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Abstract— In this paper, we consider the application
of intelligent reflecting surface (IRS) in unmanned aerial
vehicle (UAV)-based orthogonal frequency division multiple
access (OFDMA) communication systems, which exploits both the
significant beamforming gain brought by the IRS and the high
mobility of UAV for improving the system sum-rate. The joint
design of UAV’s trajectory, IRS scheduling, and communication
resource allocation for the proposed system is formulated as a
non-convex optimization problem to maximize the system sum-
rate while taking into account the heterogeneous quality-of-
service (QoS) requirement of each user. The existence of an
IRS introduces both frequency-selectivity and spatial-selectivity
in the fading of the composite channel from the UAV to ground
users. To facilitate the design, we first derive the expression of
the composite channels and propose a parametric approximation
approach to establish an upper and a lower bound for the
formulated problem. An alternating optimization algorithm is
devised to handle the lower bound optimization problem and
its performance is compared with the benchmark performance
achieved by solving the upper bound problem. Simulation results
unveil the small gap between the developed bounds and the
promising sum-rate gain achieved by the deployment of an IRS
in UAV-based communication systems.

Index Terms— Unmanned aerial vehicle (UAV) communica-
tions, intelligent reflecting surface, orthogonal frequency division
multiple access (OFDMA), optimization.

I. INTRODUCTION

THE recent advancement of unmanned aerial vehi-
cles (UAV) manufacturing technologies and substan-

tial cost reduction have motivated extensive studies on the
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amalgamation between UAV and wireless communication
systems [2]. In particular, UAV-enabled wireless communica-
tion is expected to serve as a building block for the upcoming
fifth-generation (5G) and beyond 5G (B5G) networks, which is
potential to provide high data rate communications and to sup-
port massive access over a large area [2]. For instance, serving
as an aerial base station (BS), UAV-enabled communications
provide an effective approach to combat channel fading owing
to its high probability of establishing line-of-sight (LoS) links
to ground users [2]. Thanks to the high flexibility and the low
cost deployment of UAVs, efficient traffic offloading for terres-
trial cellular networks can be performed which relieves system
performance bottlenecks due to overloaded traffic or blocked
links. Therefore, UAV-enabled wireless communications have
drawn significant attention from both academia and industry
lately [3]–[8].

Benefiting from its high maneuverability, UAV’s trajectory
can be designed to adapt to the actual propagation envi-
ronment and the traffic demanding of the networks, which
provides additional design degrees of freedom to improve
the system performance. As a result, the joint trajectory and
resource allocation design for UAV communication systems
has been extensively studied in the literature. In [3], the authors
proposed to deploy a UAV to serve as a mobile relay and
optimized its trajectory as well as the communication resource
allocation so as to maximize the end-to-end system throughput.
Compared to static relaying systems, a substantial throughput
gain can be achieved, which demonstrates the potentials of
applying UAV in wireless communications. Furthermore, due
to the limited onboard battery capacity of UAVs, the energy
efficiency maximization and the energy consumption mini-
mization problems were studied in [4] and [5], respectively.
Extending to a multi-UAV network, the authors in [6] jointly
designed the user scheduling, the UAV’s trajectory, and the
power allocation to maximize the minimum average data rate
among all the users. Different from the existing works on
trajectory design with a fixed altitude, the authors in [7]
proposed an optimal three-dimensional (3D) trajectory design
for a solar-powered UAV communication system. Additionally,
the authors in [8] mounted a multi-antenna array on the UAV
and jointly designed the trajectory and precoder to minimize
the total transmit power by taking into account practical
UAV’s jittering and user location’s uncertainty. Despite the
fruitful results in the literature, the performance of UAV-
based communication systems is still restrained by the limited
service duration and the users with weak communication links.
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As a result, there is an emerging need for the deployment of
new technologies to fully unleash the potentials of UAV-based
communications.

Recently, intelligent reflecting surface (IRS) has attracted
extensive attention in the wireless communication research
community, due to its capability of shaping wireless propaga-
tion and establishing a programmable radio environment [9],
[10]. In particular, an IRS is a meta-surface constituted by
many meta-atoms, which are engineered to implement differ-
ent interactive functions, such as absorption, reflection, refrac-
tion, and polarization, for the incoming electromagnetic waves
shined on them [9], [11]. To be more specific, programmable
integrated circuits (ICs) are introduced to manipulate the meta-
atoms such that their impedance characteristics can be altered
by an external IRS controller to adjust the amplitude and phase
of the reflected signals [12]. For instance, the authors in [13]
formulated the joint active and passive beamforming design
problem to minimize the total transmit power and further
extended to a practical case with a discrete phase control
at an IRS [14]. Besides, the authors in [15] investigated the
possibility of deploying an IRS to improve the system energy
efficiency and they demonstrated that a significant energy
efficiency gain can be realized even though a low-resolution
phase shifter is equipped at the IRS. Furthermore, the authors
in [16] proposed an analytical framework to quantify the
performance limits of IRS in large-scale wireless networks
and the LoS probability improvement with the large-scale
deployment of IRSs were analyzed in [17]. Also, promising
performance gains can be brought by IRSs in terms of commu-
nication security [18]. Most recently, different from existing
works considering only narrow-band IRS communications,
the authors in [19] investigated the channel estimation and
reflection coefficient optimization for IRS-enhanced multi-
carrier orthogonal frequency-division multiplexing (OFDM)
communication systems. However, most of the existing works
focused on applying the IRS technology in terrestrial commu-
nications and their results cannot directly apply to emerging
applications with aerial communication nodes.

The integration between the terrestrial IRS and UAV paves
the way for the development of the B5G network to offer
ubiquitous communication services [20], [21]. It is well-known
that mounting multiple antennas at wireless transceivers can
further improve the communication system performance sig-
nificantly [22], due to the potentials in exploiting multiplexing
gains offered by the spatial degrees of freedom. However, the
size, weight, and power (SWAP) constraints of UAVs hinder
the deployment of advanced multiple-input multiple-output
(MIMO) techniques for mitigating the detrimental fading
effects. On the other hand, the precoding design in the multi-
antenna setting is coupled with the UAV’s trajectory design
which is challenging, since the effective channel gains between
the UAV and ground users depend on both its trajectory and
precoding strategy, resulting in highly non-convex functions
[8]. In contrast, the IRS technology provides a promising
but inexpensive solution to handle this dilemma, which can
mimic the massive MIMO gain with a small number of active
antennas [23], [24]. As a result, single-antenna UAV-assisted
communications have been heavily studied in the literature

[7], [25], [26]. Nevertheless, an IRS offers a high passive
beamforming gain via adjusting its reflection coefficients intel-
ligently, without the need in deploying multiple antennas on
UAV. Therefore, the IRS can help “recycling” part of the
dissipated signals by reflecting them back to the desired users,
which is one of the main motivations of this work. Secondly,
deploying an IRS in UAV-enabled communication systems
can improve the flexibility in designing UAV’s trajectory. For
example, if a user is far away from the UAV but is close to an
IRS, the UAV does not have to deliberately alter its route and
fly close to this user to establish strong communication links,
which is usually time- and energy-consuming. Instead, an IRS
can perform beamforming on the reflected signals jointly with
the UAV to improve the received signal strength at the far
ground user such that it can enjoy an acceptable data rate.

In practice, introducing an IRS into UAV-enabled commu-
nication systems brings both opportunities and challenges for
its joint trajectory and resource allocation design. Specifically,
due to the existence of the IRS, the composite channel power
gain compositing the direct link from the UAV to ground users
and the reflected link via IRS is a complicated function of
the UAV’s trajectory. Furthermore, how to efficiently schedule
users to be assisted by the IRS is still unknown and deserves
our efforts to explore. Thirdly, as broadband communications
have been widely adopted in current cellular networks, the
additional reflected path of IRS indeed causes a frequency-
and spatial-selective fading channel imposing a significant
challenge for the trajectory design of UAV, which was over-
looked by existing works based on frequency-flat channel
models [3]–[8]. Although a multi-carrier channel model was
built for IRS-assisted communications in [19], it is not applica-
ble to the UAV communication systems as it does not take
into account the UAV’s mobility. At the time of writing,
to the best of the authors’ knowledge, there are three related
works of applying IRS into UAV communication systems
[27]–[29]. Specifically, the authors in [27] equipped an IRS
on UAV to improve the reliability of terrestrial millimeter-
wave communication systems. To maximize the system sum-
rate, a reinforcement-based learning method was applied to
optimize the position of a UAV and the reflection coefficients
of the IRS. Also, in [28], the IRS was mounted on a building
surface and was treated as a passive relay to assist UAV
communication systems. In particular, the reflection coeffi-
cients and the trajectory were designed jointly to maximize the
system sum-rate. Furthermore, the authors in [29] proposed
a joint design to maximize the received power for a multi-
IRS-assisted UAV communication system. However, all these
works [27]–[29] considered a narrow-band channel model and
their results do not valid for wideband systems. In addition,
the works [28], [29] considered only a simple single-user case,
while has limited application scenarios in nowadays wireless
systems. More importantly, applying the existing results of
[28], [29] to multi-user wideband systems may result in
unsatisfactory performance.

In this paper, we investigate the application of an
IRS to UAV-based orthogonal frequency division multiple
access (OFDMA) communication systems by studying the
joint trajectory and resource allocation design to maximize
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the system sum-rate. The main contributions of this work are
summarized as follows:

1) We propose a novel IRS-assisted UAV OFDMA com-
munication system, which enjoys both the high beam-
forming gain of the IRS and the high mobility of the
UAV. To support simultaneous multi-user communica-
tions, OFDMA is adopted for the proposed IRS-assisted
UAV system, while the considered system model is
fundamentally different from narrow-band IRS systems
considered in the literature [13]–[15], [18], [27], [28].

2) Due to the additionally reflected propagation path intro-
duced by the IRS, the composite channel gains from
the UAV to ground users becomes both frequency- and
spatial-selective which complicates the trajectory design
of the UAV. To start with, we first characterize the
composite fading channels. Subsequently, based on the
LoS component in Rician fading channels, we optimize
the phase control strategy at the IRS to maximize the
composite channel gain. Then, the joint trajectory, IRS
scheduling, and resource allocation design for the pro-
posed system is formulated as a non-convex optimization
problem to maximize the system sum-rate while taking
into account the heterogeneous quality-of-service (QoS)
requirement of each user.

3) Via exploiting the cosine fading pattern in the composite
channel power gains, we propose a parametric approx-
imation method to obtain an upper and a lower bound
for the formulated problem. We focus on the practical
solution design for the lower bound problem, while the
performance achieved by solving the upper bound prob-
lem serves as a benchmark. An alternating optimization
approach is adopted to facilitate the development of an
iterative algorithm to achieve a suboptimal solution of
the lower bound problem.

4) Extensive simulations are conducted to demonstrate the
performance gain of the proposed scheme. The per-
formance gap between the proposed parametric upper
bound and lower bound problems is revealed, which can
be reduced by an optimal selection of the approximation
parameter at the expense of a higher complexity. We
demonstrate that employing an IRS in UAV OFDMA
communication systems can substantially improve the
system sum-rate.

Notations used in this paper are listed as follows. Boldface
capital and lower case letters are reserved for matrices and
vectors, respectively. C

M×N denotes the set of all M × N
matrices with complex entries; (·)T denotes the transpose of
a vector or a matrix and (·)H denotes the Hermitian transpose
of a vector or a matrix; |·| denotes the absolute value of a
complex scalar or the cardinality of a set; and �·� denotes the
Euclidean norm of a vector. X⊗Y represents the Kronecker
product of two matrices X and Y; diag(x) denotes a diagonal
matrix whose diagonal elements are given by its input vector
x. The circularly symmetric complex Gaussian distribution
with mean μ and variance σ2 is denoted by CN (μ, σ2). For
clarity, we first summarize the adopted notations of this paper
in Table I.

Fig. 1. The system model of IRS-Assisted UAV communication systems.

II. SYSTEM MODEL

In this section, we first present the system and channel
models of the considered IRS-assisted UAV communication
system and then introduce the resource allocation and IRS
scheduling variables.

A. System Setup

We consider a single UAV serving as an aerial BS pro-
viding downlink communications to K ground users within
a considered area, as shown in Fig. 1. Both the UAV and
ground users are equipped with a single-antenna. However,
the single-antenna UAV is assisted by an intelligent reflection
surface (IRS).1 To guarantee the IRS in the sight of both the
UAV and ground users, we deploy the IRS at the boundary
of the service area facing all the ground users [30]. The IRS
consists of Mc ×Mr passive reflection units (PRUs), which
are spanned as a uniform planar array (UPA). In particular,
each column of the UPA has Mc PRUs with an equal spacing
of dc meters and each row of the UPA consists of Mr PRUs
with an equal spacing of dr meters. In particular, each PRU
can re-scatter its incident signal with an independent reflection
coefficient, which consists of an amplitude a ∈ [0, 1] and
a phase shift τmr,mc ∈ [−π, π), i.e., rmr,mc = aejφmr,mc ,
∀mr ∈ {1, 2, . . . ,Mr}, and ∀mc ∈ {1, 2, . . . ,Mc}. Note that
variable a models the fixed reflection loss of IRS and τmr,mc

denotes the phase shift inserted at PRU (mr,mc), which can
be adjusted by the IRS controller.2

To facilitate the trajectory design, the total flying time, T ,
is discretized into N time slots with an equal time interval, i.e.,
δt = T

N . The three dimensional (3D) trajectory of UAV can

be denoted as a sequence
�
q [n] = [x [n] , y [n] , z [n]]T

�N
n=1

,

where q [n] = [x [n] , y [n] , z [n]]T denotes the 3D coordinate

1Depending on the applications and the types of UAV, the data intended
for ground users can be downloaded or transmitted to the UAV in an
offline manner or an online manner via out-of-band communication links [2],
respectively.

2In this work, we consider an infinite resolution for the phase shifters at the
IRS and the obtained performance serves as a performance upper bound of the
one adopting finite resolution phase shifters [15], [31], [32]. Note that unlike
existing works [13], [14] considering the application of IRS without the UAV,
optimizing the phase control strategy in this paper is very challenging due to
the discrete constraint as it is coupled with the trajectory of the UAV, which
will be investigated in our future work.
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TABLE I

NOTATIONS FOR MAIN SYSTEM PARAMETERS

of the UAV in time slot n. In practice, we need to satisfy
the minimum and maximum flight altitudes for the UAV due
to some safety regulations, i.e., Hmin

U ≤ z [n] ≤ Hmax
U . The

location of ground user k is assumed to be fixed and is denoted
as wk = [xk, yk, 0]

T. The IRS is coated/installed on the
surface of a building wall with a certain altitude HR, i.e.,
wR = [xR, 0, HR]T. In time slot n, the distance between the
UAV and ground user k is given by dUG

k [n] = �q [n] − wk�
and the distance between the UAV and the IRS is given
by dUR [n] = �q [n] − wR�. We assume that the distances
dUR [n] and dUG

k [n] are invariant within each time slot δt
since UAV’s displacement during δt is much smaller than
dUR [n] and dUG

k [n]. In addition, the distance between the
IRS and ground user k is given by dRG

k = �wR − wk�,
which is assumed to be fixed in the considered system. Due
to significant path loss and reflection loss, we assume that the
power of the signals that are reflected by the IRS two or more
times is negligible and thus ignored [13], [14].

B. Channel Model for IRS-Assisted UAV OFDMA
Communication Systems

OFDMA has been widely adopted in practice to support
multi-user communications owing to its flexibility in resource
allocation design and the possibility of exploiting multi-user
diversity [33]. In the considered system, the total system
bandwidth B is divided into NF subcarriers with subcarrier
spacing Δf = B

NF
. In the following, we present the broadband

channel model for the proposed system. To facilitate the joint
trajectory and resource allocation design, we assume LoS-
dominated propagation among the UAV, the IRS, and ground
users [3]–[8]. Since the IRS is deployed in the higher altitude
of HR = 30 m, the signal propagation of the UAV-to-IRS
link typically occurs in clear airspace where the obstruction
or reflection effects diminish. Therefore, as commonly adopted
in the literature [4], [6], [7], we adopt a simple yet reasonably
accurate LoS channel model between the UAV and the IRS

to offer better insights into the performance and the design
of this system. Note that considering a height-dependent path
loss exponent model [34], [35] is an interesting but challenging
problem, which will be investigated in our future work. In time
slot n, the channel vector between the UAV and the IRS on
subcarrier i is given by [36]

hUR
i [n] =

�
β0

(dUR [n])2
e−j2πiΔf

dUR[n]
c hUR

LoS [n] (1)

with hUR
LoS [n] is given by (2) at the bottom of the page,

where β0 denotes the channel power gain at the reference
distance d0 = 1 m, c denotes the speed of light, and
fc is the carrier frequency. Variables θUR[n] and ξUR[n]
denote the vertical and horizontal angles-of-arrival (AoAs)
at the IRS3, respectively, with sin θUR[n] = z[n]−HR

dUR[n] ,

sin ξUR[n] = xR−x[n]√
(xR−x[n])2+(yR−y[n])2

, and cos ξUR[n] =
y[n]−yR√

(xR−x[n])2+(yR−y[n])2
. We assume a far-field array response

vector model at the IRS since dUR [n] � max (Mrdr,Mcdc)
holds in practice. Additionally, we note that the IRS deals
with a pass-band signal with a carrier frequency fc and a
bandwidth B while B 	 fc holds usually, i.e., a narrow-
band signal in pass band. Therefore, the array response vector
in (2) only depends on the corresponding AoAs and thus is
frequency-flat [36], i.e., the beamforming gain is independent
of the subcarrier index. In contrast, the phase shift term

e−j2πiΔf
dUR[n]

c in (1) depends on the subcarrier index4 even
if all subcarriers’ signal share the same delay dUR[n]

c . In other
words, a non-uniform phase is introduced to all subcarriers.

3Within one time slot, we can assume that θUR[n] and ξUR[n] do not
change as |x [n + 1] − x [n]| � dUR [n], |y [n + 1] − y [n]| � dUR [n],
and |z [n + 1] − z [n]| � dUR [n] generally hold [7], [25], [26].

4The frequency domain channel for a discrete LoS channel δ [n − nτ ]
with a delay of τ = nτ

B
can be obtained via performing an NF-point

discrete Fourier transform (DFT), i.e., DFT {δ [n − nτ ]} = e
−j2π inτ

NF =
e−j2πiΔfτ , ∀i ∈ {0, . . . , NF − 1}, where δ [·] denotes the delta function.

hUR
LoS [n] =

�
1, e−j2πfc

dr sin θUR[n] cos ξUR[n]
c , . . . , e−j2πfc(Mr−1)

dr sin θUR[n] cos ξUR[n]
c

�T

⊗
�
1, e−j2πfc

dc sin θUR[n] sin ξUR[n]
c , . . . , e−j2πfc(Mc−1) dc sin θUR[n] sin ξUR[n]

c

�T

(2)
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We note that this is fundamentally different from the existing
literature considering only narrow-band IRS communications
[13]–[15], [18], [27], [28], where the channel between each
PRU and each user can be characterized by a single complex
number.

On the other hand, due to the possible local scattering
around the ground users, we adopt the Rician fading channel
model for the UAV-to-user and IRS-to-user links [2]. In time
slot n, the channel vector between the IRS and ground user k
on subcarrier i is given by

hRG
k,i [n] =

�
β0�

dRG
k

�αRG
k

	�
κRG
k

κRG
k + 1

e−j2πiΔf
dRG

k
c hRG

k,LoS

+

�
1

κRG
k + 1

h̃RG
k,i [n]



(3)

with the scattering component denoted as h̃RG
k,i [n] ∼

CN (0, IMrMc) and the LoS component given by (4) at the
bottom of the page, where αRG

k denotes the path loss exponent
of the IRS-to-user link for user k and κRG

k is the corresponding
Rician factor. In the LoS component in (4), θRG

k and ξRG
k

denote the vertical and horizontal angles-of-departure (AoDs)
from the IRS to ground user k, respectively. Note that we
have sin θRG

k = HR
dRG

k

, sin ξRG
k = xk−xR√

(xR−xk)2+(yR−yk)2
, and

cos ξRG
k = yk−yR√

(xR−xk)2+(yR−yk)2
. In time slot n, the channel

between the UAV and ground user k on subcarrier i is given
by

hUG
k,i [n] =

�
β0�

dUG
k [n]

�αUG
k

	�
κUG
k

κUG
k + 1

e−j2πiΔf
dUG

k [n]
c

+

�
1

κUG
k + 1

h̃UG
k,i [n]



, (5)

where αUG
k represents the path loss exponent of the UAV-to-

user link for user k, κUG
k denotes the corresponding Rician

factor, and h̃UG
k,i [n] ∼ CN (0, 1) is the scattering component

of user k on subcarrier i in time slot n.
In time slot n, the IRS reflection phase coefficient matrix

can be represented by

Φ [n] = diag (φ [n]) ∈ C
MrMc×MrMc , (6)

where φ [n] =
�
ejφ1,1[n], . . . , ejφmr,mc [n], . . . , ejφMr,Mc [n]

�T ∈
CMrMc×1. In time slot n, the concatenation channel for the
UAV-IRS-user link of user k on subcarrier i is given by
(7) at the bottom of the page, where its LoS and scattering
components are given by (8) and (9) at the bottom of the
page, respectively.

Now, the composite channel from the UAV to ground user
k on subcarrier i in time slot n can be given by

gUG
k,i [n]=hUG

k,i [n]+hURG
k,i [n]=gUG

k,i,LoS [n]+g̃UG
k,i [n] , (10)

where gUG
k,i,LoS [n] and g̃UG

k,i [n] are given by (11) and (12) at
the bottom of the next page, respectively.

We can observe that the existence of scattering components
of the Rician fading channels in (3) and (5) makes the com-
posite channel non-deterministic. Hence, to optimally control
the phase of the IRS for coherent combining of signals at the
ground user and to design the trajectory of the UAV, the instan-
taneous channels between each PRU, UAV, and each ground
users should be estimated and be fed back to the IRS controller
and the UAV controller on the fly, where the associated
signaling overhead would consume a lot of system resources.
As a comprise approach, we focus on the phase control and
trajectory design based on the deterministic LoS component. In
particular, the LoS CSI components change slowly compared
to the scattering components and are predictable based on
the UAV’s trajectory, which enables an offline design [4]. We
note that this simplification is valid for a major range of the

hRG
k,LoS =

�
1, e−j2πfc

dr sin θRG
k cos ξRG

k
c , . . . , e−j2πfc(Mr−1)

dr sin θRG
k cos ξRG

k
c

�T

⊗
�
1, e−j2πfc

dc sin θRG
k

sin ξRG
k

c , . . . , e−j2πfc(Mc−1)
dc sin θRG

k
sin ξRG

k
c

�T

(4)

hURG
k,i [n] = a

�
hRG
k,i

�T
Φ [n]hUR

i [n] =
aβ0

dUR [n]
�
dRG
k

�αRG
k
2


�
κRG
k

κRG
k + 1

e−j2πiΔf
dUR[n]+dRG

k
c

× �
hRG
k,LoS

�T
Φ [n]hUR

LoS [n] +

�
1

κRG
k + 1

e−j2πiΔf
dUR[n]

c

�
h̃RG
k,i

�T

Φ [n]hUR
LoS [n]

�
(7)

[b]
�
hRG
k,LoS

�T
Φ [n]hUR

LoS [n]=
Mc�
mc=1

Mr�
mr=1

e−j2πfc
dr(mr−1)sin θRG

k cos ξRG
k +dc(mc−1)sin θRG

k sin ξRG
k

c ejφmr,mc [n]

×e−j2πfc dr(mr−1)sin θUR[n] cos ξUR[n]+dc(mc−1)sin θUR[n] sin ξUR[n]
c (8)

h̃URG
k,i [n]=e−j2πiΔf

dUR[n]
c

�
h̃RG
k,i [n]

�T

Φ [n]hUR
LoS [n] . (9)
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application scenarios of UAV communications, where a large
Rician factor dominates the system performance [2]. Note
that due to the randomness of fading channels, the proposed
LoS-based design may lead to an outage which the data rate is
larger than the capacity. In this work, we first focus on design
for the system sum-rate maximization based on LoS channels
and illustrate the system outage rate in Rician fading channels
in the section of simulations.

Combining (2), (6), and (9), we have the scattering com-
ponent of the concatenation channel given by (13) at the
bottom of the page, where

�
h̃RG
k,i [n]

�
mr,mc

∼ CN (0, 1) is

the (mc − 1)Mr + mr element of the vector h̃RG
k,i [n]. Since

the phase terms in the equation above are irrelevant to h̃RG
k,i [n],

we have h̃URG
k,i [n] ∼ CN (0,McMr) [37]. According to (12),

the scattering component of the UAV-IRS-user link follows

g̃UG
k,i [n] ∼ CN

⎛
⎝0,

β0�
dUG
k [n]

�αUG
k

1
κUG
k + 1

+
a2β2

0

(dUR [n])2
�
dRG
k

�αRG
k

McMr

κRG
k + 1

⎞
⎠ . (14)

On the other hand, we refer gUG
k,i,LoS [n] as the LoS component

of the composite channel. In fact, gUG
k,i,LoS [n] is not a single

LoS path but consists of two LoS paths in the UAV-to-user
link and the UAV-IRS-user link, respectively. Since gUG

k,i,LoS [n]
is deterministic, we still refer it as the LoS component of the
composite channel and denote it with a subscript of LoS. More
importantly, the LoS component of the composite channel
consists of two dominated paths with different delays and thus
is a frequency-selective channel.

Benefiting from the offline design, the proposed design in
this work only requires the information of users’ location and
the Rician factors of all the involved links in advance, which
significantly reduces the required overhead for CSI acquisition.
Besides, for a typical UAV flying speed, i.e., 20 m/s [2],
we can assume that the inter-carrier interference (ICI) caused
by Doppler spread can be efficiently mitigated by proper
receiver design as stated in [38]. We note that IRS has potential

to eliminate the Doppler effect by counteracting the channel
fluctuation [39]. Yet, this requires perfect channel tracking
and real-time phase control, which impose a challenge in
implementation.

C. Resource Allocation and IRS Allocation Design

To serve multiple users concurrently, we adopt OFDMA via
scheduling different users exclusively on different subcarriers
and optimize the transmit power to the users. If user k is
allocated to subcarrier i in time slot n, we denote uk,i [n] = 1.
Otherwise, uk,i [n] = 0. To guarantee the orthogonality
among users on each subcarrier in each time slot, we impose�K
k=1 uk,i [n] ≤ 1, ∀i, n. Besides, the power allocated to user

k on subcarrier i in time slot n is denoted as pk,i [n] ≥ 0
with

�NF
i=1

�K
k=1 pk,i [n] ≤ pmax, ∀n, where pmax denotes

the maximum transmission power in each time slot. As shown
in (10), the phase shift introduced by each PRU affects the
channel of all users in all subcarriers, since each PRU reflects
the whole broadband signal to all the ground users [19]. This
is significantly different from existing works on IRS-assisted
UAV communications [27], [28] that considering a narrow-
band and a single-user system. To achieve a considerable
reflection gain at the IRS, we assume that the phases of the
IRS reflection matrix is aligned w.r.t. one selected user in each
time slot, which is defined as IRS-assisted user in this paper.5

In particular, when user k is scheduled as an IRS-assisted user
in time slot n, we have sk [n] = 1. Otherwise, sk [n] = 0.
Therefore, we have

�K
k=1 sk [n] ≤ 1, ∀n.

III. PHASE CONTROL AT IRS AND THE COMPOSITE

CHANNEL GAIN

In this section, we first design the phase control strategy at
the IRS based on LoS channels and then derive the composite
channel gain of the UAV-IRS-user link.

When allocating the IRS for user k in time slot n, i.e.,
sk [n] = 1, to maximize the LoS component in its compos-
ite channel in (11), the corresponding phase shift at PRU

5Allowing the IRS to align its beamforming phase shift matrix with
respect to multiple users in each time slot may further improve the system
performance. However, it complicates the UAV’s trajectory design, which will
be considered in our future work.

gUG
k,i,LoS [n] =

�
β0�

dUG
k [n]

�αUG
k

�
κUG
k

κUG
k + 1

e−j2πiΔf
dUG

k [n]
c +

aβ0

dUR [n]
�
dRG
k

�αRG
k
2

�
κRG
k

κRG
k + 1

×e−j2πiΔf
dUR[n]+dRG

k
c

�
hRG
k,LoS

�T
Φ [n]hUR

LoS [n] (11)

g̃UG
k,i [n] =

�
β0�

dUG
k [n]

�αUG
k

�
1

κUG
k + 1

h̃UG
k,i [n] +

aβ0

dUR [n]
�
dRG
k

�αRG
k
2

�
1

κRG
k + 1

h̃URG
k,i [n] . (12)

h̃URG
k,i [n] =

Mr�
mr=1

Mc�
mc=1

e−j2πiΔf
dUR[n]

c

�
h̃RG
k,i [n]

�
mr,mc

ejφmr,mc [n]

×e−j2πfc(mr−1) dr sin θUR[n] cos ξUR[n]
c e−j2πfc(mc−1) dc sin θUR[n] sin ξUR[n]

c (13)
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(mr,mc) is set as (15) at the bottom of the page. The adopted
phase control strategy above is optimal in the sense that it
can maximize the passive beamforming gain at the IRS with
respect to (w.r.t.) the IRS-assisted user. We can observe that
the adopted simple phase control strategy in (15) only depends
on the locations of UAV and ground users, which significantly
reduces the required signaling overhead of CSI acquisition
and phase control at the IRS [13]. As a result, the phase
control at IRS can be designed with the UAV’s trajectory in
an offline manner. Additionally, it can be seen that the phase

control does not depend on the phase terms e−j2πiΔf
dUG

k [n]
c

and e−j2πiΔf
dUR[n]+dRG

k
c in the LoS component in (11). In fact,

the phase control at IRS has indeed a flat frequency response,
which affects all the subcarriers homogeneously. Therefore,
in general, we can only coherently combine the received
signals from both the UAV-to-user link and the UAV-IRS-user
link in some subcarriers as different subcarriers generally have
different channel phases. Note that although applying phase
control at IRS can improve the system performance, it also
introduces a frequency-selective fading with a periodic cosine
pattern as will be analyzed in the following.

According to (11), the LoS component of the composite
channel of IRS-assisted user k on subcarrier i in time slot
n can be rewritten as (16) at the bottom of the page, where
ψr
k�,k = πfcdr(θk�−θk)

c , ψc
k�,k = πfcdc(ϕk�−ϕk)

c , and the beam

pattern function is BM (x) = sin(Mx)
sin(x) . We note that the whole

term in the second line in (16) is the beam pattern response
from the IRS to user k when the IRS is allocated to user
k� in time slot n. In particular, when user k is scheduled
to utilize the IRS in time slot n, i.e., sk [n] = 1, only one
term in the summation in (16) is selected with k� = k and

the full beamforming gain can be achieved. On the other
hand, when sk [n] = 0, there is also one term been selected
in the summation in (16) with sk� [n] = 1, ∀k� �= k, and
thus the beamforming gain depends on the AoDs’ difference
between user k and user k� in the azimuth and elevation planes,
respectively. Now, the composite channel power gain from the
UAV to user k on subcarrier i in time slot n is given by (17)
at the bottom of the page.

In (17), the first term represents the LoS path gain of the
UAV-to-user link, the second term denotes the LoS path gain
of the UAV-IRS-user link, and the third term is caused by the
superposition of the two LoS paths in these two links. Note
that the proposed composite channel model is a generalization
of related works on IRS [28], [40] and UAV communications
[4], [25]. In particular, existing work on IRS-aided OFDMA
systems, e.g. [40], ignored the IRS scheduling feature and
the mobility of UAV. When the IRS is removed from the
considered system, i.e., a = 0, the composite channel model
in (17) degenerates to the conventional deterministic channel
model for UAV-enabled wireless communication systems [4],
[25]. On the other hand, when the direct link from the UAV
to the ground user is blocked, only the second term of (17)
retains which is similar to the LoS component of the composite
channel model in [28]. Besides, we note that the constructed
channel model in (17) does not depend on the communication
directions and thus can be adopted for the reverse link directly.

From (17), we can observe that even if all the subcarriers’
signals experience the same delay, different phase shifts are
introduced on different subcarriers resulting in a frequency-
selective channel. In particular, the frequency-selective fading
in (17) for both IRS-assisted and non-IRS-assisted users fol-
lows a periodic cosine pattern w.r.t. the subcarrier index, which

τmr,mc [n] = 2π
fc
c

�
dr (mr − 1) sin θRG

k cos ξRG
k + dc (mc − 1) sin θRG

k sin ξRG
k

+ dr (mr − 1) sin θUR[n] cos ξUR[n] + dc (mc − 1) sin θUR[n] sin ξUR[n]
�

(15)

gUG
k,i,LoS [n] = e−j2πiΔf

dUG
k [n]

c

⎡
⎢⎣� β0�

dUG
k [n]

�αUG
k

�
κUG
k

κUG
k + 1

+
K�
k�=1

aβ0sk� [n]

dUR [n]
�
dRG
k

�αRG
k
2

�
κRG
k

κRG
k + 1

× e−j2πiΔf
dUR[n]+dRG

k −dUG
k [n]

c e−j(Mr−1)ψr
k�,ke−j(Mc−1)ψc

k�,kBMr

�
ψr
k�,k

�
BMc

�
ψc
k�,k

��
(16)

��gUG
k,i,LoS [n]

��2 =

⎡
⎢⎢⎢⎢⎢⎣

β0�
dUG
k [n]

�αUG
k

κUG
k

κUG
k + 1� ��  

LoS path gain of the UAV-to-user link

+
K�
k�=1

a2β2
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�
ψr
k�,k

�
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�
ψc
k�,k

�
(dUR [n])2

�
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k

�αRG
k

κRG
k
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k + 1� ��  

LoS path gain of the UAV-IRS-user link

+
K�
k�=1

2aβ
3
2
0 sk� [n]BMr

�
ψr
k�,k

�
BMc

�
ψc
k�,k

�
�
dUG
k [n]

�αUG
k
2 dUR [n]

�
dRG
k

�αRG
k
2

�
κUG
k

κUG
k + 1

�
κRG
k

κRG
k + 1

× cos
!

2πiΔf
dUR [n] + dRG

k − dUG
k [n]

c
+ (Mr − 1)ψr

k�,k + (Mc − 1)ψc
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Fluctuation component

(17)

Authorized licensed use limited to: Australian National University. Downloaded on October 22,2023 at 22:05:39 UTC from IEEE Xplore.  Restrictions apply. 



WEI et al.: SUM-RATE MAXIMIZATION FOR IRS-ASSISTED UAV OFDMA COMMUNICATION SYSTEMS 2537

will be demonstrated in Fig. 4 in Section VI. Furthermore, the
period of the cosine fading pattern depends on the delay spread
between the UAV-to-user and IRS-UAV-user links. One can
imagine that the closer the IRS to the ground users, the longer
the period of the frequency-selective fading. In particular,
when the IRS is sufficiently close to the ground user, i.e.,
dRG
k → 0, we have dUR [n] ≈ dUG

k [n]. In this case, the cosine

function in (17) approaches a constant and
���gUG
k,i,LoS [n]

���2
becomes frequency-flat fading. In fact, when the employed
IRS is sufficiently close to the ground users, it is expected
that the UAV-to-user and IRS-UAV-user links almost merge
with each other forming a pure LoS link with a frequency-
flat characteristic. Additionally, the range of fluctuation of the
composite channel gains across the subcarriers is determined
by both the AoDs’ difference between the IRS-assisted user
k and non-IRS-assisted user k� as well as the number of
PRUs at the IRS. On the other hand, on each subcarrier, the
composite channel gains for both the IRS-assisted and non-
IRS-assisted users fluctuate with a cosine pattern w.r.t. the
propagation distances’ difference between the UAV-to-user and
IRS-UAV-user links dUR [n] + dRG

k − dUG
k [n], as shown in

(17), which is affected by the UAV’s trajectory. As a result,
the composite channel gain on one subcarrier experiences
also spatial-selective fading, which fluctuates along the UAV
trajectory, as will be shown in Fig. 4 in Section VI.

In general, the models in (16) and (17) are accurate but
intractable for joint trajectory and resource allocation design.
In the following, we first define the peak, the trough, and
the direct current (DC) level for the composite channel power
gains among all subcarriers, given by (18), (19), and (20) at
the bottom of the page, respectively, which are useful in our
proposed parametric approximation in the next section.

IV. PROBLEM FORMULATION

In this section, we first formulate the sum-rate maximization
problem and then develop its upper bound and lower bound
based on the proposed parametric approximation method.

A. Sum-Rate Maximization Problem Formulation

The achievable data rate of user k on subcarrier i in time
slot n can be given by

Rk,i,LoS [n] = uk,i [n] log2

�
1 + pk,i [n]

��gUG
k,i,LoS [n]

��2/σ2
�
,

(21)

where σ2 = N0Δf denotes the noise power in each subcarrier,
Δf is the subcarrier spacing, and N0 denotes the noise power
spectral density at ground users. In time slot n, the individual
data rate of user k and the system sum-rate are given by

Rk,LoS [n] =
NF�
i=1

uk,i [n] log2 (1

+pk,i [n]
��gUG
k,i,LoS [n]

��2/σ2
�

and (22)

Rsum,LoS [n] =
NF�
i=1

K�
k=1

uk,i [n] log2 (1

+pk,i [n]
��gUG
k,i,LoS [n]

��2/σ2
�
, (23)

respectively. Note that benefiting from the adopted OFDMA
scheme, the inter-user interference is absent in the achievable
rates in (21), (22), and (23). Now, the sum-rate maximization
problem can be formulated as an optimization problem in (24)
at the bottom of the next page.

In the formulated problem in (24), constraints C1, C3, and
C5 define the user scheduling, power allocation, and IRS
scheduling variables, respectively. C2 guarantees that at most
one user can be scheduled on each subcarrier in each time
slot. C4 limits the total transmit power of the UAV in each
time slot. C6 denotes that the IRS can adjust its beamforming
matrix w.r.t. at most one user in each time slot. Constant
Rmin,k in C7 denotes the minimum required average data rate
for user k during the whole flight period, which is introduced
to guarantee the QoS requirement of user k. Constraint C8
is imposed to make sure that the UAV’s displacement in
adjacent time slots is less than its maximum speed constraint
Vmax. Constraints C9 and C10 indicate the required UAV’s
initial location qInitial and final location qFinal, respectively.
In C11, Hmin

U and Hmax
U denote the minimum and maximum

altitudes for the UAV, respectively. The formulated problem
is a non-convex mixed-integer optimization problem, which
is generally difficult to solve. In particular, the non-convexity
arises from the binary variables uk,i [n] and sk [n] as well as
the non-convex achievable rate function in the objective and
constraint C7. More importantly, as analyzed before, both the
spatial and frequency-selective fading arise from the cosine
function in the composite channel power gain in (17), which
has not been studied in the literature. Although introducing an
IRS to UAV communication systems provides the flexibility
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Fig. 2. An illustration of the proposed parametric bounds for the cosine
function in the frequency-selective fading of the IRS-assisted user. We assume
that there are 100 subcarriers within one period of the cosine function.
Additionally, we assume that the DC level, the peak level, and the trough level

of the cosine function are given by
�
�
�gUG

k,LoS [n]
�
�
�

2

DC
= 1,

�
�
�gUG

k,LoS [n]
�
�
�

2

Peak
=

1.3, and
�
�
�gUG

k,LoS [n]
�
�
�

2

Trough
= 0.7, respectively. A parameter 0 < α < 1

4
is

introduced to obtain the parametric bounds.

in trajectory design via the new degrees of freedom, it also
makes the trajectory design as a challenging problem due to
the multipath propagation. In the following, we aim to find an
upper bound and a lower bound of the formulated problem in
(24) to facilitate our design.

Remark 1: There are a few possible directions for extending
this work. Firstly, it is worth to investigate the joint resource
allocation and trajectory design for multi-IRS-assisted UAV
communications. Besides, introducing multiple UAVs to the
considered system with concurrent transmission has the poten-
tial to further improve the system performance [41], [42]. On
the other hand, a practical design to address the vulnerability
to the potential jamming/eavesdropping attacks of IRS-assisted
UAV communication systems is also interesting and desired.

B. Parametric Bounds for the Formulated Problem

In (24), we can observe that the objective function
monotonically increases with the channel power gain on
each subcarrier. Inspired by this observation, we aim to

develop two problems via adopting parametric lower bound
and upper bound for the composite channel power gains of
both IRS-assisted and non-IRS-assisted users which facilitate
the development of an upper bound and a lower bound for
problem (24), respectively. In particular, for an IRS-assisted
user, we introduce an approximation parameter α to quantize
the cosine pattern of frequency-selective fading into four-
mode fading channels,6 as illustrated in Fig. 2. As for a non-
IRS-assisted user, as will be shown in Fig. 4 in Section VI,
its channel fluctuation range is much smaller compared to
that of the IRS-assisted user. This is because the UAV-IRS-
user link is generally very weak for a non-IRS-assisted user,
especially with a massive number of PRUs at IRS. Therefore,
for simplicity, one fading mode (frequency flat fading) is
sufficient for approximating the compositing channel gain of
the non-IRS-assisted user.

For a non-IRS-assisted user, we can obtain its composite
channel gain’s upper bound and lower bound by the corre-
sponding peak and trough levels, respectively, i.e.,��gUG

k�,i,LoS [n]
��2���

sk[n]=1
≤ ��gUG

k�,i,LoS [n]
��2
UB

���
sk[n]=1

=
��gUG
k�,LoS [n]

��2
Peak

and (25)��gUG
k�,i,LoS [n]

��2���
sk[n]=1

≥ ��gUG
k�,i,LoS [n]

��2
LB

���
sk[n]=1

=
��gUG
k�,LoS [n]

��2
Trough

, ∀k� �= k, (26)

where
���gUG
k�,LoS [n]

���2
Peak

and
���gUG
k�,LoS [n]

���2
Trough

are given by

(18) and (19), respectively. We can observe that the bounds
of the composite channel gains of non-IRS-assisted users are
frequency-flat. More importantly, by replacing the composite
channel with their corresponding bounds, the design of UAV’s
trajectory becomes easier as the cosine function is no longer
involved.

On the other hand, we develop the bounds for the composite
channel gain of the IRS-assisted user. As illustrated in Fig. 2,

6Note that introducing more approximation parameters results in more
fading modes and a higher accuracy in approximating the composite channel
gains. However, optimizing multiple approximation parameters requires a
much higher computational complexity. Therefore, we just consider a single
approximation parameter and four-fading modes for an IRS-assisted user in
this paper for an illustration purpose.

P (U,P,q [n] ,S) : maximize
U,P,q[n],S

1
N

�N

n=1
Rsum,LoS [n] (U,P,q [n] ,S)

s.t. C1 : uk,i [n] ∈ {0, 1}, ∀k, i, n, C2 :
�K

k=1
uk,i [n] ≤ 1, ∀i, n,

C3 : pk,i [n] ≥ 0, ∀k, i, n, C4 :
�NF

i=1

�K

k=1
pk,i [n] ≤ pmax, ∀n,

C5 : sk [n] ∈ {0, 1}, ∀k, n, C6 :
�K

k=1
sk [n] ≤ 1, ∀n,

C7 :
1
N

�N

n=1
Rk,LoS [n] (U,P,q [n] ,S) ≥ Rmin,k, ∀k,

C8 : �q [n] − q [n− 1]� ≤ δtVmax, ∀n,
C9 : q [0] = qInitial, C10 : q [N ] = qFinal,

C11 : Hmin
U ≤ z [n] ≤ Hmax

U , ∀n. (24)
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a cosine function can be bounded by below with a piece-wise
step function via introducing an approximation parameter 0 <
α < 1

4 . Hence, the composite channel power gain for an IRS-
assisted user that follows a cosine pattern as revealed in (17)
can be bounded by below via the following four-mode fading
pattern:��gUG

k,i,LoS [n]
��2���

sk[n]=1
≥ ��gUG

k,i,LoS [n]
��2
LB

���
sk[n]=1

=
���gUG,j
k,LoS [n]

���2, if i ∈ Fj [n] , (27)

where Fj [n] denotes the subcarrier index set belonging to
the fading mode j in time slot n, ∀j ∈ {1, 2, 3, 4}. Variable���gUG,j
k,LoS [n]

���2 denotes the channel power gain of user k in

fading mode j in time slot n, ∀j ∈ {1, 2, 3, 4}, and they are
given by���gUG,1

k,LoS [n]
���2 =

��gUG
k,LoS [n]
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respectively. Similarly, we can develop an upper bound for the
channel power gain of the IRS-assisted user as follows:��gUG

k,i,LoS [n]
��2���

sk[n]=1
≤ ��gUG

k,i,LoS [n]
��2
UB

���
sk[n]=1

=
���gUG,j−1
k,LoS [n]

���2 , if i ∈ Fj [n] , (32)

where
���gUG,0
k,LoS [n]

���2 =
���gUG
k,LoS [n]

���2
Peak

.
It can be observed that the channel power gain is frequency-

flat within each mode based on our proposed parametric
approximation. In addition, compared to (17), distance vari-
ables dUR [n] and dUG

k [n] are taken out from the cosine
function, which is more tractable for the design of UAV’s
trajectory. However, the subcarrier index set for each mode
Fj [n] still depends on the original cosine pattern in the
composite channel gains and thus keep changing along the
UAV’s trajectory. In this case, the system sum-rate in (24) is
still a very complicated function of the UAV’s trajectory. In
the following, to further simplify the four-mode fading channel
and to facilitate our design, we asymptotically analyze the
size of Fj [n]. According to (17), the cosine pattern in the
composite channel gain experiences many cycles when the
system bandwidth is sufficiently large, B = NFΔf → ∞,
as will be verified in Fig. 4 in Section VI. Hence, the subcarrier
index set sizes of the four-mode fading are asymptotically
deterministic and they are given by

lim
B→∞

|F1 [n]| = lim
B→∞

|F4 [n]| = 2αNF and

lim
B→∞

|F2 [n]| = lim
B→∞

|F3 [n]| =
!

1
2
− 2α

"
NF, (33)

respectively, where we assume that 2αNF and
�

1
2 − 2α

�
NF

are integers without loss of generality. Furthermore, since only
one user is assisted by the IRS and thus only the IRS-assisted
user has a frequency-selective fading channel based on the
developed bounds, the subcarrier index set in each fading mode
does not matter for the resource allocation design. Therefore,
we can consider a fixed subcarrier index set for each mode
along the UAV’s trajectory as F1 = {1, . . . , 2αNF}, F2 =
{2αNF + 1, . . . , 1

2NF}, F3 = { 1
2NF + 1, . . . , NF − 2αNF},

and F4 = {NF − 2αNF + 1, . . . , NF}.
Now, the individual data rate and the system sum-rate can

be bounded by

RLB
k,LoS [n] ≤ Rk,LoS [n] ≤ RUB

k,LoS [n] and

RLB
sum,LoS [n] ≤ Rsum,LoS [n] ≤ RUB

sum,LoS [n] , (34)

respectively, with RLB
sum,LoS [n] =

�K
k=1 R

LB
k,LoS [n],

RUB
sum,LoS [n] =

�K
k=1 R

UB
k,LoS [n],

RLB
k,LoS [n] =

4�
j=1

NF�
i=1

RLB,j
k,i,LoS [n] Ii,j , and

RUB
k,LoS [n] =

4�
j=1

NF�
i=1

RUB,j
k,i,LoS [n] Ii,j , (35)

where Ii,j is one if i ∈ Fj and is zero otherwise. Variables
RLB,j
k,i,LoS [n] and RUB,j

k,i,LoS [n] represent the achievable data rate
of user k in fading mode j at time slot n based on the
developed lower bound and upper bound in (27) and (32),
respectively, and they are given by

RLB,j
k,i [n] = uk,i [n] log2

!
1 + pk,i [n]

!
sk [n]

���gUG,j
k,LoS [n]

���2
+(1−sk [n])

��gUG
k,LoS [n]

��2
Trough

�
/σ2

�
and (36)

RUB,j
k,i [n] = uk,i [n] log2

!
1 + pk,i [n]

!
sk [n]

���gUG,j−1
k,LoS [n]

���2
+(1 − sk [n])

��gUG
k,LoS [n]

��2
Peak

�
/σ2

�
, (37)

respectively. Substituting the bounds in (34) into (24), the
resulting optimization problems PLB and PUB in (38) and (39)
at the bottom of the next page provide a lower bound and an
upper bound for the formulated problem in (24), respectively.

We note that both problems PUB and PLB are non-convex
optimization problems and there is generally no systematic
and computationally efficient approach to solve them. Note
that a suboptimal solution of the upper bound problem PUB

cannot guarantee to provide an upper bound of the original
formulated problem P . In contrast, a suboptimal solution of
the lower bound problem PLB provides a pessimistic but
achievable solution. Therefore, in the following, we focus
on the lower bound problem PLB and propose an efficient
alternating optimization approach to achieve a suboptimal
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solution for the joint trajectory, IRS scheduling, and resource
allocation design.7

The lower bound rate functions in (35) and (36) for
the lower bound problem PLB are still quite difficult to
handle. To facilitate the trajectory and resource allocation
design, we introduce an auxiliary binary variable tk,k�,i [n] =
uk,i [n] sk� [n] to decouple the binary variables uk,i [n] and
sk� [n]. If subcarrier i is allocated to user k and IRS is allocated
to user k� in time slot n, we have tk,k�,i [n] = uk,i [n] sk� [n] =
1, otherwise, it is zero. The lower bound rate function in (35)
can be rewritten as

RLB
k,LoS [n] =

K�
k�=1

NF�
i=1

RLB
k,k�,i,LoS [n] , (40)

where

RLB
k,k�,i,LoS [n] = tk,k�,i [n] log2 (1

+pk,i [n]
��gUG
k,k�,i,LoS [n]

��2
LB
/σ2

�
(41)

and��gUG
k,k�,i,LoS [n]

��2
LB

=
Ak�

dUG
k [n]

�αUG
k

+
Bk,k�

(dUR [n])2

7Note that the upper bound problem is proposed to verify the approximation
accuracy via evaluating the gap between the upper bound and lower bound
problems. Although only a suboptimal solution of the lower bound problem
can be achieved by the proposed design, its gap to the optimal solution is
smaller than that between the upper bound problem and upper problem, which
will be evaluated in Section VI-C.

+
Ck,k�,i�

dUG
k [n]

�αUG
k
2 dUR [n]

, (42)

with Ak = β0
κUG

k

κUG
k

+1
, Bk,k� =

a2β2
0B

2
Mr(ψr

k�,k)B2
Mc(ψc

k�,k)
(dRG

k )αRG
k

κRG
k

κRG
k

+1
, Ck,k�,i =

�4
j=1Dk,k�,jIi,j ,

and Dk,k�,j is given by equation (43) at the bottom of the
page.

V. SOLUTION OF THE LOWER BOUND PROBLEM

In this section, we aim to obtain a suboptimal solution
of the lower bound problem PLB by dividing it into two
subproblems, where we alternatingly solve the two subprob-
lems until converge. In particular, in the iter-th iteration, sub-
problem 1 focuses on resource allocation and IRS scheduling
design given the obtained UAV’s trajectory while subprob-
lem 2 aims to design the UAV’s trajectory given the obtained
resource allocation and IRS scheduling strategy.

A. Subproblem 1: Resource Allocation and IRS Scheduling
Design

Given the trajectory of the UAV qiter [n] in the iter-th
iteration, substituting the lower bound rate functions in (40)
into (38) yields subproblem 1 as:

maximize
T,U,P,S

1
N

N�
n=1

K�
k=1

RLB
k,LoS [n]

�
T,U,P,S

��qiter [n]
�

PLB (U,P,q [n] ,S) : maximize
U,P,q[n],S

1
N

N�
n=1

RLB
sum,LoS [n] (U,P,q [n] ,S)

s.t. C1-C6, C8-C10, C7 :
1
N

N�
n=1

RLB
k,LoS [n] (U,P,q [n] ,S) ≥ Rmin,k, ∀k, (38)

PUB (U,P,q [n] ,S) : maximize
U,P,q[n],S

1
N

N�
n=1

RUB
sum,LoS [n] (U,P,q [n] ,S)

s.t. C1-C6, C8-C10, C7 :
1
N

N�
n=1

RUB
k,LoS [n] (U,P,q [n] ,S) ≥ Rmin,k, ∀k. (39)

Dk,k�,j =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−
2aβ

3
2
0 BMr

�
ψr
k�,k

�
BMc

�
ψc
k�,k

�
�
dRG
k

�αUG
k
2

�
κUG
k

κUG
k + 1

�
κRG
k

κRG
k + 1

if k� �= k,

2aβ
3
2
0 MrMc�

dRG
k

�αUG
k
2

�
κUG
k

κUG
k + 1

�
κRG
k

κRG
k + 1

cos (2πα) if k� = k, j = 1,

0 if k� = k, j = 2,

−2aβ
3
2
0 MrMc�

dRG
k

�αUG
k
2

�
κUG
k

κUG
k + 1

�
κRG
k

κRG
k + 1

cos (2πα) if k� = k, j = 3,

−2aβ
3
2
0 MrMc�

dRG
k

�αUG
k
2

�
κUG
k

κUG
k + 1

�
κRG
k

κRG
k + 1

if k� = k, j = 4.

(43)
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s.t. C1-C6,

C7 :
1
N

N�
n=1

RLB
k,LoS [n]

�
T,U,P,S

��qiter [n]
�

≥ Rmin,k, ∀k,
C12 : 0 ≤ tk,k�,i [n] ≤ 1, ∀k, k�, n, i,
C13 : tk,k�,i [n] ≤ sk� [n], ∀k, k�, n, i,
C14 : tk,k�,i [n] ≤ uk,i [n] , ∀k, k�, n, i,
C15 : tk,k�,i [n] ≥ sk� [n] + uk,i [n] − 1, ∀k, k�, n, i,

(44)

where RLB
k,LoS [n]

�
T,U,P,S

��qiter [n]
�

denotes the achiev-
able data rate of user k in time slot n given the trajectory of
UAV as qiter [n]. Constraints C12-C15 are introduced to illus-
trate the relationship between tk,k�,i [n], uk,i [n], and sk� [n].
In particular, tk,k�,i [n] = 1 if and only if both uk,i [n] = 1
and sk� [n] = 1.

Given the trajectory of UAV, the subproblem 1 in (44) is still
a mixed-integer non-convex optimization problem. To solve
subproblem 1, we adopt the Lagrangian dual method since it
can unveil some important insights about power allocation,
power scaling law, and IRS scheduling as detailed in the
following. The binary variables sk� [n] and uk,i [n] span a
disjoint feasible solution set which is a hurdle for solving the
problem via computationally efficient tools from convex opti-
mization theory. Therefore, we relax the subcarrier allocation
variable uk,i [n] and the IRS scheduling variable sk� [n] to be
a real between zero and one instead of a Boolean. In fact,
uk,i [n] and sk� [n] can be interpreted as time-sharing factors
for subcarrier allocation and IRS scheduling, respectively [33].
In the following, we will prove that the optimal solution
for uk,i [n] and sk� [n] are still binary, despite the use of
binary constraint relaxation. In other words, the time sharing
relaxation is tight and does not lose any optimality. Besides,
the coupling between optimization variables tk,k�,i [n] and
power allocation variables pk,i in the objective function and
constraint in C7 is generally intractable. Fortunately, a dual
decomposition method [33] can be employed to handle this
issue and to obtain some insights about resource allocation
design in an IRS-assisted UAV OFDMA communication sys-
tem. In particular, we introduce the auxiliary time-shared

power allocation variables p̃k,k�,i [n] = tk,k�,i [n] pk,i [n]. The
problem in (44) can be rewritten as

maximize
T, U, P̃, S

1
N

N�
n=1

K�
k=1

RLB
k,LoS [n]

�
T,U, P̃,S

��qiter [n]
�

s.t. C2-C4,C6,C12-C15,

C1 : 0 ≤ uk,i [n] ≤ 1, ∀k, i, n,
C5 : 0 ≤ sk� [n] ≤ 1, ∀k�, n,

C7 :
1
N

N�
n=1

RLB
k,LoS [n]

�
T,U, P̃,S

��qiter [n]
�

≥ Rmin,k, ∀k, (45)

where RLB
k,LoS [n]

�
T,U, P̃,S

��qiter [n]
�

=

RLB
k,LoS [n]

�
T,U,P,S

��qiter [n]
� �����pk,i[n]=

p̃
k,k�,i[n]

t
k,k�,i[n]

.

The transformed problem in (45) is convex w.r.t. to T,U,P̃,
and S, while satisfying the Slater’s constraint qualification
[43]. Therefore, we can solve the primal problem by solving
its dual problem. To this end, the Lagrangian function of
the primal problem in (45) is given by (46) at the bottom
of the page, where ζi,n ≥ 0, 
n ≥ 0, γn ≥ 0, νk ≥ 0,
ςk,k�,i,n ≥ 0, �k,k�,i,n, and ξk,k�,i,n ≥ 0 are the Lagrange
multipliers corresponding to constraints C2, C4, C6, C7, C12,
C13, and C14, respectively. Boundary constraints C1, C3, C5,
and C12 will be absorbed in the Karush-Kuhn-Tucker (KKT)
conditions when deriving the optimal resource allocation pol-
icy of subproblem 1 in the following equation. Therefore, the
dual problem for the primal problem in (45) is given by

minimize
ζ,�,γ,ν,ς,�,ξ

maximize
T,U,P̃,S

L
�
T,U, P̃,S, ζ,�,γ,ν, ς,�, ξ

�
.

(47)

Since the dual problem is convex, the Lagrange dual decom-
position can be employed to solve the dual problem in (47)
iteratively. In particular, the dual problem in (47) is decom-
posed into two-layer optimization problems and is solved
iteratively. Specifically, the inner layer problem maximizes
the Lagrangian L over

�
T,U, P̃,S

�
for given Lagrangian

L
�
T,U, P̃,S, ζ,�,γ,ν, ς,�, ξ

�
=

1
N

N�
n=1

NF�
i=1

K�
k=1

K�
k�=1

(νk+1) tk,k�,i [n] log2

⎛
⎜⎝1+

p̃k,k�,i [n]
���gUG
k,k�,i,LoS [n]

���2
LB

tk,k�,i [n]σ2

⎞
⎟⎠−

K�
k=1

νkRmin,k

−
N�
n=1

NF�
i=1

ζi,n

	
K�
k=1

uk,i [n]−1



−

N�
n=1


n

	
NF�
i=1

K�
k=1

K�
k�=1

p̃k,k�,i [n]−pmax



−

N�
n=1

γn

	
K�
k�=1

sk� [n]−1




−
N�
n=1

NF�
i=1

K�
k=1

K�
k�=1

ςk,k�,i,n (tk,k�,i [n] − sk� [n]) −
N�
n=1

NF�
i=1

K�
k=1

K�
k�=1

�k,k�,i,n (tk,k�,i [n] − uk,i [n])

−
N�
n=1

NF�
i=1

K�
k=1

K�
k�=1

ξk,k�,i,n (uk,i [n] + sk� [n] − tk,k�,i [n] − 1) , (46)
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multipliers (ζ,�,γ,ν, ς,�, ξ), while the outer layer opti-
mization problem minimizes L over (ζ,�,γ,ν, ς,�, ξ) for

given
�
T,U, P̃,S

�
. For a fixed set of Lagrange multipliers

(ζ,�,γ,ν, ς,�, ξ), the inner maximization problem is a

convex optimization problem w.r.t.
�
T,U, P̃,S

�
. Applying

the convex optimization techniques and the KKT conditions,
the optimal power allocation for user k on subcarrier i in time
slot n can be obtained by

p̃∗k,k�,i [n]
= tk,k�,i [n] p∗k,k�,i [n]

= tk,k�,i [n]

⎡
⎢⎣ (νk + 1)

n ln(2)N

− σ2���gUG
k,k�,i,LoS [n]

���2
LB

⎤
⎥⎦

+

. (48)

It implies that the optimal power allocation follows a multi-
level water-filling principle. The first term in the bracket
in (48) can be interpreted as a water level for allocating
power to user k in time slot n, which can be determined by
both Lagrangian multipliers νk and 
n associated with the
minimum rate requirement constraint C7 and the sum-power
constraint C4, respectively. In particular, the larger Lagrangian
multiplier νk is, the higher power would allocate to user k to
satisfy its minimum rate requirement. In contrast, the larger
Lagrangian multiplier 
n is, the less power would allocate in
time slot n to satisfy the sum-power constraint. When k = k�,
p̃∗k,k,i [n] denotes the power allocated to user k on subcarrier
i in time slot n if user k is scheduled to be an IRS-assisted
user. In this case,

���gUG
k,k,i,LoS [n]

���2
LB

is proportional to M2
r M

2
c

when Mr → ∞ and Mc → ∞ as predicted in (42). It implies
that with a fixed data rate requirement, employing an IRS can
scale down the transmit power of the UAV to 1

M2
r M

2
c

compared
to that of the system without IRS, which is consistent with the
power scaling law obtained in [13].

To obtain the optimal user scheduling, we take the derivative
of the Lagrangian function w.r.t. uk,i [n], sk [n], and tk,k�,i [n],
respectively, which yields

∂L
∂uk,i [n]

= M
(u)
k,i,n = −ζi,n +

K�
k�=1

(�k,k�,i,n − ξk,k�,i,n) ,

(49)

∂L
∂sk� [n]

= M
(s)
k�,n = −γn +

K�
k=1

NF�
i=1

(ςk,k�,i,n − ξk,k�,i,n) ,

(50)

and (51) at the bottom of the page.

We can observe that the derivatives of the Lagrangian
function w.r.t. uk,i [n], tk,k�,i [n], and sk� [n] are all constants,
which implies that the Lagrangian function grows linearly
w.r.t. uk,i [n], tk,k�,i [n], and sk� [n]. In particular, the deriv-
atives M (u)

k,i,n, M (t)
k,k�,i,n, and M

(s)
k�,n can be interpreted as a

marginal benefit for the system performance when assigning
uk,i [n] = 1, tk,k�,i [n] = 1, and sk� [n] = 1, respectively.
In (45), constraints C1, C2, C5, C6, C12-C15 are all affine
constraints, which constitute a polyhedron feasible solution
set. Therefore, the optimal solution for T, U, S should lie at
a vertex of the feasible solution set, i.e., they must be binary.
In addition, C2 and C6 imply that

�K
k=1

�K
k�=1 tk,k�,i [n] =�K

k=1 uk,i [n]
�K

k�=1 sk� [n] ≤ 1. It means that at most one
user can be assigned on subcarrier i in time slot n, no matter
whether this user is an IRS-assisted user or a non-IRS-
assisted user. Now, to maximize the Lagrangian given the dual
variables, we have

u∗k,i [n] =

⎧⎨
⎩1 k = arg max

k�
M

(u)
k,i,n

0 otherwise
, ∀i, n,

s∗k [n] =

⎧⎨
⎩1 k = arg max

k�
M

(s)
k�,n

0 otherwise
, ∀n, and

t∗k,k�,i [n] =

⎧⎨
⎩1 i ∈ argmax

k,k�
M

(t)
k,k�,i,n

0 otherwise
, ∀i, n. (52)

Recall that tk,k�,i [n] = 1 means user k is allocated to
subcarrier i in time slot n when user k� is scheduled to
be an IRS-assisted user. Therefore, the selection in (52) for
tk,k�,i [n] can determine both the subcarrier allocation and IRS
scheduling at the same time. Furthermore, when Mr → ∞ and
Mc → ∞, the composite channel gain of the IRS-assisted user
is significantly larger than that of the non-IRS-assisted user,

i.e.,
���gUG
k,k,i,LoS [n]

���2
LB

�
���gUG
k,k�,i,LoS [n]

���2
LB

, ∀k� �= k, ∀i, n. As
a result, the maximization operation in (52) can be simplified
as

lim
Mr→∞,Mc→∞

t∗k,k,i [n] =



1 i ∈ argmax

k
M

(t)
k,k,i,n

0 otherwise
. (53)

Besides, when k = k�, the first term is significantly larger than
the remaining terms in (51) and it dominates the derivatives
M

(t)
k,k,i,n. It implies that a user with a higher composite channel

power gain or a more stringent data rate requirement has
a higher chance to be scheduled as an IRS-assisted user.
Furthermore, gradient methods can be used for updating the

∂L
∂tk,k�,i [n]

= M
(t)
k,k�,i,n =

1
N

(νk + 1)

⎡
⎢⎣log2

⎛
⎜⎝1 +

p∗k,k�,i [n]
���gUG
k,k�,i,LoS [n]

���2
LB

σ2

⎞
⎟⎠

− 1
ln 2

p∗k,k�,i [n]
���gUG
k,k�,i,LoS [n]

���2
LB

p∗k,k�,i [n]
���gUG
k,k�,i,LoS [n]

���2
LB

+ σ2

⎤
⎥⎦− ςk,k�,i,n −�k,k�,i,n + ξk,k�,i,n (51)
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Lagrange multipliers in the outer layer:

νlI+1
k =

,
νlIk −τ lI1

	
1
N

N�
n=1

RLB
k,LoS [n]

�
T,U, P̃,S

��qiter [n]
�

−Rmin,k)]
+
, (54)


lI+1
n =

,
ζlIi,n − τ lI2

	
pmax −

NF�
i=1

K�
k=1

K�
k�=1

p̃k,k�,i [n]


-+

,

(55)

ς lI+1
k,k�,i,n =

.
ς lIk,k�,i,n − τ lI3 (sk� [n] − tk,k�,i [n])

/+

, (56)

�lI+1
k,k�,i,n =

.
�lI
k,k�,i,n−τ lI4 (uk,i [n]−tk,k�,i [n])

/+

, and

(57)

ξlI+1
k,k�,i,n =

.
ξlIk,k�,i,n−τ lI5 (1+tk,k�,i[n]−uk,i[n]−sk� [n])

/+

,

(58)

where τ lIm ≥ 0, m ∈ {1, . . . , 5} denote positive step size
for the dual variables in the lI-th iteration for solving sub-
problem 1. Note that Lagrange multipliers ζi,n and γn remain
unchanged as constraints C2 and C6 always hold with equality
when updating uk,i [n] and sk� [n] according to (52), respec-
tively. The primal variables and the dual variables are updated
iteratively according to (48), (52), and (54)-(58), respectively.
As the primal problem in (45) is a convex optimization
problem, it is guaranteed that the primal optimal solution can
be achieved by solving the problem in outer and inner layer
iteratively, when the updating step size τ lIm satisfy the infinite
travel conditions [33].

B. Subproblem 2: UAV Trajectory Design

Given resource allocation and IRS scheduling design�
Titer,Uiter, P̃iter,S

iter
�

in the iter-th iteration, the

trajectory design can be formulated as (59) at the bottom of
the page.

To simplify the problem formulation, without loss of gen-

erality, we treat vUG
k [n] =

�
dUG
k [n]

�αUG
k and vUR [n] =�

dUR [n]
�2

as slack variables for trajectory design, which
results an optimization problem in (60) at the bottom of the
page, with

RLB
k,LoS [n]

�
vUG
k [n] ,vUR [n]

���Titer,Uiter, P̃iter,S
iter

�
=

NF�
i=1

K�
k�=1

titerk,k�,i [n] log2

,
1 +

p̃iter
k,k�,i [n]

titerk,k�,i [n]σ2

×
⎛
⎝ Ak

vUG
k [n]

+
Bk,k�

vUR [n]
+

Ck,k�,i0
vUG
k [n]

1
vUR [n]

⎞
⎠
⎤
⎦ .

Note that constraints C15 and C16 hold with equal-
ity at the optimal solution since the closer the UAV to
the ground users and the IRS, the higher the system
sum-rate.

The transformed subproblem 2 in (60) is still non-convex
and we employ an iterative algorithm based on succes-
sive convex approximation (SCA) technique to achieve a
suboptimal solution. In particular, given a feasible solution�
vUG
k,lII

[n] ,vUR
lII

[n]
�

in the lII-th iteration, the optimization
problem in (60) can be approximated by (61) at the bottom
of the page, where RLB,lII

k,LoS [n] denotes a lower bound of

RLB
k,LoS [n] given a feasible solution

�
vUG
k,lII

[n] ,vUR
lII

[n]
�

in

the lII-th iteration, i.e., RLB,lII
k,LoS [n] ≤ RLB

k,LoS [n]. The lower
bound function is obtained by computing the first order Taylor
expansion at

�
vUG
k,lII

[n] ,vUR
lII

[n]
�

, i.e., (62) at the bottom of
the next page.

maximize
q[n]

1
N

N�
n=1

K�
k=1

RLB
k,LoS [n]

�
q [n]

���Titer,Uiter, P̃iter,S
iter

�

s.t. C7 :
1
N

N�
n=1

RLB
k,LoS [n]

�
q [n]

���Titer,Uiter, P̃iter,S
iter

�
≥ Rmin,k, ∀k, C8-C10. (59)

maximize
q[n],vUG

k [n],vUR[n]

1
N
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n=1
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k=1
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�
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���Titer,Uiter, P̃iter,S
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���Titer,Uiter, P̃iter,S
iter

�
≥ Rmin,k, ∀k, C8-C10,

C15 : vUG
k [n] ≥ �q [n] − wk�α

UG
k , ∀n, k, C16 : vUR [n] ≥ �q [n] − wR�2

, ∀n, (60)

maximize
q[n],vUG

k [n],vUR[n]

1
N
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n=1

K�
k=1

RLB,lII
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�
vUG
k [n] ,vUR [n]

���Titer,Uiter, P̃iter,S
iter

�

s.t. C7 :
1
N

N�
n=1

RLB,lII
k,LoS [n]

�
vUG
k [n] ,vUR [n]

���Titer,Uiter, P̃iter,S
iter

�
≥ Rmin,k, ∀k,C8-C10,C15,C16, (61)
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Algorithm 1 Proposed Joint Trajectory, IRS Scheduling, and
Resource Allocation Algorithm

Initialization
Initialize the convergence tolerance �, the iteration index iter = 1,
the maximum number of iterations itermax, and the trajectory of
UAV qiter [n] according to Fig. 3.
repeat

Solve the problem in (45) via the proposed dual decom-
position method. Output the IRS scheduling and resource
allocation strategy

�
Titer,Uiter, P̃iter,S

iter
�

and the corre-

sponding average system sum-rate RLB
sum,LoS (2 × iter − 1) =

1
N

�N
n=1 RLB

sum,LoS [n]
�
Titer,Uiter, P̃iter,S

iter ��qiter [n]
�

.
Solve the problem in (61) iteratively based on SCA
with the initialized trajectory as qiter [n]. Output
the UAV trajectory qiter+1 [n] and the corresponding
average system sum-rate RLB

sum,LoS (2 × iter) =
1
N

�N
n=1 RLB

sum,LoS [n]
�
qiter+1 [n]

���Titer,Uiter, P̃iter,S
iter

�
.

iter = iter + 1

until iter = itermax or
|RLB

sum,LoS(2×iter)−RLB
sum,LoS(2×(iter−1))|

RLB
sum,LoS(2×(iter−1))

≤ �

The problem in (61) is a convex optimization problem and
solving (61) provides a lower bound for subproblem 2 in (60).
To tighten the obtained lower bound, we iteratively update�
vUG
k [n] ,vUR [n]

�
which generates a sequence of feasible

solution converging to a stationary point of the problem in
(60), cf. [44]. In particular, given

�
vUG
k,lII

[n] ,vUR
lII

[n]
�

in the
lII-th iteration, solving the problem in (61) generates a feasible
solution for the next iteration

�
vUG
k,lII+1 [n] ,vUR

lII+1 [n]
�

. Such
an iterative procedure will stop when the maximum iteration
number is reached or the improvement of the system sum-rate
is smaller than a predefined convergence tolerance.

Now, the overall algorithm for joint trajectory, IRS schedul-
ing, and resource allocation design can be obtained via solving
the subproblems 1 and 2 alternatingly. Due to the page
limitation, a description of the overall algorithm is summarized
in Algorithm 1. The overall algorithm is initialized with a
feasible trajectory of UAV as shown in Fig. 3 in Section VI
and terminates when the maximum iteration number is reached
or the system sum-rate improvement is less than a predefined
threshold.

VI. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
scheme via simulations.

A. Simulation Setup and Baselines

In this section, we evaluate the performance of the proposed
scheme via simulations. The simulation setups are summarized
in Table II. Note that the size of each PRUs along the row and
column dimensions are set as dr = dc = c

10fc
, respectively

[9], [45]. The selection of Mr and Mc in Table II result in
an IRS area ranging from 1 ∼ 25 m2. We note that we
consider K = 3 for simplicity and it is sufficient to present
the benefits of deploying an IRS in a UAV-based OFDMA
communication system. The system layout and the locations
of ground users as well as the IRS are illustrated in Fig. 3.
To demonstrate the performance gain brought by the high
flexibility of UAV in trajectory design, we consider baseline
scheme 1 with a straight line trajectory, as shown in Fig. 3,
but the UAV is assisted by the IRS. The system sum-rate can
be obtained via solving subproblem 1 with the given trajectory
between the initial and end points. To illustrate the contribution
of IRS, we compare our proposed scheme with the UAV
OFDMA communication system without the assistance of the
IRS, which is referred as baseline scheme 2 in this paper. The
system sum-rate can be obtained via executing the developed
algorithms by setting sk [n] = 0, ∀k, n. In the following,
to unveil the insights of deploying IRS in UAV communication
systems, we first show the average system sum-rate in the
absence of the scattering components from Fig. 3 to Fig. 10.
Then, in Section VI-F, we extend the proposed design to
Rician fading channels and evaluate the system outage rate
in Fig. 11.

B. Frequency Selective Fading

We first visualize the cosine pattern in the frequency-
selective composite channels induced by the introduction of an
IRS, i.e., (17), which is exploited to serve as a building block
for deriving the parametric bounds for the formulated problem.
Fig. 4 illustrates the snapshots of the composite channel gains
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TABLE II

SIMULATION PARAMETERS [2], [12]

Fig. 3. Geometry setup for the considered IRS-assisted UAV OFDMA
communication system.

for both the IRS-assisted and non-IRS-assisted users with the
straight line trajectory of UAV in Fig. 3. We assume that
user 1 is selected to be assisted by the IRS during the whole
flight period, i.e., s1 [n] = 1, ∀n. In the upper figure of Fig. 4,
we can observe that the channel fading of the IRS-assisted
user 1 in time slot n = 250 is frequency-selective as predicted
in (17). Compared to the non-IRS assisted users 2 and 3,
the composite channel power gain of user 1 is significantly
increased due to the substantial gain introduced by the passive
beamforming performed by the IRS. Furthermore, we can
observe that the composite channel power gains for the non-
IRS-assisted users are almost frequency-flat, compared to that
of the IRS-assisted user 1. In fact, due to the limited signal
leakage from the IRS to non-IRS-assisted users, the composite
channel gain of the non-IRS-assisted user is dominated by its
DC component in (20). On the other hand, in the lower figure
of Fig. 4, the composite channel power gain on each subcarrier,
e.g. subcarrier i = 500, also exhibits a spatial fluctuation w.r.t.
the time slot due to the induced additional path reflected via
the IRS, which complicates the UAV’s trajectory design.

C. Parametric Bounds and the Optimal Approximation
Parameter

To demonstrate the effectiveness of the proposed parametric
bounds in (38) and (39), we consider a simple scenario with
only a single intermediate location of UAV, i.e., N = 3, and
adopt the exhaustive search to find the optimal intermediate
location. Fig. 5 illustrates the upper bound (UB) and lower
bound (LB) performance of the formulated problem versus
the approximation parameter 0 < α < 0.25 with pmax =
35 dBm, Rmin,k = 0.5 bit/s/Hz, and Mr = Mc = 200.

Fig. 4. Channel power gain of IRS-assisted and non-IRS-assisted users versus
the subcarrier index.

Fig. 5. Average system sum-rate (bit/s/Hz) versus the approximation
parameter α.

We can observe that the optimal approximation parameter is
the same at α = 0.14 for the proposed upper bound and
lower bound problems. Furthermore, the gap between the
upper bound and lower bound problems at the optimal α
is only 0.35 bit/s/Hz, which is approximately 4.5% of the
optimal lower bound performance at α = 0.14. It implies
the effectiveness of the proposed parametric bounds and the
performance loss caused by solving the lower bound problem
is marginal. Now, we conduct a one-dimensional search to
find the optimal approximation parameter for the lower bound
problem in our considered practical cases. Fig. 6 shows the
average system sum-rate achieved by our proposed scheme
versus the approximation parameter α with N = 500 and
Rmin,k = 1 bit/s/Hz. All the other parameters are the same as
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Fig. 6. The optimal approximation parameter for the lower bound problem.

Fig. 7. Trajectory of UAV of the proposed scheme.

Fig. 5. It can be observed that the average system sum-rate first
increases and then decreases with increasing α. This is because
a too small or too large α both yield a loose lower bound for
the cosine fading pattern as shown in Fig. 2. Additionally,
we can observe that the best approximation parameter is also
α = 0.14 in this setup. In the following simulations, we set
α = 0.14 for simplicity.

D. The Impact of IRS on UAV’s Trajectory Design

Fig. 7 compares the obtained trajectories of UAV for the
proposed scheme (PS) and baseline schemes to demonstrate
the impact of IRS on UAV’s trajectory design with pmax =
35 dBm, Rmin,k = 1 bit/s/Hz, and N = 500. For the proposed
scheme, two simulation cases with Mr = Mc = 200 and
Mr = Mc = 500, respectively, are conducted. We found that
the UAV keeps flying at the minimum altitude, i.e., z [n] =
Hmin

U , ∀n. In fact, in our considered scenario, flying higher
results in a larger path loss between the UAV and ground
users. For baseline 2, the UAV tries to approach each of all the
three users in its route to establish strong communication links
such that the ground users’ minimum data rate requirements
can be satisfied. In contrast, when equipping an IRS with

Fig. 8. Average system sum-rate (bit/s/Hz) versus the number of PRUs at
IRS.

Mr = Mc = 200, the UAV in the proposed scheme has a
higher flexibility in designing its trajectory. Instead of flying
to user 1, the UAV would directly fly towards a centroid
formed by user 2 and user 3 for maximizing the system sum-
rate. This is because the IRS located near user 1 can collect
the dissipated radio power from the UAV and reflect it to
user 1 through the proposed phase control for enhancing the
composite power gain of user 1. In other words, the minimum
data rate constraint of user 1 can still be satisfied even if
the UAV is far away from it. When Mr = Mc = 500, the
UAV in our proposed scheme would first detour to the IRS
and user 1 at the beginning before flying to users 2 and 3.
In fact, equipping more PRUs allows the IRS reflecting the
radiated signal more efficiently and thus approaching the IRS
and user 1 becomes more beneficial to the system sum-rate
performance. Therefore, compared to baseline 2, the UAV in
our proposed scheme flies towards user 1 earlier so as to
achieve a higher system sum-rate.

E. Average System Sum-Rate in Different System Setups

Fig. 8 depicts the average system sum-rate versus the
number of PRUs at the deployed IRS for the proposed scheme
with pmax = 35 dBm, Rmin,k = 1 bit/s/Hz, and N = 500.
We can observe that the system sum-rate of both the proposed
scheme and baseline 1 increase with the increasing number of
PRUs due to the enhanced passive beamforming gain, which
can be achieved by our proposed phase control. Compared to
baseline 1, a considerable sum-rate gain can be achieved by
the proposed scheme due to the high flexibility of the UAV in
trajectory design, as discussed in Fig. 7. Furthermore, it can
be observed that the performance gain of the proposed scheme
over baseline 1 slightly decreases with increasing the number
of PRUs. This is because the IRS’s passive beamforming gain
is magnified by the increasing Mr and Mc. As a result, the
IRS can efficiently assist any user in need and the associated
performance gain even dominates the counterpart brought by
UAV’s trajectory optimization. In addition, a significant sum-
rate gain of the proposed scheme over baseline 2 can be
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Fig. 9. Average system sum-rate (bit/s/Hz) versus the number of time slots.

observed due to the energy focusing capability of the deployed
IRS.

Fig. 9 illustrates the average system sum-rate versus the
number of available time slots N for the proposed scheme
with pmax = 35 dBm, Rmin,k = 1 bit/s/Hz, and Mr = Mc =
200. We can observe that the system sum-rates for all the
three schemes increase with increasing N . In fact, the UAV’s
trajectory design becomes more flexible with more available
time slots. Furthermore, the sum-rate gain of the proposed
scheme over baseline 1 is enlarged for a large number of
time slots. It is due to the fact that a longer flying time
duration enables the UAV to efficiently exploit the passive
beamforming gain of the deployed IRS via a more flexible
trajectory optimization. We note that even for baseline 1 and
baseline 2, increasing the total number of time slots allows
the UAV to hover above each user for a longer duration to
achieve a higher system sum-rate.

Fig. 10 shows the average system sum-rate versus the trans-
mit power pmax with N = 500, Rmin,k = 0.3 bit/s/Hz, and
Mr = Mc = 200. We can observe that all the system sum-rate
of the three schemes improve with increasing the total transmit
radiated power from the UAV. More importantly, the sum-rate
gain of the proposed scheme compared to baseline 2 enlarges
with increasing pmax. In fact, due to the flexibility in UAV’s
trajectory design and the passive beamforming gain of the
deployed IRS, the proposed scheme can exploit the transmit
power more efficiently to improve the system performance.
Additionally, it can be seen that the performance gain of
deploying IRS for K = 8 is higher than that of K = 3
which confirms the effectiveness of the proposed scheme in
handling multiple users. To demonstrate the performance gain
of adopting OFDMA, we evaluate the system performance
for the case of K = 8 using the time-division multiple
access (TDMA) scheme while the UAV’s trajectory is designed
by the proposed algorithm. We can observe that our proposed
scheme adopting OFDMA outperforms the TDMA scheme
and the corresponding performance gain increases with the
total transmit power. In fact, OFDMA can exploit the inherent
multi-user diversity via flexible subcarrier allocation [46]–[48],

Fig. 10. Average system sum-rate (bit/s/Hz) versus the total transmit power
(dBm).

compared with TDMA. In particular, the multi-user diversity
enables a more efficient utilization of the power budget for
improving the system performance.

F. Outages in Rician Fading Channels

Recall that we design the phase control, trajectory, and
resource allocation policies based on the deterministic LoS
components of all involved channels. In other words, the
allocated power and rate are adapted to the deterministic
LoS components, instead of the instantaneous channels, where
an outage may occur as the existence of scattering compo-
nents in Rician fading channels introduces randomness to
the achievable rate.8 Firstly, in Rician fading channel, the
achievable data rate of user k on subcarrier i in time slot
n might be smaller than its counterpart in LoS channels,
i.e., Rk,i,Rician [n] < Rk,i,LoS [n], which yields a subcarrier-
level outage. Secondly, due to the subcarrier-level outage, the
minimum data rate requirement of each user in constraint C7
might not be satisfied, which is named as user-level outage
in this paper. Therefore, we can introduce a rate control
parameter 0 < η < 1 to extend our design to handle the
case in Rician fading channels. In particular, we increase the
minimum data rate requirement of each user by R̃min,k =
Rmin,k

η and adopt R̃min,k to obtain a conservative solution
for the joint trajectory and resource allocation design. After
obtaining the achievable rate Rk,i,LoS [n] in LoS channels,
we only allocate a rate ηRk,i,LoS [n] for user k on subcarrier
i in time slot n to avoid the possible subcarrier-level outage
due to channel randomness. In particular, in the lmc-th Monte
Carlo experiment, the individual outage rate of user k can be
defined as

Routage
k,lmc

=
1
N

N�
n=1

NF�
i=1

ηRk,i,LoS [n]

×I
�
Rlmc
k,i,Rician [n] ≥ ηRk,i,LoS [n]

�
, (63)

8Note that practical design taking into account of outage event is an
interesting research topic which is left for future work.
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Fig. 11. Average system outage rate (bit/s/Hz) versus the Rician factor (dB).

where I (·) denotes an indication function and Rlmc
k,i,Rician [n]

denotes the achievable data rate of user k on subcarrier in time
slot n in lmc-th Monte Carlo experiment. From (63), we can
observe that only the allocated rate ηRk,i,LoS [n] smaller than
the corresponding achievable rate in Rician fading channels
is taken account into the individual outage rate. To further
take into account the user-level outage, we define the average
system outage rate as:

Routage
sum =

1
Lmc

Lmc�
lmc=1

K�
k=1

Routage
k,lmc

I
�
Routage

k,lmc
≥ Rmin,k

�
,

(64)

where Lmc denotes the total number of Monte Carlo experi-
ments. It can be seen that only the individual outage rate larger
than the corresponding required minimum data rate contributes
to the average system outage rate. In the following, we evaluate
the average system outage rate of our proposed scheme in
Rician fading channels with a fixed rate control parameter
η = 0.8.

Fig. 11 illustrates the average system outage rate versus the
Rician factor for our proposed scheme with pmax = 35 dBm,
Mr = Mc = 200, N = 500, and Rmin,k = 0.8 bit/s/Hz,
∀k. Due to the channel randomness of Rician fading, the
average system outage rate is smaller than the system sum-
rate in LoS channels for all the three schemes. Furthermore,
we can observe that the larger the Rician factor, the higher
the average system outage rate. This is because with a higher
Rician factor, the proposed design based on the LoS can
closely approximate the one based on Rician fading channels.
More importantly, the performance loss due to the channel ran-
domness for the proposed scheme and baseline 1 is relatively
smaller compared to that of baseline 2. In fact, the passive
beamforming achieved by our proposed phase control at IRS
not only focuses the energy on the LoS path, but it can also
suppress the signal energy propagating through the scattering
paths in Rician fading channels. In other words, the composite
channel from the UAV to ground users in IRS-assisted systems
is more deterministic compared to that of baseline 2, which
is equivalent to the effect of increasing the Rician factor and
thus yields a higher average system outage rate.

Fig. 12. Average system sum-rate (bit/s/Hz) versus the IRS horizontal
location.

G. Optimization of IRS’s Location

Assuming a fixed IRS deployment height of HR = 30 m,
there are only two horizontal coordinates to be designed and
thus the optimal IRS location can be obtained via exhaustive
searching. In Fig. 12, we evaluate the system performance
w.r.t. the IRS’s horizontal location with pmax = 35 dBm,
Rmin,k = 1 bit/s/Hz, Mr = Mc = 200, and N = 500.
Note that the IRS is restricted to be localized on the boundary
of the considered service area to be in sight of both the
UAV and ground users. We can observe that the optimal
IRS location is (xR, yR) = (200, 500) m. Comparing the
users’ layout in Fig. 3, we can conclude that deploying
IRS at the boundary but close to the area with a high
density of users is more beneficial for improving the system
sum-rate.

VII. CONCLUSION

This paper proposed a novel IRS-assisted UAV OFDMA
communication system and studied its joint trajectory, IRS
scheduling, and resource allocation design to maximize the
system sum-rate. Although the composite channel suffers
from both frequency- and spatial-selective fadings due to the
existence of the IRS, we proposed a parametric approximation
approach to facilitate the tractability of the UAV’s trajectory
design. An alternating optimization approach was adopted to
design the resource allocation and IRS scheduling strategy
as well as the UAV’s trajectory. Extensive simulations were
conducted to demonstrate the system sum-rate improvement
via deploying an IRS in a UAV OFDMA communication
system. Our results unveil that (1) the substantial beamforming
gain offered by the IRS and the high maneuverability of
the UAV are both vital for improving the communication
performance; (2) the size of the IRS significantly affects the
trajectory of the UAV in exploiting the degrees of freedom
of the system to improve the achievable rate of all the
users.
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