2) infeasible, and break;

5: else
6: Introduce en,k = Tn,k,2pn,k,∀n, k;

7: repeat
8: Set i = i + 1;

9: Obtain {AO(i),T(i)n,k,1,T(i)n,k,2, e(i)n,k,∀n, k} by solving

Problem (P2b);

10: until |AO(i)−AO(i−1)|
AO(i−1) ≤ ε;

11: Calculate {p∗
n,k = en,k

Tn,k,2
,∀n, k}.

12: end if
Output: {AO∗,T∗

n,k,1,T∗
n,k,2, p∗

n,k,∀n, k}.

B. Aerial IRS Phase-Shift Design

Given the feasible data uploading time and transmit power
of devices, aerial IRS flight time, and deployment positions,
Problem (P1) becomes an optimization problem on the phase-
shift design of the aerial IRS. Optimizing the phase-shift
matrix allows the signals from different paths to be combined
coherently at BS. To minimize the average AoI observed at the
BS, the achievable communication throughput should be max-
imized to satisfy constraint (12). Since the feasible variables
{Tn,k,1,Tn,k,2, pn,k,qn,k ∀n, k} have been given, the phase-shift
design problem is to maximize the channel power gain, which
can be written as follows:

(P3) max
�

|Hn,k|2 (24)

s.t. (19b), (12).

The channel gain Hn,k is complex. Given the feasible
{Tn,k,2, pn,k,qn,k ∀n, k} that can satisfy constraint (12), our
goal is to find the feasible phase shift {θn,k ∀n, k} that
can meet the requirement of constraint (19b) and maximize
| ∑M

m=1 ej(θn,k[m]+ψn,k,m−ϕn,k,m)|. Through numerical analysis,
we can obtain the optimal phase shift for each aerial IRS
element according to Lemma 1.

Lemma 1: For the optimization of Problem (P3), the maxi-
mum value of the objective function can be achieved when the
phase shift of each element satisfies θn,k[m] = ϕn,k,m −ψn,k,m,
for all n ∈ N , k ∈ K,m ∈ M.

Proof: Applying the triangle inequality for the array gain
of the aerial IRS, we can obtain the inequality as follows:

∣∣∣∣∣

M∑

m=1

ej(θn,k[m]+ψn,k,m−ϕn,k,m)

∣∣∣∣∣

≤
∣∣∣ej(θn,k[1]+ψn,k,1−ϕn,k,1)

∣∣∣ + · · · +
∣∣∣ej(θn,k[m]+ψn,k,m−ϕn,k,m)

∣∣∣

+ · · · +
∣∣∣ej(θn,k[M]+ψn,k,M−ϕn,k,M)

∣∣∣ = M (25)

where the equality holds with θn,k[m] = ϕn,k,m −
ψn,k,m [37], [42], for all n ∈ N , k ∈ K,m ∈ M.

C. Aerial IRS Deployment Optimization

Given the feasible phase shift and flight time of aerial
IRS and transmit power of devices, Problem (P1) is an
optimization problem for optimizing the aerial IRS deploy-
ment positions {qn,k ∀n, k}. To guarantee that AO can decrease
in the next iteration, our goal in this section is to find the
feasible Q that can maximize the channel power gains. For a
fixed-size status packet, increasing |Hn,k|2 indicates a decrease
in data uploading time. Thus, the objective function value of
Problem (P1) is guaranteed to decrease. The optimization of
aerial IRS deployment positions can be solved by solving

(P4) max
Q

|Hn,k|2 (26)

s.t. (4), (12).

Problem (P4) is a nonconvex problem that cannot be
solved directly. The azimuth angles and the elevation steer-
ing angles in hn,k depend on the aerial IRS position qn,k,
which makes the optimization of Problem (P4) intractable.
In the process of algorithm design, inspired by [35], angles
{φr

n,k, η
r
n,k, φ

t
n,k, η

t
n,k ∀n, k} in the current iteration can be

approximated by the angles obtained in the previous iteration
for reducing the difficulty of handling nonconvex con-
straint (12). This approximation is reasonable as long as the
position adjustment range of aerial IRS in adjacent iterations
is limited [43]. Otherwise, these angles cannot be consid-
ered unchanged. Thus, we introduce a constraint to limit the
maximum displacement of the aerial IRS between adjacent
iterations of optimizing Problem (P4), i.e.,

∥∥∥qn,k − q(i)n,k

∥∥∥ ≤ δmax ∀n ∈ N , k ∈ K (27)

where q(i)n,k denotes the aerial IRS position in the ith iteration
of deployment optimization, and δmax represents the maximum
allowed displacement of aerial IRS after each iteration. The
parameter δmax is given by δ ≤ hεmax, where εmax represents
the accuracy threshold [44]. It is observed that a relatively small
value εmax can guarantee the accuracy of the approximation,
but it reduces the effectiveness of deployment optimization and
increases computational complexity for convergence. Thus, the
choice of εmax needs to balance the approximation accuracy and
computational complexity. In addition, this approximation in the
current iteration can take advantage of the optimal phase-shift
design in the previous iteration according to Lemma 1.

Afterward, we first do a simple transformation to the
nonconvex constraint (12), such that

|Hn,k|2 = |an,k|2
dαn,k,1dαn,k,2

≥ bn,k ∀n ∈ N , k ∈ K (28)

where an,k = ρβ2 ∑M
m=1 ej(θn,k[m]+ψn,k,m−ϕn,k,m), and bn,k =

([(2(Ds/BTn,k,2) − 1)σ 2]/pn,k). Then, we introduce auxiliary
variables xn,k,1 and xn,k,2, which need to satisfy

‖qn,k − sk‖2
2 + h2 ≤ xn,k,1 ∀n ∈ N , k ∈ K (29a)

‖qn,k − s0‖2
2 + h2 ≤ xn,k,2 ∀n ∈ N , k ∈ K. (29b)
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Algorithm 2 SCA-Based Algorithm for Solving Problem (P4)

Input: B,K,M,Pmax, i = 0, ε > 0.

1: Initialize {Tn,k,2, pn,k, θn,k[m],q(0)n,k,∀n, k,m};
2: Calculate {x̄n,k,1, x̄n,k,2,∀n, k} according

to {q(0)n,k,∀n, k};
3: repeat
4: Set iteration index i = i + 1;

5: Substitute {x̄n,k,1, x̄n,k,2,∀n, k} into Eq. (31);

6: Obtain {X(i),q(i)n,k, x(i)n,k,1, x(i)n,k,2,∀n, k} by

solving Problem (P4a);

7: Update x̄n,k,1 = x(i)n,k,1, x̄n,k,2 = x(i)n,k,2 for all n, k;

8: until |X(i)−X(i−1)|
X(i−1) ≤ ε.

Output: {q∗
n,k,∀n, k}.

Since f (x) = x(2/α) is a monotonically increasing function, we
can rewrite (28) as

xn,k,1xn,k,2 ≤ c
2
α

n,k ∀n ∈ N , k ∈ K (30)

where cn,k = [(|an,k|2)/bn,k]. We deal with the nonconvex
constraint by applying SCA technique [45]. We prove that the
function f (x, y) = xy is concave about x > 0 and y > 0 by its
second-order condition. Thus, the left-hand side (LHS) of (30)
can be approximated by its first-order Taylor approximation as
an upper bound

x̄n,k,1x̄n,k,2 + x̄n,k,2
(
xn,k,1 − x̄n,k,1

)

+ x̄n,k,1
(
xn,k,2 − x̄n,k,2

) ≤ c
2
α

n,k ∀n ∈ N , k ∈ K. (31)

For the objective function |Hn,k|2, we rewrite it as |Hn,k|2 ≥
[(|an,k|2)/((xn,k,1xn,k,2)

α/2)]. It is observed that maximizing
|Hn,k|2 can be achieved by minimizing xn,k,1xn,k,2. Thus, we
replace xn,k,1xn,k,2 by one of its upper bounds, as shown in
the LHS of (31), we denote it by X for the sake of brevity.
At last, Problem (P4) is approximated by a series of convex
problems, where

(P4a) min{qn,k, xn,k,1, xn,k,2} X (32)

s.t. (4), (27), (29), (31).

Problem (P4a) is a convex problem and can be solved
iteratively by the existing convex optimization solvers, e.g.,
CVX [41], through interior-point methods. The proposed
SCA-based algorithm for solving Problem (P4) is shown
in Algorithm 2. The objective function of Problem (P4a)
is monotonically nonincreasing after each iteration, and it
is lower bounded by zero. Thus, a stationary point can be
obtained by iteratively solving Problem (P4a).

D. Convergence Analysis

The overall BCD-based algorithm for solving Problem (P1)
is summarized in Algorithm 3. It is worth noting that the
convergence analysis for the classical BCD algorithm cannot
be directly applied in this article. This is because the subproblem

Algorithm 3 BCD-Based Algorithm for Solving Problem (P1)

Input: B,K,M,Pmax,Emax, i = 0, ε > 0.

1: Initialize the feasible aerial IRS deployment and phase

shift {q(0)n,k, θ
(0)
n,k ,∀n, k};

2: Set {q̄n,k = q(0)n,k, θ̄n,k = θ
(0)
n,k ,∀n, k};

3: repeat
4: Set i = i + 1;

5: Given {q̄n,k, θ̄n,k,∀n, k}, update {AO(i), p(i)n,k,T(i)n,k,1,

T(i)n,k,2,∀n, k} by solving (P2) via Algorithm 1;

6: Given {p(i)n,k,T(i)n,k,1,T(i)n,k,2,∀n, k}, update

{q(i)n,k,∀n, k} by solving (P4) via Algorithm 2;

7: Given {q(i)n,k,∀n, k}, calculate {θ(i)n,k,∀n, k} according

to Lemma 1;

8: Update q̄n,k = q(i)n,k, θ̄n,k = θ
(i)
n,k,∀n, k;

9: until |AO(i)−AO(i−1)|
AO(i−1) ≤ ε.

Output: {AO∗, p∗
n,k,T∗

n,k,1,T∗
n,k,2, θ

∗
n,k,q∗

n,k,∀n, k}.

for optimizing variables in each block via the BCD method
is required to be solved exactly with optimality for ensuring
convergence [44]. Thus, we need to prove the convergence of
Algorithm 3 based on the solving process of Problem (P1).
First, for given Q(i) and�(i) in step 5 of Algorithm 3, the optimal
solution of Problem (P2) can be obtained. Thus, we have

AO
(

P(i+1),T(i+1),Q(i), �(i)
)

≤ AO
(

P(i),T(i),Q(i), �(i)
)
. (33)

Second, for given P(i+1) and T(i+1) in step 6 of Algorithm 3,
X(i) follows that:

X(i)
(

P(i+1),T(i+1),Q(i),�(i)
)

(a)= X(i)
(

P(i+1),T(i+1),Q(i),�(i)
)

(34a)

(b)≥ X(i)
(

P(i+1),T(i+1),Q(i+1),�(i)
)

(34b)

(c)≥ X(i)
(

P(i+1),T(i+1),Q(i+1),�(i)
)

(34c)

where (a) holds since the first-order Taylor expansions in (31)
is tight at the given local points; (b) holds since Problem
(P4a) is solved optimally with Q(i+1); and (c) holds since
the optimal objective value of Problem (P4a) is an upper
bound at Q(i+1). Equation (34) indicates that Problem (P4a) is
monotonically nonincreasing as the iteration number increases.
Thus, the original objective function value AO follows that:

AO(i)
(

P(i+1),T(i+1),Q(i),�(i)
)

(35a)

≥ AO(i)
(

P(i+1),T(i+1),Q(i+1),�(i)
)
. (35b)

Third, for given P(i+1), T(i+1) and Q(i+1) in step 7 of
Algorithm 3, it follows that:

AO(i)
(

P(i+1),T(i+1),Q(i+1),�(i)
)

≥ AO(i)
(

P(i+1),T(i+1),Q(i+1),�(i+1)
)
. (36)
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This shows that the objective function value of Problem (P1)
can be guaranteed to be nonincreasing according to the calcu-
lation of �(i+1) via Lemma 1. Based on the above analysis,
i.e., (33)–(36), we obtain

AO(i)
(

P(i),T(i),Q(i),�(i)
)

≥ AO(i)
(

P(i+1),T(i+1),Q(i+1),�(i+1)
)

(37)

which confirms that the objective function value of Problem
(P1) is monotonically nonincreasing after each iteration in
Algorithm 3. Meanwhile, the objective function value of
Problem (P1) is also lower bounded by zero, the proposed
BCD-based algorithm thus can be guaranteed to converge to
a stationary point. Moreover, simulation results show that the
proposed algorithm can converge quickly in wireless networks
with a medium number of IoT devices.

E. Computational Complexity

Since there are only convex subproblems that need to
be solved in each iteration of Algorithm 3, the corre-
sponding computational complexity is polynomial. The total
computational complexity of the proposed algorithm is ana-
lyzed as follows: The computational complexity of applying
Algorithm 1 is determined by the number of iterations and
the computational complexity for solving Problem (P2) in
each iteration [25]. The computational complexity in each
iteration is O((3NK)3) since there are 3NK variables that
need to be updated in each iteration. Thus, the total compu-
tational complexity of Algorithm 1 is O(I1(3NK)3), where I1
represents the required number of iterations for achieving con-
vergence. Similarly, the computational complexity of applying
Algorithm 2 is O(I2(3NK)3). Although it is difficult to acquire
the exact value of iteration number {I1, I2}, multiple simula-
tion results demonstrate that both Algorithms 1 and 2 converge
within several iterations under a given precision. Therefore,
the total computational complexity for approximately solv-
ing (P1) is O(I0(I1 + I2)(3NK)3), where I0 is the number of
iterations needed for convergence of the proposed algorithm.
Considering an offline joint optimization, the computational
complexity of the proposed algorithm is acceptable under the
given available computing power.

Remark 2: Based on Remark 1, as long as the total energy
budget Emax for each device is large enough, e.g., devices
can be charged regularly, the device can always upload the
status packet at Pmax. In this case, there is no need to
optimize transmit power, the total computational complexity
for approximately solving (P1) is reduced to O(I0(I1(2NK)3+
I2(3NK)3)).

V. SIMULATION RESULTS

We consider a network scenario in which an aerial IRS
assists K IoT devices distributed in a square area with a side
length of 100 m. Since K devices are scattered over a rela-
tively concentrated area, the visiting sequence is predefined
according to the nearest neighbor criterion, i.e., the aerial IRS
always chooses the device closest to its current position. For
easy setup, we set the status packet size to be the same for

TABLE I
SIMULATION PARAMETERS

all devices. Simulation results are presented in this section to
show the impact of the different parameter settings on AoI and
verify the effectiveness of the proposed BCD-based algorithm.

A. Simulation Setup

Unless stated otherwise, parameter settings [21] are shown
in Table I. For any given feasible aerial IRS deployment,
a feasible IRS phase-shift matrix is initialized according to
Lemma 1. Moreover, the proposed solution (AIRS) in this
article is compared to the following benchmarks.

1) FIRS: We provide three deployment schemes with the
fixed aerial IRS positions for comparison. Specifically,
the first deployment scheme (FIRS-1) is that the aerial
IRS is deployed directly above the device being served,
i.e., {qn,k = sk ∀n, k}. The second (FIRS-2) is deploy-
ing the aerial IRS in the middle of each device and BS,
i.e., {qn,k = [(sk + s0)/2] ∀n, k}. The third (FIRS-3) is
that we deploy the aerial IRS evenly in a straight line
between starting position qs and end position qe, i.e.,
xn,k = xs + ((n − 1)K + k)x and yn,k = ys + ((n −
1)K + k) y, where x = [(xe − xs)/N(K + 1)],y =
([ye − ys]/[N(K + 1)]). For FIRS, there are only the
transmit power, data uploading time, aerial IRS flight
time, and aerial IRS phase shift that needs to be opti-
mized. The corresponding algorithm design can refer to
the proposed algorithm in this article which is omitted
here for brevity.

2) AcRelay: In this benchmark scheme, one UAV is
deployed as an AcRelay in our considered scenario to
assist in collecting the status packet from each device
and then forwarding it to the BS [30], [31]. This
benchmark scheme placed the UAV at the optimized
deployment positions of the aerial IRS and ignored the
power attenuation from the device to the UAV, i.e.,
setting the UAV transmit power as Pmax, for ensuring
comparative fairness. The channel model and visiting
sequence are consistent with this work.

B. Convergence of Proposed Algorithm

We present the convergence behavior of the proposed
algorithm during each iteration in Fig. 3. Simulation results
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Fig. 3. Convergence of the proposed algorithm with various simulation
parameter settings.

indicate that the relative convergence accuracy can be guar-
anteed to be lower than 10−3 within several iterations for
different parameter setups. We can easily find that increasing
B,M, and Pmax can reduce the value of the objective function,
but they have less impact on the convergence of the proposed
algorithm. It is also observed that increasing K will increase
the objective function but speed up the convergence rate. This
is mainly because the more devices in the distribution area,
the more efficient it is in quickly determining the deployment
area of the aerial IRS.

C. Aerial IRS Deployment

In Fig. 4(a), under the default parameter settings, the
optimal aerial IRS deployment with K = 10 for the proposed
algorithm in a time frame is presented. As we can see, the posi-
tions where the aerial IRS is deployed for different devices are
close. This is because devices are located in a relatively con-
centrated area, this deployment approach can save the UAV
flight time when serving adjacent devices. In different time
frames, the deployment positions of the aerial IRS for the
same device are almost the same. To dig up more information
about the deployment, we give a general case as shown in
Fig. 4(b).

We present the optimized aerial IRS trajectory with K = 3
as an example to show how the aerial IRS assists in communi-
cation over multiple time frames in Fig. 4(b). As shown in this
figure, the aerial IRS departs from qs and flies directly to posi-
tion 1, and then assists device s1 to upload the status packet
to the BS. Then, the aerial IRS assists the uploading tasks of
s2 and s3 in position 2 and position 3, respectively. Until the
device s3 completes the data uploading, which means the end
of the first time frame. Then, the aerial IRS moves directly to
position 1 for starting the second time frame. The optimized
aerial IRS deployment positions form a triangle to reduce the
flight time between adjacent time frames. Until N time frames
are completed, the aerial IRS returns to qe.

D. Impact of Parameters on AoI

In Fig. 5, we illustrate the AoI evolution over time for two
devices under different parameter setups. As shown in Fig. 5,

it is observed that the PAoI values for two devices are all less
than the upper limit Ath. For the observation at any time, the
AoI of the status packet generated by the first device is always
older than that of the second device. This is caused by the dif-
ference in the visiting priority. But it is not always bad for the
first-served device, as we can see, the PAoI of the first device
is much smaller than that of the second device. Therefore, in
the practical system design, we can specify the visiting priority
of devices according to the different AoI-related requirements
of the application.

In addition, we observe that increasing B,M, and Pmax can
all help to reduce AO. Furthermore, it is observed that the
gap of AoI for different devices observed at any time can be
reduced by increasing B,M, and Pmax, and so does the gap of
PAoI for different devices. This is instructive for applications
that require AoI-fairness. In Fig. 5(a), we observe that increas-
ing the bandwidth B by ten times can best reduce the AoI
of the status data and ensure the AoI-fairness of the system.
However, this approach is not suitable for applications with
limited bandwidth resources. We observe from Fig. 5(b) that
the performance of reducing AoI by quadrupling the number
of IRS elements M is between increasing Pmax and B. This
approach reduces the PAoI difference between two devices
to almost zero, which can provide insight for fair design in
applications. More performance gains can be achieved by fur-
ther increasing M, this fact will be presented in Fig. 8. It is
observed in Fig. 5(c) that the performance improvement in
reducing AoI is relatively limited by increasing the transmit
power Pmax ten times. And this approach is not friendly to
energy-constrained devices.

E. Comparison With Benchmarks

It is observed in Fig. 6 that increasing Pmax and B both have
an active impact on the objective function AO, and the impact
of the latter is more obvious. It can be seen that AO decays
rapidly with Pmax, especially when B = 200 Hz. This means
that the impact of transmit power on AO is dominant when
the bandwidth is small. However, when Pmax increases to a
certain extent, e.g., 40 dBm or more, AO no longer decreases.
This means that AO cannot be reduced indefinitely with Pmax.
When the transmit power is small, Pmax = 20 dBm in our
simulation, the impact of bandwidth B on AoI dominates.
For example, when Pmax is fixed as 20 dBm, we change B
from 200 Hz to 1.0 KHz, and the objective function goes
down by 80%. When B is fixed as 200 Hz, we change Pmax
from 20 to 30 dBm, and the objective function goes down
by 68.46%. This reveals that the impact of B on AO is more
obvious than Pmax. This fact has been proved from the com-
parison between Fig. 5(a) and (c). Furthermore, we observe
that optimizing the deployment of the aerial IRS is essential
for ensuring the information freshness, and this way has great
potential for energy savings. As shown in Fig. 6, although the
AO decreases with Pmax increasing until it reaches a stable
value for all schemes, the proposed solution in this article
has the best performance on the whole. The benchmark FIRS
has the worst performance, and its algorithm performance
varies greatly with deployment position. AcRelay and AIRS
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(a) (b)

Fig. 4. Aerial IRS deployment obtained by the proposed algorithm: the index i of the aerial IRS deployment position corresponding to the device si. (a) Aerial
IRS deployment with K = 10. (b) Aerial IRS trajectory with K = 3.

(a) (b) (c)

Fig. 5. AoI evolution over time under different parameter setups. (a) M = 16 and Pmax = 20 dBm. (b) B = 100 Hz and Pmax = 20 dBm. (c) B = 100 Hz
and M = 64.

Fig. 6. Comparison of the proposed solution (AIRS) and benchmark schemes
under different values of Pmax and B.

have similar performance, and they have an intersection at
Pmax = 30 dBm.

To further explore the performance gap between AcRelay
and AIRS, the comparison of the AcRelay and passive relay
under different Pmax is shown in Fig. 7. It is observed that the
AcRelay performs better than the passive relay when M is small,
e.g., 16. Although increasing Pmax can narrow the gap between
them, however, this method for performance improvement is not
efficient since it will increase energy consumption. Interestingly,
we observe that increasing M can improve the performance

Fig. 7. Comparison of the passive relay (AIRS) and the AcRelay under
different values of Pmax.

gain of AIRS. For AIRS, M has more significant impact on
AO than Pmax. Even when Pmax is large, e.g., 30 dBm, aerial
IRS with M = 36 performs better than the AcRelay. Whatever
the value of Pmax is, increasing the number of IRS elements
can bring significant performance gains by improving channel
quality. This reveals that the passive relay performs better than
the AcRelay not only in improving the information freshness
but also in energy saving. For example, when Pmax = 20 dBm,
the objective function value of AcRelay is 70.72% higher than
the value of AIRS with M = 144.
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Fig. 8. Comparison of the proposed solution (AIRS) and benchmarks (FIRS, AcRelay) under different values of M and K.

We present the impact of M and K on the objective func-
tion AO under different schemes in Fig. 8. Among these
schemes, the proposed solution based on AIRS has the best
performance on the whole. It shows that AO increases signif-
icantly with the increase in K for all algorithms. AcRelay is
not affected by M, but for AIRS and FIRS, the objective func-
tion can be well reduced by improving the channel quality,
i.e., increasing M. This shows that the deployment position
of the aerial IRS has a significant impact on the freshness
of information. Optimizing aerial IRS deployment can bring
significant performance improvement to the information fresh-
ness, especially when M is large, e.g., 100. In addition, we
observe that the decline slope gradually decreases with the
increase in M for AIRS and FIRS. This indicates that the
channel quality cannot be enhanced infinitely, but a larger
value of M can reduce the impact of K on AO. For K = 2
and 6, increasing M from 16 to 100 results in the objec-
tive function declines of 0.26 and 0.60 s, respectively. This
means that M has a greater impact on the gain of improving
system performance when K is larger. This fact has also been
illustrated in Fig. 6.

These results provide more flexible operational options for
performance improvements in practical applications. Both the
proposed solution and benchmark schemes can improve the
quality of the communication in the case of long propaga-
tion distance or the existence of blockages, but the proposed
aerial IRS is more energy-efficient and has greater operational
flexibility and higher performance gains. Although the scale
of the reflective panel the UAV carries is limited, the lim-
ited improvement of the channel quality also greatly helps to
improve the information freshness.

VI. CONCLUSION

In this article, we have investigated an average AoI
minimization problem for an aerial IRS-assisted remote IoT
to improve the freshness of information. We have proposed
a BCD-based iterative algorithm to solve this nonconvex
minimization problem with coupled variables. The significance
of this work is that the aerial IRS is verified to be energy-
efficient and flexible to deploy for improving information
freshness. This draws useful insights into deploying the aerial
IRSs to enhance the communication quality for supporting
time-critical applications. For future work, we will evaluate

the cooperation of multiple distributed aerial IRSs to fur-
ther improve the information freshness for the networks with
massive devices.
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