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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

HE 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
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[7]1, [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. CM*N denotes the set of all M x 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 y and variance o2 is denoted by CN (i1, 02). For
clarity, we first summarize the adopted notations of this paper
in Table L.
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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).! 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 M. x M, passive reflection units (PRUs), which
are spanned as a uniform planar array (UPA). In particular,
each column of the UPA has M. PRUs with an equal spacing
of d. meters and each row of the UPA consists of M, PRUs
with an equal spacing of d, 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 ¢, ;. € [—7,7), 1.6, Timym. = aedPmrme,
Ym, € {1,2,...,M,}, and Vm, € {1,2,..., M.}. Note that
variable @ models the fixed reflection loss of IRS and ¢y, .
denotes the phase shift inserted at PRU (m,, m.), which can
be adjusted by the IRS controller.?

To facilitate the trajectory design, the total flying time, 7',
is discretized into N time slots with an equal time interval, i.e.,

0y = % The three dimensional (3D) trajectory of UAV can
N

be denoted as a sequence {q [n] = [z[n],y[n],z [n]]T} ,
n=1

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

'Depending 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.

21n 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

Notations Physical meaning Notations Physical meaning
K Total number of ground users Py, me Phase control at PRU (m,, m)
M. Total number of PRUs in each column of the IRS r Number of PRUs in each row of the IRS
N Total number of time slots q[n] UAV’s trajectory
Wi Location of user k WR Location of the IRS
d¢ [n] | Distance between the UAV and ground user k in time slot n | dVF [n] | Distance between the UAV and the IRS in time slot 7
dl,jc Distance between the IRS and ground user k& No Power spectrum density of thermal noise
Ny Total number of subcarriers Af Subcarrier bandwidth
Bo Channel power gain at the reference distance dp = 1 m fe Carrier frequency
VR [n] Vertical AoA from the UAV to the IRS VR [n] Horizontal AoA from the UAV to the IRS
QE‘G Vertical AoD from the IRS to ground user k& £E‘G Horizontal AoA from the IRS to ground user k&
al,jG Path loss exponent of the IRS-to-user link for user k n}}c Rician factor of the IRS-to-user link for user k&
a)¢ Path loss exponent of the UAV-to-user link for user k Ky C Rician factor of the UAV-to-user link for user k
Pmax Maximum transmission power in each time slot Dk,i [1] Power allocation variable
ug,; [n] User scheduling variable sk [n] IRS scheduling variable

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., H{}“n < z[n] < HF**. The
location of ground user k is assumed to be fixed and is denoted
as wi = [mk,yk,O]T. The IRS is coated/installed on the
surface of a building wall with a certain altitude Hgp, i.e.,
wgr = [zR, 0, HR]T. In time slot n, the distance between the
UAV and ground user k is given by dy% [n] = ||q[n] — wy|
and the distance between the UAV and the IRS is given
by dY® [n] = ||q[n] — wr]||. We assume that the distances
dUR[n] and dY¢[n] are invariant within each time slot &
since UAV’s displacement during d; is much smaller than
dUR [n] and dJ¢[n]. In addition, the distance between the
IRS and ground user k is given by dX¢ = |wg —
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 Ny subcarriers with subcarrier
spacing Af = ]\%. 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 UAYV, 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 ¢ is given by [36]

B o] = [—20
(d% )

e—]27r1Af ]hUR [ ]

Los Ml (D)
with h{/% [n] is given by (2) at the bottom of the page,
where [y denotes the channel power gain at the reference
distance d) = 1 m, c¢ denotes the speed of light, and
fe is the carrier frequency. Variables §YR[n] and ¢VR[n]
denote the vertical and horizontal angles-of-arrival (AoAs)

at the IRS?, respectively, with sin@VR[n] = Zé@%ﬁf‘,

- +UR _ rr—z[n] UR _

e ] = ey 4 cseTn] =
y[n]—yr

. We assume a far-field array response

V(@r—a[n])2+(yr—y[n])?
vector model at the IRS since dVR [n] > max (M,d,, M.d..)
holds in practice. Additionally, we note that the IRS deals
with a pass-band signal with a carrier frequency f. and a
bandwidth B while B < f. 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

] . ..
in (1) depends on the subcarrier index* even
UR
if all subcarriers’ signal share the same delay dT[”]. In other
words, a non-uniform phase is introduced to all subcarriers.

e~

3Within one time slot, we can assume that YR [n] and ¢YR[n] do not
change as |z [n+ 1] — nU < dRn], ly[n+1] —y[n]| € dVR[n],
and |z [n + 1] — z[n]| < dYR [n] generally hold [7], [25], [26].

4The frequency domain channel for a discrete LoS channel §[n — n]
with a delay of 7 = % can be obtained via performing an Np-point

discrete Fourier transform (DFT), i.e., DFT {0 [n — n]} =
e I2mIAST i € {0,..., Np — 1}, where & [-] denotes the delta function.

ing

j 27 =L
TITNE =

. dy sin 0YR [n] cos eUR [n]
W% [n] = [1 eI2mte :
LoS )
in0UR ] ain e UR
—jon f. desin 0V [n] sin ¢ TR (n)
® [1,6 e g

inoU
—jomfo(M,—1) dy sin 0

c

T
R [n] cos €VR [n]
, €

e*jQT(fC(M — - (2)

T
1) de sin 0YR [n] sin e YR [n] :|
s
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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 ¢ is given by

hRG[ ] _ BO HkRG 7]27rzAf—h
ki nj = (dkRG)all}G /@kRG—I-le k,LoS
__L jre 3
+ Ii}?G +1 ki [n] ( )

with the scattering component denoted as hj$ [n] ~
CN(0,1y, w.) and the LoS component given by (4) at the
bottom of the page, where o] RG denotes the path loss exponent
of the IRS-to-user link for user k and £} G is the corresponding
Rician factor. In the LoS component in (4), QEG and fEG
denote the vertical and horizontal angles-of-departure (AoDs)
from the IRS to ground user k, respectively Note that we

have sin ORG = Hr = gjp ¢RG o , and
k dEG’ Ek \/(QSR 1) 2+ (yr—yn)?
cos f;le = YY1t In time slot n, the channel

V(@r—20)2+(yr—yi)?
between the UAV and ground user k£ on subcarrier ¢ is given

by
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where a G represents the path loss exponent of the UAV-to-
user llnk for user k, kS denotes the corresponding Rician
factor, and hYS [n] ~ CA(0,1) is the scattering component
of user k on subcarrier 7 in time slot 7.

In time slot n, the IRS reflection phase coefficient matrix
can be represented by

® [n] = diag (¢ [n]) € CMrMexMete, ©)

where ¢ [n] = [eZ?12lM eI P Mo ["]]T €
CM:Mex1 Tn 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 ¢ in time slot n can be given by

gis [n]=hyS [ +hi5 0] = g5 5 Los (M) +3x5 [n],

where g% g [n] and g¢ [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

eJbme,me [n], .

(10)

G . . o
puc [n] = Bo ’f}cj p—J2miA f@ trajectory design based on the deterministic LoS component. In
ki (dgc [n])agG kIS +1 particular, the LoS CSI components change slowly compared
to the scattering components and are predictable based on
+ 1 LUG [n] (5) the UAV’s trajectory, which enables an offline design [4]. We
UG ki U] s A ) .
Kpo+1 note that this simplification is valid for a major range of the
_i9 f dy sin 91,3(; cos §1,3G _i9 f (M _1) dy sin 91,3(; cos 51,3(; T
hk}LOS_ 1,6‘]7TC < 5 .,e']ﬂ—c v €
sin ORG gin ¢RG e sin 0RG sin ¢ RG T
® [1, o2 f SIS o fo (M) S R ] )
RG URy, RG
T a K . . d [n]+d
HEEC ] = o () ) = P [ s
’ “k K.
dUR [n] (di) 2 '

x (h%,s) " ® [n] b [n ]+4/ﬁ —i2minf il (h,??) @ [n] higs [n ]} ™

dp (my—1)sin 0RC

cos 610 tde (me —1)sin 0RC sin ¢RC
<

T . B 2 © j my,Mc
(0] (hk LoS) ® [n] hik [ Z Z eIl eI bme.me 1]
me=1m,=1
. +(my—1)sin 6YR [n] cos eUR[n] L de (me —1)sin YR [n] sin e YR [n
Xe_JQTrfcd( Dsin 0 (n) cos €2 R n]+de(me—)sin 0 N [n] sing " Hin] .
[n] ~ T
AR n]=e2mA L2 (BEG n]) @ (] T o). ©)
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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

~ CN(0,1) is
My, Me
the (me — 1) M, + m, element of the vector h% [n]. Since
the phase terms in the equation above are irrelevant to h®$ [n],

we have iLEE‘G [n] ~ CN(0, M.M,) [37]. According to (12),
the scattering component of the UAV-IRS-user link follows

bottom of the page, where {flkR? [n]

Bo 1

(ayS ful) " " 1

grs [n] ~CN |0,

a*f3 MM,
(dUR [n])? (dlgc)ai‘c KRG +1

(14)

On the other hand, we refer gE_SLOS [n] as the LoS component
of the composite channel. In fact, ggSLOS [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 g,&{ELOS [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
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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 ¢ in time slot n, we denote uy ; [n] = 1.
Otherwise, uy,;[n] = 0. To guarantee the orthogonality
among users on each subcarrier in each time slot, we impose
Zszl ug,; [n] <1, Vi, n. Besides, the power allocated to user
k on subcarrier 4 in time slot n is denoted as py; [n] > 0
with Zf\fl Eszl Pki 1] < Pmax, YN, 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.’
In particular, when user k is scheduled as an IRS-assisted user
in time slot n, we have sj [n] = 1. Otherwise, s [n] = 0.
Therefore, we have Zszl sk [n] <1, Vn.

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 £ 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

SAllowing 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.

gk sLes [n] = Bo — U“(?G efj27rz'Af7d'gcj["] + aBo _ RHG?G
,i,Lo
(dge "V e 1 avm ) (age)+ VT
jomin p e T
X e J2miAf c (hE%OS) 4’ [n] hg(?s [n] (1 1)
L5 aBo 1 -
~UG G o
drs [n] = Kgg+1hg,i n] + 75\ TR oS [n] (12)
dUR [n] (dRG) ™2
B M, M. s |
WRG I = Y S ermarte {hkR? [n]} ibmemeln]
mry=1mc=1 My, Me
oo 32m fo(my—1) Groein Ol cos €7Mn e (1) deoin 0 (] ein € TR n] 13
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(my, m) 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

aVv [77]
control does not depend on the phase terms e —j2minf

aUR[5]+aRG
and e~ 92miAS 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 ¢ in time slot
n can be rewritten as (16) at the bottom of the page, where
Vg = M, Vo = M, and the beam

pattern function is By () = g’;r(f(\g) 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., si[n] = 1, only one

term in the summation in (16) is selected with k' = k and
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the full beamforming gain can be achieved. On the other
hand, when s [n] = 0, there is also one term been selected
in the summation in (16) with s [n] = 1, VK’ # k, and
thus the beamforming gain depends on the AoDs’ difference
between user &k and user &’ in the azimuth and elevation planes,
respectively. Now, the composite channel power gain from the
UAV to user k on subcarrier ¢ 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

(o Na— ) {d )sin ORC cos €8 + d,, (me — 1) sin ORC sin R
+ dr (my — 1) 51n9UR[n] cos "R (n] + d. (me — 1) sin0V% [n] sin ¢V [n] } (15)
K
gk ¢ < [n] = e—jzmAf [n] Z afosk [n] kRG
i,Lo “RG
dUG =1 JUR [n] (dRG) % RS+ 1
AUR[]4aRG _4UGH, M1 o
SR S OB () B )| 10
e | T () B () g
9k,i,Los (M| = LUC a pue G
(@SE)™ HE S @ )? () LA
LoS path gain of the UAV-to-user link LoS path gain of the UAV-IRS-user link
3
K 2&602 Sk’ [n] BJ\L (wz/’ ) B]w ’ka, \/ \/
+ UG G RG
— “k +1 +1
k'=1 (dg(} [n]) 2 JUR [ ]
' dUR n] + dRG dUG
X cos <2mAf i kc +(M — 1) b g + (Me — 1) 45 ﬂ (17)

Fluctuation component
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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.,
dRS — 0, we have dVF [n] ~ d“ [n]. In this case, the cosine

function in (17) approaches a constant and EE,SLOS [n]‘
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 d® [n] + dR¢ — dJ¢ [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 VL.

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 7 in time
slot n can be given by

2
Ri.ivLos [n] = ug,; [n]logy (1 + pr,i 1] |912§Los [n]‘ /02) )
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where 02 = NyA f denotes the noise power in each subcarrier,
Af is the subcarrier spacing, and Ny 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

Ry Los | Z up,i [n]log, (1
2
ok [1] |90 505 [n]] /o) and  (22)
R%um LoS Z Z Uk,i 1Og2

i=1 k=1

o 0] |9 Sres [0l */0?) . @3)

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
Rin, 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
Vinax- Constraints C9 and C10 indicate the required UAV’s
initial location qrpitia1 and final location qinal, respectively.
In C11, H{}“in and H{F** 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 uy ; [n] and si [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

(21) IRS to UAV communication systems provides the flexibility
42
K [
‘gk LoS ‘Peak = UG 1 Z aﬂOSk/ RG 1B]\f wk/ .BMC (1/)1@/ ) (18)
dUG + K=1 JUR [ R
22
2 s alosk [n] KRG . .
‘gk LoS HTmugh = uG | G +1 Z ok RG T 1BMr (wk",k) B, (wk",k) (19)
(d K=1 qUR [] (dRG) 2 |
292
|gkL sl ]|2 = i KEG 2 ol B Mr (wk/’ ) (w%’k) ﬁk (20)
o aVG UG alt
P Lem) T RO S @) (@) o
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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 trou%h level

UG —
gk’LOS [n]‘Peak B

= 0.7, respectively. A parameter 0 < o < i is

2
of the cosine function are given by ‘gggos [n] ‘DC =1,

2
1.3, and ‘91[5%08 [n}‘

. ’ . “ITrough .
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
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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 « to quantize
the cosine pattern of frequency-selective fading into four-
mode fading channels,® 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.,

UG 2 va 2
|gk,7i’LOS [n]| - < |9k/,i,Los [n”UB seln]=1
2
= |gE/7GLOS [n] }Peak and (25)
ife] 2 va 2
f€ > |gp
|9k ,i,LoS [”H selnl=1 = |9k ;1,108 [nHLB sp[n]=1

2
|glg'%05 [n] ‘Trough’ V' 7& k’ (26)

2
and |94 s [1]
eak ’ Trough
(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,

2
where ‘ 95 s [n]‘ are given by

SNote 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.

1 N

P (U,P,qn],S) : maximize — anl Rsum,Los [7] (U, P,qn],S)

U,P.q[n],S N

s.t. Cl1:

K
ugi[n] € {0,1}, Vk,i,n, C2: Zk—l ug,i [n] <1, Vi, n,

N, K
C3: pi;[n] >0, Vk,i,n, C4: Zz:Fl Zk:l Dh,i (] < Pmax, 1,

K
C5: si[n] €{0,1},Vk,n, C6: Zk_l sk [n] < 1,Vn,

1 N
C7: N Zn:l Rk,LOS [TL] (Uv Pv q [n] ’ S) > Rmin,kvvka
C8: |la[n] —an —1]|| < 6Vimax, Vn,

C9: q [O] = (Initial,

C10: q[N] = grinal
Cll: HP™ < z[n] < HE*,Vn.

(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 <
o< %. 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:

2 e 2
> A
‘gkz LOS[ ” si[n]=1 = ‘gk,z,LoS [n”LB si[n]=1
2
— | i itie M, e
where F; [n| denotes the subcarrier index set belonging to
the fadlng mode j in time slot n, Vj € {1,2,3,4}. Variable
UG,j

‘ Ik LoS n]‘ denotes the channel power gain of user %k in

fading mode j in time slot n, Vj € {1,2, 3,4}, and they are

given by
UG,1 2 2
9k, Los [n] |9k LoS ]|DC (|9k LoS ”peak
— |g¥Sus M]3 ) cos (270), (28
2
UG,2
Ir.Los 7] |9k LoS HDC’ (29)
UG,3 2 2
9k, LoS ["] |9k LoS HDC (|9k LoS HTmugh
— |9k s [n”DC) cos (2mar), and  (30)
UG 4 2
k,LoS [n] |9k LoS ]|ﬂough, (31

respectively. Similarly, we can develop an upper bound for the
channel power gain of the IRS-assisted user as follows:

‘ 2

2
s

< ‘gllcj,iG:’LoS [n]

~ s

2
‘gk Los [ ]‘

It can be observed that the channeal power gain is frequency-
flat within each mode based on our proposed parametric
approximation. In addition, compared to (17), distance vari-
ables dY® [n] and dJ¢[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
F;[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 F; [n]. According to (17), the cosine pattern in the
composite channel gain experiences many cycles when the
system bandwidth is sufficiently large, B = NpAf — oo,
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 |7 [n]] = lim |F4[n]| = 2aNp and
B—oo B—oo

‘ gllcj,iG:’LOS [n]

sk[n]=1 sk[n]=1

. 2
el 0| IR0 € )

where ‘gk Log 1]

Blim |F2 [n]| = Blim |Fs [n]| = (— - 2a> Ny, (33)
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respectively, where we assume that 2aNg and (3 — 2a) N
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 F; = {1,...,2aNp}, Fo =
{2aNp +1,...,iNg}, F3 = {Np + 1,..., Ny — 2aNr},
and Fy = {NF —2aNp +1,... ,Np}

Now, the individual data rate and the system sum-rate can
be bounded by

Rk Tos 1] < R Los [n] < REEos [n] and

Rsum LoS [n] < RSUHLLOS [ ] < Rsum LoS [ ] ’ (34)
respectively, with R%um LoS [ ] = Zk 1 Rk LoS [ ]
Rgllrgn,LOS [n] = Ek:l Rk,LoS [n],

4 Np

LB,

Rifos ] = % Riilos (0] 1o, and

7j=11i=1
4 Np

UB,j

REEOS [ ] = Z Rk 7, IfoS [ ]I’i7j’ (35)

j=1i=1

where I; ; is one 1f z € F; and is zero otherwise. Variables
Ri? 7 o [n] and R,C i tos [T ] represent the achievable data rate
of user k in fadlng 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

R ) = s oy (1 s ] (s o5
(1=t 1)) 985 7], ) /%) and 36)

R ] = i nltogs (14 o ] (s ] [0 ]
+(1 = s )9 Ss ][5 ) /7). BT

respectively. Substituting the bounds in (34) into (24), the
resulting optimization problems Pr,g and Pyp 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 Pyp and Prp 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 Puyp
cannot guarantee to provide an upper bound of the original
formulated problem P. In contrast, a suboptimal solution of
the lower bound problem Prp provides a pessimistic but
achievable solution. Therefore, in the following, we focus
on the lower bound problem Prp 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.”

The lower bound rate functions in (35) and (36) for
the lower bound problem Prp are still quite difficult to
handle. To facilitate the trajectory and resource allocation
design, we introduce an auxiliary binary variable ty 5/ ; [n] =
Ug,i [n] sg [n] to decouple the binary variables uy ; [n] and
sy [n]. If subcarrier ¢ is allocated to user & and IRS is allocated
to user &’ in time slot n, we have ty, i ; [n] = ug; [n] sp [n] =
1, otherwise, it is zero. The lower bound rate function in (35)
can be rewritten as

K Nr
Rifos | Z ZRk % i,Los [T (40)
k'=11i=1
where
Rk k’,i,LoS [n] = tiw i [n]logy (1
2
1 (0] [ 955 s s 1] /o) (4D
and
UG _ Ay By i
Ik, k" ,i,LoS HLB =

(@S )™ (@R )’

"Note 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.
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Chi i
+ ) . (42)
(A% [n]) = dUR [n]
. KUG
with Ay, = ﬁo%ﬂ, By i =
a®B3B3, (v ) B (V5 )
(di‘G)”ll}G RG+1’ Ck k'i — Zj 1 Dk k/J‘I 5>

and Dy ; 1s 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 Prp 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 q'**" [n] in the iter-th
iteration, substituting the lower bound rate functions in (40)
into (38) yields subproblem 1 as:

maximize — E E RIB
T.U.P,S k, LoS

nlkl

TUPS|q1ter )

1
P (U,P,qn],S) : maximize — R;Fm Los 7] (U, P,q[n],S)
U,P.,q[n],S ot ’
s.t. C1-C6, C8-C10, C7 - ZRk 5[] (U,P,q[n],S) > Ruins, VE, (38)
| XN
Pun (U, P, qfn],S) : maximize = 3 RYE, | < [n] (U, P, q[n] S)
U,P.,q[n],S ot ’
s.t. C1-C6, C8-C10, C7 : ZRk B [n] (U,P,q[n],S) > Ruins, V. (39)
261502 B, (11) ) B, wk' ; \/ \/ 1
e G G 1 ;
(dRS) -5 +1 +1
UG KRG
2aﬂ0 M. M. " cos (2mar) ifk' =k, j=1,
QEG UG +1 G +1
(apey ™ VI
Digs =40 K =k j=2, (43)
3
2 EMrMc UG RG
_2aby = Uﬁcif \/ o cos (2ma) itk =k j=3,
oy K +1\ ~
(dRG) 3 k k
k3
3 UG RG
_ 2afg MM o \/ . if &' =k, j=4.
ok K +1 KRG
(dRG) 3 k k
k
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s.t. C1-C6,

N
1 .
C7: Nsz Los [0] (T, U, P, S |q" [n] )

n—1
> Rumin,k, VK,

C12: 0 <ty [n] < 1,k K n,i,

Cl13: ty i [n] < s [n],Vk, k' n,i,

Cld: typri[n] <ukyn], Ve, k' n,i,

CI5: tgpi[n] > s [n] +ug[n] — 1,Vk, K n,i,

(44)

where Ri% ¢ [n] (T, U, P,S|q"" [n]) denotes the achiev-
able data rate of user k in time slot n given the trajectory of
UAV as q'*** [n]. Constraints C12-C15 are introduced to illus-
trate the relationship between t i ; [n], uk,; [n], and sp [n].
In particular, ¢y s ; [n] = 1 if and only if both u;[n] = 1
and sy [n] = 1.

Given the trajectory of UAYV, 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 sj [n] and wuy; [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 uy ; [n] and the IRS scheduling variable si [n] to be
a real between zero and one instead of a Boolean. In fact,
ug,; [n] and sy [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 wug,;[n] and si [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 ¢ 5/ ;[n] and
power allocation variables py, ; 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
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power allocation variables py 5 ; [1]
problem in (44) can be rewritten as

maximize — g E Rk Tos |

T, U, P S
n=1k=1
s.t. C2-C4,C6, C12-C15,

= tg,kr,i [7] pr,i [n]. The

(T,U,f’, S ‘qiter [n])

Cl: 0<wug,[n] <1, Vk,i,n,
C5: 0<sk,[ | < 1,VK' n
1 ZRkLos (T, U,B.8 |q" n))
> Rmm,k,Vk, (45)
where ) (T, U,P,S|q"* [n]) -

Rk LoS [ ] (Ta Ua Pa S ‘qiter [n])

ﬁk,k/,i[n] .
]

Pr,i[n]= L k! il

The transformed problem in (45) is convex w.r.t. to T,U,f’,
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 (;, > 0, 0, > 0, v, > 0, v, > 0,
Skoktvion = 0, @k in, and &g prin > 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 maximize £ (T U, P S, ¢,0,7,V,8, @™ ,f) .
¢evwvs,wE T UPS

(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

(T, U.P, 55

the Lagrangian £ over for given Lagrangian

R

(Ve +1) thwr i [n] logy

1+

2

P [ 98S nos ol ) &
Z Vklen k
k=1

th ki [n] 02

5 ) S ()

(46)
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multipliers (¢, 0,7,v,s,w,&), while the outer layer opti-
mization problem minimizes £ over (¢, o,7,V,s, @, &) for

given (T7 U, P, S?. For a fixed set of Lagrange multipliers
€ 0,7,v,5,@,8), n

convex optimization problem w.r.t. (T,U,P, S") Applying
the convex optimization techniques and the KKT conditions,

the optimal power allocation for user k£ on subcarrier ¢ in time
slot n can be obtained by

the inner maximization problem is a

ﬁz,k',i [n]
= th i [0 Pk g (7]
Jr
(l/k + 1) o?
b _ 48
ok i ] onIn(2)N e 2 “®
9k k' i, LoS [n]

LB
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 v, and p,, associated with the
minimum rate requirement constraint C7 and the sum-power
constraint C4, respectively. In particular, the larger Lagrangian
multiplier v, is, the higher power would allocate to user k to
satisfy its minimum rate requirement. In contrast, the larger
Lagrangian multiplier p,, is, the less power would allocate in
time slot n to satisfy the sum-power constraint. When &k = £/,
Pi.k.i [n] denotes the power allocated to user k on subcarrier
¢ in time slot n if user k is schgduled to be an IRS-assisted
glg,g,i,LoS [n]‘
when M, — oo and M, — oo 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 W 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. uy ; [n], si [n], and 5 5 ; [n],
respectively, which yields

user. In this case, is proportional to M2M?

oL (W) =
=M™ = —(in fin T "im)
Furs 7] kyim = —Gi, *-;;;;(fUhk,, &,k in)
(49)
K Ny
oL (s)
7:M/ = —7n + Sk,k’in — Kk im )
Ospr [n] o ! ;;( o S sin)

(50)

and (51) at the bottom of the page.
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We can observe that the derivatives of the Lagrangian
function w.r.t. ug; [n], tx r . [n], and s [n] are all constants,
which implies that the Lagrangian function grows linearly
w.r.t. ug; [n], trx i [n], and s [n]. In particular, the deriv-
atives M,Eum, Mkfk,’i’n, and M,Ef’)n can be interpreted as a
marginal benefit for the system performance when assigning
ugin] = 1, teri[n] = 1, and sp [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 Zkl,{:l Z§=1 tie i [n] =
Zszl Ug,; [1] Zf,:l sgr [n] < 1. It means that at most one
user can be assigned on subcarrier ¢ 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

1 k= argmaXM,gui)n
v 4,

uy,; [n] = , Vi, m,
0 otherwise
1 k= argmax M(f)n
sy [n] = k! ", V¥n, and

0 otherwise

. 1 4 € argmax M,gt,)c,zn '

Ui i [n] = L Vi,n. (52)
0 otherwise

Recall that ¢4 ,[n] = 1 means user k is allocated to

subcarrier 7 in time slot » when user k' is scheduled to
be an IRS-assisted user. Therefore, the selection in (52) for
tr ki [n] can determine both the subcarrier allocation and IRS
scheduling at the same time. Furthermore, when M, — oo and
M. — oo, the composite channel gain of the IRS-assisted user
is significantly larger than that of the non-IRS-assisted user,

2
uG uG :
Ik ki, LoS [n]‘LB > ‘gk,k/,i,LoS [n]‘L , VK # K, Vi,n. As
a result, the maximization operation in (EZ) can be simplified
as

ie.,

; (t)
) y lieargmax M, 3, ,
lim ty ki n] = k .

M, —oo,Mc—o0 777

(53)
0 otherwise

Besides, when k = k’, the first term is significantly larger than
the remaining terms in (51) and it dominates the derivatives
M ,gt,)c i.n- Itimplies 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

8£ (t)

atk o i [n] - kK in N

sy

1 Dkt i [n] ‘glg,g',i,LoS [n]‘

1
= — (Vk + 1) 10g2

2

%

Pl ket i [n] ‘glg,%’,i,LoS [n]‘

2
jite’
p?i,kf,i [n] 9K,k i,LoS [n]
14 LB
o2
2
L — Skkin — Wk ion + Ekk in (51)
+ 02
LB
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Lagrange multipliers in the outer layer:

]il-i-l _ 1_7_1 < ZRk LoS (T U P S ‘qlter )

—Ruini)] (54)
r Ny K K +
Qly{Jrl = (:z n (pmax Z Z Z pk ki >‘| 5
L i=1 k=1k'=1
(55)
l1+1 I I *
Sk, k/ in = [glc,k’,i,n — 73" (s [] — thkr i [n])} ) (56)
Jr
S i = [Pl =4 (Wi o]t In]) | and
(57)
L1 I I +
k. imn [ k& in 15 (1+tk’,k”,z‘[n]—uk,z’[n]—sk' [n])} )

(58)

where 71 > 0, m € {1,...,5} denote positive step size
for the dual variables in the [;-th iteration for solving sub-
problem 1. Note that Lagrange multipliers ¢; ,, and y,, remain
unchanged as constraints C2 and C6 always hold with equality
when updating uy ; [n] and s [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 7'l satisfy the infinite
travel conditions [33].

B. Subproblem 2: UAV Trajectory Design

Given resource allocation and IRS scheduling design
- iter i it . . . .
(Tlter,Ulter,P‘t‘”,S1 er) in the iter-th iteration, the
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trajectory design can be formulated as (59) at the bottom of
the page.

To simplify the problem formulation, WUiGthout loss of gen-
erality, we treat v/% [n] = (d/% [n])™* UR[n] =
(dUR[ ])2 as slack variables for trajectory design, which
results an optimization problem in (60) at the bottom of the
page, with

and v

Rk Los (1] (ng n] ,vUR n] ‘Titer’ yiter, f’iter, Slter)
P ]
- thss s [n]logy |1+
; kz:l tig i [n] o
% Ak Bk k/ Ck ki

Note that constraints CI15 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

Vglcil [n], v [n]) in the ly-th iteration, the optimization
problem in (60) can be approximated by (61) at the bottom
of the page, where R,C LoS { [n] denotes a lower bound of

Ri% s [n] given a feasible solution (vgﬁl [n], v [n]) in

the [jj-th iteration, i.e., Ri%ég [n] < R,C LoS[ ]. The lower
bound function is obtained by computing the first order Taylor
expansion at (VEEI [n], v R [n]), i.e., (62) at the bottom of

the next page.

maxmnze — Z Z RER (q [n] ‘Titer’ yiter piter Siter)

nlkl

N .
st C7: Z REB 1 (q ] ‘Titef, yiter piter s‘t‘”) > Ruini, Vk, C8-C10. (59)
i i ~ . iter
maximize R ( [TL] , VUR TL] ‘Tlter’ Ulter7 ].Dlter7 S )
qln], UG[n] vUR[n] N nz:l kz:l k, LOS
st CT: ZRk s [n] (V€ In], vUR [n) \Titer,Uitef,f’itef,S““) > Ruini, Vk, C8-CI0,
Cls: vEG [n] > [afn] — we* Y k, C16: oV [n] > |lq[n] - wrl? Vn, (60)
.. LB ln ( UG[ ] UR[ ]‘Titer Uiter Piter Siter)
maximize nl,v n , , ’
q[n],v}jG[n] vUR[n] N nz:l kz:l k, LOS
5.t C7: ZRTgiég ( “n),v" n] ‘Titer,U“eif’iteiS““) > Ruin.k, Vk, 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 e, the iteration index iter = 1,
the maximum number of iterations itermax, and the trajectory of
UAV """ [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 yiter piter gHer
spondmg average system sum-rate Rbum Los (2 X iter — 1)

1 Zn ) Rsum Los [ ] (Tlter Ulter Plter Slter | ’/L])

the problem 1n (61) iteratively based on SCA
with  the initialized trajectory as q'***[n].  Output
the UAV trajectory q**'[n] and the corresponding
average system  sum-rate Rij?m Los (2 X iter)

L Zn ) Rsum LoS [n] ( iter+-1 [’/L] ‘Tlter Ulter Plter S““)
iter = iter + 1

until iter = itermax or

and the corre-

iter [

Solve

LB LB
| Rt Lo (2Xiter) —RED 1 g (2x (iter—1)| <e
LB (2% (iter—1))

sum,LoS

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
(vi¢[n],vU® [n]) which generates a sequence of feasible
solution converging to a stationary point of the problem in
(60), cf. [44]. In particular, given (vgﬁl [n], v [n]) in the
l11-th iteration, solving the problem in (61) generates a feasible
solution for the next iteration (v} ., [n],v{E | [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.
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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 d;, = d. = W’ respectively
[9], [45]. The selection of M, and M, 1n Table II result in
an IRS area ranging from 1 ~ 25 m? 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 s [n] = 0, Vk,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

LB, UG UR
RS (vEC ), v

LB jofel
= Rk,LoS [n] (Vk I

[n] ‘Titer’ Uiter’ Piter’ Siter)

1ver 1ver iter lter
], vln[]‘Tt yiter, piter g )

1”‘1:81:’ ;1] Ay + Cr,rl i
titer ffp;:/ ;[n]o? (vUG [n])2 uG 3 UR
Uk i [n] kol (U’CJII [”]) V7 UG UG
Y 2 p— (w7 () = o}, ]
i=1 k'=1 1+ pk ki + By + Crl i
t”e;: Y,,[“]Uz ”k 1 [“] UH?[”] \/v}icl;n [n] \/vltljfi[n]
p}:eff/ i[”] < By w § Cks,k’,i
fiter T o (leR[n])' PR[n]) 2 /olS In]
+ Z Z k E’, ] 1 ( iy ) kot [vUR [n] _ leR [nH (62)
h’l 2 ~iter [n] B 1
i=1 k'=1 1+ Pk’ i 4 Brar Crl i
t‘ktel:’ [71]02 Uk ’II [n] UH?[n] \/'U[kjcl;n (n] \/ULLII?[”]
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TABLE II
SIMULATION PARAMETERS [2], [12]
Notations Simulation value Notations Simulation value Notations Simulation value Notations Simulation value
K 13, 8] Nr 1000 Rmin.k | 0.3 ~ 1 bit/s/Hz M, 100 ~ 500
¢ 0.1s B 100 MHz Vinax 20 m/s M. 100 ~ 500
Hy 100 m Af 100 kHz Bo —50 dBW N 400 ~ 800
Hg 30 m fe 3 GHz a 0.9 Pmax 30 ~ 45 dBm
ql1] [0,0, Hy]T m c 3 x 10% m/s ave 2.5 Ky G 2~ 14 dB
q[N] [500, 500, Hy]™ m Ny —169 dBm/Hz ara 2.5 KRC 2 ~ 14 dB
500 w101t Frequency selective fading with n = 250
e 6 T T T T
* User 3 % User 1
400 *User2 g40nnnnnnnnnitnit - User 2
3‘3 ) = = =User 3| |
: VVUVUY
300 ] 20 ‘ ‘ ‘ ‘
é © 0 200 400 600 800 1000
= g Subcarrier index
200 f : % <101 Spatial selective fading with i = 500
—P—Initial trajectory of UAV ) ‘ ‘ ‘ ‘ ‘ ‘ ‘
O Location of IRS 'g 4r User 1|
100 * Location of users 1 g 3r AalMIMJYN [ VWL Ve User 2| 1
===User 3|
*User 1 8 2 V
1 M NAVAN
opf ! 0 ETO ettt ! m-E.=. : i
0 100 200 300 400 500 50 100 150 200 250 300 350 400 450 500
@ (m) Time slot
Fig. 3. Geometry setup for the considered IRS-assisted UAV OFDMA  Fjg 4. Channel power gain of IRS-assisted and non-IRS-assisted users versus

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 ¢ = 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 < « < 0.25 with ppax =
35 dBm, Ruyink = 0.5 bit/s/Hz, and M, = M. = 200.

the subcarrier index.

~ < . 7’
/[;1\ 8.2 RS - Phd )
E ~ ~ -~ - - e
g - i e, i
H g1k e i
3
S gt —LB ]
@ O Optimal o _ | |
g 797 The gap between Optimal aLB
2 UB and LB * Op UB
ES
2 T8 1
(0]
=Y N PRI TTFPY - . WP
s
S77¢t ]
<

0.05 0.1 0.15 0.2

The approximation parameter «

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

We can observe that the optimal approximation parameter is
the same at o« = 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 «
is only 0.35 bit/s/Hz, which is approximately 4.5% of the
optimal lower bound performance at « 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 o with N = 500 and
Riin,kx = 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.

500
450 - * | o S50
User 2
400[  * M
350 1 K| —p— Baseline 1 (Initial trajectory)
—+— Baseline 2
300 - ¢ Location of IRS

K| * Location of users

% User 1 -

A
A\
40

S

500

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 «. This is because
a too small or too large « 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
a = 0.14 in this setup. In the following simulations, we set
o = 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 pyax =
35 dBm, Ryin,,x = 1 bit/s/Hz, and N = 500. For the proposed
scheme, two simulation cases with M, = M. = 200 and
M, = M, = 500, respectively, are conducted. We found that
the UAV keeps flying at the minimum altitude, i.e., z [n] =
H{}“n, Vn. 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

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 20, NO. 4, APRIL 2021

—_
]

——PS
-|—P—Baseline 1
—+—Baseline 2

—
—

(=]
T

=)
- T

i

Performance gain
of deploying an IRS

~

o)}

Performance gain of
designing the trajectory 1

W
T

Average system sum-rate (bit/s/Hz)
oo

150 200 250 300 350 400 450
The number of PRUs at IRS M, = M,

4
100 500

Fig. 8.
IRS.

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

M, = M. = 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 M, = M. = 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 ppax = 35 dBm, Ry = 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 M, and M.. 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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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 piax = 35 dBm, Ryin,, = 1 bit/s/Hz, and M, = M, =
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 pax With N = 500, Ruyin,r = 0.3 bit/s/Hz, and
M, = M., = 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],
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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.® Firstly, in Rician fading channel, the
achievable data rate of user k on subcarrier ¢ in time slot
n might be smaller than its counterpart in LoS channels,
i.e., Rk i Rician 1] < Rk.iLos [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 < 7 < 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 Ruyinr =
Bminke apd adopt Rmin,k to obtain a conservative solution
for the joint trajectory and resource allocation design. After
obtaining the achievable rate Ry ;105 [n] in LoS channels,
we only allocate a rate 7Ry, ; 1.os [n] for user k on subcarrier
1 in time slot n to avoid the possible subcarrier-level outage
due to channel randomness. In particular, in the l,,.-th Monte
Carlo experiment, the individual outage rate of user k£ can be
defined as
N Ng

1
RIS = 5 D22 iftnivos

n=11i=1

xI (Rgcleic,Rician [n] = nRy,iLos [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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where I (-) denotes an indication function and Réf:‘iiRician [n]

denotes the achievable data rate of user k& on subcarrier in time
slot m in ly,.-th Monte Carlo experiment. From (63), we can
observe that only the allocated rate nRy ; 1.os [] 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:

outage _
sSum

K
outage outage
ZRkylmcg I (}{k,lmcg > Rmin,k’) )
(64)

where L,,. 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
n = 0.8.

Fig. 11 illustrates the average system outage rate versus the
Rician factor for our proposed scheme with py,ax = 35 dBm,
M, = M. = 200, N = 500, and Ruyin,r = 0.8 bit/s/Hz,
Vk. 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.
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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 pn.. = 35 dBm,
Ruinx = 1 bit/s’'Hz, M, = M. = 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 (zgr,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.

REFERENCES

[1] Z. Wei, Y. Cai, Z. Sun, D. W. K. Ng, and J. Yuan, “Sum-rate maximiza-
tion for IRS-assisted UAV OFDMA communication systems,” in Proc.
IEEE Global Commun. Conf., Dec. 2020, pp. 1-6.

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

[2]

[3]

[4]

[5

[ty

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

Y. Zeng, Q. Wu, and R. Zhang, “Accessing from the sky: A tutorial on
UAV communications for 5G and beyond,” Proc. IEEE, vol. 107, no. 12,
pp. 2327-2375, Dec. 2019.

Y. Zeng, R. Zhang, and T. J. Lim, “Throughput maximization for
UAV-enabled mobile relaying systems,” IEEE Trans. Commun., vol. 64,
no. 12, pp. 4983-4996, Dec. 2016.

Y. Cai, Z. Wei, R. Li, D. W. K. Ng, and J. Yuan, “Joint trajectory and
resource allocation design for energy-efficient secure UAV communica-
tion systems,” IEEE Trans. Commun., vol. 68, no. 7, pp. 4536-4553,
Jul. 2020.

Y. Zeng, J. Xu, and R. Zhang, “Energy minimization for wireless
communication with rotary-wing UAV,” IEEE Trans. Wireless Commun.,
vol. 18, no. 4, pp. 2329-2345, Apr. 2019.

Q. Wu, Y. Zeng, and R. Zhang, “Joint trajectory and communication
design for multi-UAV enabled wireless networks,” IEEE Trans. Wireless
Commun., vol. 17, no. 3, pp. 2109-2121, Mar. 2018.

Y. Sun, D. Xu, D. W. K. Ng, L. Dai, and R. Schober, “Opti-
mal 3D-trajectory design and resource allocation for solar-powered
UAV communication systems,” I[EEE Trans. Commun., vol. 67, no. 6,
pp. 4281-4298, Jun. 2019.

D. Xu, Y. Sun, D. W. K. Ng, and R. Schober, “Multiuser MISO UAV
communications in uncertain environments with no-fly zones: Robust
trajectory and resource allocation design,” IEEE Trans. Commun.,
vol. 68, no. 5, pp. 3153-3172, May 2020.

M. D. Renzo et al., “Smart radio environments empowered by
reconfigurable Al meta-surfaces: An idea whose time has come,”
EURASIP J. Wireless Commun. Netw., vol. 2019, no. 1, pp. 1-20,
Dec. 2019.

J. Zhang, E. Bjornson, M. Matthaiou, D. W. K. Ng, H. Yang, and
D. J. Love, “Prospective multiple antenna technologies for beyond 5G,”
IEEE J. Sel. Areas Commun., vol. 38, no. 8, pp. 1637-1660, Aug. 2020.
M. Di Renzo et al., “Reconfigurable intelligent surfaces vs. Relaying:
Differences, similarities, and performance comparison,” IEEE Open J.
Commun. Soc., vol. 1, pp. 798-807, Jul. 2020.

Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,” IEEE Commun.
Mag., vol. 58, no. 1, pp. 106-112, Jan. 2020.

Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,” IEEE Trans. Wireless
Commun., vol. WC-18, no. 11, pp. 5394-5409, Nov. 2019.

Q. Wu and R. Zhang, “Beamforming optimization for intelligent reflect-
ing surface with discrete phase shifts,” in Proc. IEEE Int. Conf. Acoust.,
Speech Signal Process. (ICASSP), May 2019, pp. 7830-7833.

C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, “Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,” IEEE Trans. Wireless Commun., vol. WC-18,
no. 8, pp. 4157-4170, Aug. 2019.

M. Di Renzo and J. Song, “Reflection probability in wireless networks
with metasurface-coated environmental objects: An approach based
on random spatial processes,” EURASIP J. Wireless Commun. Netw.,
vol. 2019, no. 1, p. 99, Dec. 2019.

M. A. Kishk and M.-S. Alouini, “Exploiting randomly-located
blockages for large-scale deployment of intelligent surfaces,” /EEE
J. Sel. Areas Commun., early access, Aug. 24, 2020, doi:
10.1109/JSAC.2020.3018808.

X. Yu, D. Xu, Y. Sun, D. W. K. Ng, and R. Schober, “Robust and secure
wireless communications via intelligent reflecting surfaces,” IEEE J. Sel.
Areas Commun., vol. 38, no. 11, pp. 2637-2652, Nov. 2020.

B. Zheng and R. Zhang, “Intelligent reflecting surface-enhanced OFDM:
Channel estimation and reflection optimization,” IEEE Wireless Com-
mun. Lett., vol. 9, no. 4, pp. 518-522, Apr. 2020.

S. Sekander, H. Tabassum, and E. Hossain, “Multi-tier drone architecture
for 5G/B5G cellular networks: Challenges, trends, and prospects,” IEEE
Commun. Mag., vol. 56, no. 3, pp. 96-103, Mar. 2018.

B. Li, Z. Fei, and Y. Zhang, “UAV communications for 5G and beyond:
Recent advances and future trends,” IEEE Internet Things J., vol. 6,
no. 2, pp. 2241-2263, Apr. 2019.

L. Zheng and D. N. C. Tse, “Diversity and multiplexing: A fundamental
tradeoff in multiple-antenna channels,” IEEE Trans. Inf. Theory, vol. 49,
no. 5, pp. 1073-1096, May 2003.

S. Hu, F. Rusek, and O. Edfors, “Beyond massive MIMO: The potential
of data transmission with large intelligent surfaces,” IEEE Trans. Signal
Process., vol. 66, no. 10, pp. 2746-2758, May 2018.

Q.-U.-A. Nadeem, A. Kammoun, A. Chaaban, M. Debbah, and
M.-S. Alouini, “Asymptotic max-min SINR analysis of reconfigurable
intelligent surface assisted MISO systems,” IEEE Trans. Wireless Com-
mun., early access, Apr. 14, 2020, doi: 10.1109/TWC.2020.2986438.

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

2549

R. Li, Z. Wei, L. Yang, D. W. K. Ng, J. Yuan, and J. An, “Resource
allocation for secure multi-UAV communication systems with multi-
eavesdropper,” IEEE Trans. Commun., vol. 68, no. 7, pp. 4490-4506,
Jul. 2020.

C. You and R. Zhang, “3D trajectory optimization in rician fading for
UAV-enabled data harvesting,” IEEE Trans. Wireless Commun., vol. 18,
no. 6, pp. 3192-3207, Jun. 2019.

Q. Zhang, W. Saad, and M. Bennis, “Reflections in the sky: Millimeter
wave communication with UAV-carried intelligent reflectors,” in Proc.
IEEE Global Commun. Conf. (GLOBECOM), Dec. 2019, pp. 1-6.

S. Li, B. Duo, X. Yuan, Y.-C. Liang, and M. Di Renzo, “Reconfigurable
intelligent surface assisted UAV communication: Joint trajectory design
and passive beamforming,” IEEE Wireless Commun. Lett., vol. 9, no. 5,
pp. 716-720, May 2020.

L. Ge, P. Dong, H. Zhang, J.-B. Wang, and X. You, “Joint beamforming
and trajectory optimization for intelligent reflecting surfaces-assisted
UAV communications,” IEEE Access, vol. 8, pp. 78702-78712, 2020.

C. Pan et al., “Multicell MIMO communications relying on intelligent
reflecting surfaces,” IEEE Trans. Wireless Commun., vol. 19, no. 8,
pp. 5218-5233, Aug. 2020.

B. Di, H. Zhang, L. Li, L. Song, Y. Li, and Z. Han, “Practical hybrid
beamforming with finite-resolution phase shifters for reconfigurable
intelligent surface based multi-user communications,” /EEE Trans. Veh.
Technol., vol. 69, no. 4, pp. 45654570, Apr. 2020.

F. Sohrabi and W. Yu, “Hybrid digital and analog beamforming design
for large-scale antenna arrays,” IEEE J. Sel. Topics Signal Process.,
vol. 10, no. 3, pp. 501-513, Apr. 2016.

D. W. K. Ng, E. S. Lo, and R. Schober, “Wireless information and
power transfer: Energy efficiency optimization in OFDMA systems,”
IEEE Trans. Wireless Commun., vol. 12, no. 12, pp. 6352-6370,
Dec. 2013.

H. C. Nguyen, R. Amorim, J. Wigard, 1. Z. Kovacs, T. B. Sorensen, and
P. E. Mogensen, “How to ensure reliable connectivity for aerial vehicles
over cellular networks,” IEEE Access, vol. 6, pp. 12304-12317, 2018.

M. Simunek, P. Pechac, and F. P. Fontan, “Excess loss model for low
elevation links in urban areas for UAVs,” Radio Eng., vol. 20, no. 3,
pp. 561-568, Sep. 2011.

A. Alkhateeb and R. W. Heath, “Frequency selective hybrid precoding
for limited feedback millimeter wave systems,” IEEE Trans. Commun.,
vol. 64, no. 5, pp. 1801-1818, May 2016.

D. S. Lemons and P. Langevin, An Introduction to Stochastic Processes
in Physics. Baltimore, MD, USA: JHU Press, 2002.

Y. Mostofi and D. C. Cox, “ICI mitigation for pilot-aided OFDM mobile
systems,” IEEE Trans. Wireless Commun., vol. 4, no. 2, pp. 765-774,
Mar. 2005.

E. Basar, “Reconfigurable intelligent surfaces for Doppler effect and
multipath fading mitigation,” 2019, arXiv:1912.04080. [Online]. Avail-
able: http://arxiv.org/abs/1912.04080

Y. Yang, S. Zhang, and R. Zhang, “IRS-enhanced OFDMA: Joint
resource allocation and passive beamforming optimization,” IEEE Wire-
less Commun. Lett., vol. 9, no. 6, pp. 760-764, Jun. 2020.

A. Rahmati et al., “Interference avoidance in UAV-assisted networks:
Joint 3D trajectory design and power allocation,” in Proc. IEEE Global
Commun. Conf. (GLOBECOM), Dec. 2019, pp. 1-6.

S. Hosseinalipour, A. Rahmati, and H. Dai, “Interference avoidance
position planning in dual-hop and multi-hop UAV relay networks,” IEEE
Trans. Wireless Commun., vol. 19, no. 11, pp. 7033-7048, Nov. 2020.

S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge, U.K.:
Cambridge Univ. Press, 2004.

Z. Wei, L. Zhao, J. Guo, D. W. K. Ng, and J. Yuan, “Multi-beam NOMA
for hybrid mmWave systems,” IEEE Trans. Commun., vol. 67, no. 2,
pp. 1705-1719, Feb. 2019.

W. Tang et al., “Wireless communications with reconfigurable intelligent
surface: Path loss modeling and experimental measurement,” 2019,
arXiv:1911.05326. [Online]. Available: http://arxiv.org/abs/1911.05326

D. W. K. Ng, E. S. Lo, and R. Schober, “Energy-efficient resource
allocation in OFDMA systems with large numbers of base station anten-
nas,” IEEE Trans. Wireless Commun., vol. 11, no. 9, pp. 3292-3304,
Sep. 2012.

Y. Sun, D. W. K. Ng, Z. Ding, and R. Schober, “Optimal joint power and
subcarrier allocation for full-duplex multicarrier non-orthogonal multiple
access systems,” IEEE Trans. Commun., vol. 65, no. 3, pp. 1077-1091,
Mar. 2017.

Z. Wei, D. W. K. Ng, J. Yuan, and H.-M. Wang, “Optimal resource
allocation for power-efficient MC-NOMA with imperfect channel state
information,” IEEE Trans. Commun., vol. 65, no. 9, pp. 3944-3961,
Sep. 2017.

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


http://dx.doi.org/10.1109/JSAC.2020.3018808
http://dx.doi.org/10.1109/TWC.2020.2986438

2550

Zhigiang Wei (Member, IEEE) received the B.E.
degree in information engineering from the North-
western Polytechnical University (NPU), Xi’an,
China, in 2012, and the Ph.D. degree in electri-
cal engineering and telecommunications from the
University of New South Wales, Sydney, NSW,
Australia, in 2019. He is currently a Post-Doctoral
Research Fellow with the University of New South
Wales, Sydney, NSW, Australia. His current research
interests include statistic and array signal process-
ing, non-orthogonal multiple access, millimeter-
wave communications, resource allocation design, and orthogonal time-
frequency space modulation. He received the Best Paper Awards at the IEEE
International Conference on Communications (ICC) 2018.

Yuanxin Cai (Graduate Student Member, IEEE)
received the B.S. degree in optical information sci-
ence and technology from the University of Elec-
tronic and Technology of China, Sichuan, China,
in 2015, and the M.E. degree in electrical engineer-
ing and telecommunication from the University of
New South Wales, Sydney, NSW, Australia, in 2018,
where she is currently pursuing the Ph.D. degree
in telecommunication. Her current research inter-
ests include convex and non-convex optimization,
UAV-assisted communication, resource allocation,
physical-layer security, and green (energy-efficient) wireless communications.

Zhuo Sun (Member, IEEE) received the B.E. and
M.E. degrees from Northwestern Polytechnical Uni-
versity (NPU), Xi’an, China, in 2012 and 2015,
respectively, and the Ph.D. degree in electrical engi-
neering and telecommunications from the University
of New South Wales, Sydney, Australia, in 2019. She
is currently a Post-Doctoral Research Fellow with
the Research School of Electrical, Energy and Mate-
rials Engineering, Australian National University.
Her current research interests include massive con-
nectivity for machine-to-machine communications,
grant-free multiple access, and statistical signal processing.

Derrick Wing Kwan Ng (Senior Member, IEEE)
received the bachelor’s degree (first-class Hons.)
and the M.Phil. degree in electronic engineering
from The Hong Kong University of Science
and Technology (HKUST), in 2006 and 2008,
respectively, and the Ph.D. degree from The
University of British Columbia (UBC), in 2012.
He was a Senior Post-Doctoral Fellow with the
Institute for Digital Communications, Friedrich-
Alexander-University  Erlangen-Niirnberg (FAU),
Germany. He is currently working as a Senior
Lecturer and a Scientia Fellow with the University of New South Wales,
Sydney, Australia. Also, he has been listed as a Highly Cited Researcher by
Clarivate Analytics since 2018. His research interests include convex and non-
convex optimization, physical layer security, IRS-assisted communication,
UAV-assisted communication, wireless information and power transfer, and
green (energy-efficient) wireless communications. He received the Australian
Research Council (ARC) Discovery Early Career Researcher Award 2017,
the Best Paper Awards at the IEEE TCGCC Best Journal Paper Award 2018,
INISCOM 2018, the IEEE International Conference on Communications
(ICC) 2018, the IEEE International Conference on Computing, Networking
and Communications (ICNC) 2016, the IEEE Wireless Communications and
Networking Conference (WCNC) 2012, the IEEE Global Telecommunication
Conference (Globecom) 2011, and the IEEE Third International Conference
on Communications and Networking in China 2008. He has been serving as
an Editorial Assistant to the Editor-in-Chief of the IEEE TRANSACTIONS ON
COMMUNICATIONS from January 2012 to December 2019. He is currently
serving as an Editor for the IEEE TRANSACTIONS ON COMMUNICATIONS,
the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, and an Area
Editor for the IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY.

|

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 20, NO. 4, APRIL 2021

Jinhong Yuan (Fellow, IEEE) received the B.E.
and Ph.D. degrees in electronics engineering from
the Beijing Institute of Technology, Beijing, China,
in 1991 and 1997, respectively. From 1997 to 1999,
he was a Research Fellow with the School of Elec-
trical Engineering, University of Sydney, Sydney,
Australia. In 2000, he joined the School of Electrical
Engineering and Telecommunications, University of
New South Wales, Sydney, Australia, where he is
currently a Professor and the Head of the Telecom-

= munication Group with the School. He has published
two books, five book chapters, over 300 papers in telecommunications journals
and conference proceedings, and 50 industrial reports. His current research
interests include error control coding and information theory, communication
theory, and wireless communications. He is a co-inventor of one patent on
MIMO systems and two patents on low-density-parity-check codes. He has
coauthored four Best Paper Awards and one Best Poster Award, including
the Best Paper Award from the IEEE International Conference on Communi-
cations, Kansas City, USA, in 2018, the Best Paper Award from the IEEE
Wireless Communications and Networking Conference, Cancun, Mexico,
in 2011, and the Best Paper Award from the IEEE International Symposium
on Wireless Communications Systems, Trondheim, Norway, in 2007. He is
currently serving as an Associate Editor for the IEEE TRANSACTIONS ON
WIRELESS COMMUNICATIONS. He has served as the IEEE NSW Chapter
Chair of the Joint Communications/Signal Processions/Ocean Engineering
Chapter (2011-2014) and served as an Associate Editor for the IEEE
TRANSACTIONS ON COMMUNICATIONS (2012-2017).

Mingyu Zhou received the Ph.D. degree
from the Beijing University of Posts and
Telecommunications (BUPT) as a focus on research
into key technologies of wireless communications.
After graduation in 2008, he became a Senior
Engineer in Huawei Technologies, dedicated in
g 3GPP standardization and patent application.
Vv In 2014, he joined Baicells Technologies as the
\/ Research Director. Until now, he has applied for
,ﬁ more than 100 patents (tens of them are PCTs),
published more than 20 academic papers, and
finished more than 100 standardization proposals. He was qualified in the
Beijing Nova Program and has participated in several science and technology
projects, targeting to bring more innovation to the 5G system.

Lixin Sun is currently the Chairman and CEO
of Baicells Technologies Co., Ltd., and has spent
more than 20 years in the mobile communications
industry. He has held a number of positions and
moderated standard meetings in driving the future
mobile technologies, including without limitation to,
the Chairperson of ITU-R WP5D WG Technology
and the Vice-Chair of ITU-R SG5Chair of APT
AWG. Before he founded Baicells Technologies,
he served as a Huawei Fellow and the Head of the
Strategy and Standard Department.

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




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


