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Abstract—This paper investigates a symbiotic utnmanned aer-
ial vehicle (UAV)-assisted intelligent reflecting surface (IRS) radio
system, where the UAV is leveraged to help the IRS reflect its
own signals to the base station, and meanwhile enhance the
UAV transmission by passive beamforming at the IRS. First,
we consider the weighted sum bit error rate (BER) minimization
problem among all IRSs by jointly optimizing the UAV trajectory,
IRS phase shift matrix, and TRS scheduling, subject to the
minimum primary rate requirements. To tackle this complicated
problem, a relaxation-based algorithm is proposed. We prove
that the converged relaxation scheduling variables are binary,
which means that no reconstruct strategy is needed, and thus
the UAV rate constraints are aotomatically satisfied. Second,
we consider the fairness BER optimization problem. We find
that the relaxation-based method cannot solve this fairness BER
problem since the minimum primary rate requirements may not
be satisfied by the binary reconstruction operation. To address
this issue, we first transform the binary constraints into a series of
equivalent equality constraints. Then, a penalty-based algorithm
is proposed to obtain a suboptimal solution. Numerical results
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are provided to evaluate the performance of the proposed designs
under different setups, as compared with benchmarks.

Index Terms—Intelligent reflecting surface (IRS), unmanned
aerial vehicle (UAY), phase shift optimization, UAV trajectory
optimization.

I. INTRODUCTION

ITH the ever-growing sales of mobile devices

and Internet of Things devices, current network
architectures are becoming overwhelmed by growing data
traffic demands [1]. Although numerous technologies such
as millimeter wave (mmWave) communications, ultra-dense
networks, and massive multiple-input multiple-output
(MIMO) [2]{4] have been proposed to address this problem,
they are usually realized with very large energy consumption
and high hardware cost due to the large number of RF chains
required at the terminals. Recently, a new technology has
come to the attention of the wireless research community,
namely intelligent reflecting surface (IRS), due to its potential
ability to reconfigure the radio propagation environment
in a favorable way for transceiver optimization. An IRS is
comprised of a manmade surface of electromagnetic material
consisting of a large number of square metallic patches,
each of which can be digitally controlled to induce different
reflection amplitude, phase, and polarization responses on
the incident signals [5], [6]. Since an IRS typically has
numerous paich units (such as PIN-diodes), it can provide
a significant passive beamforming pain without the need
for RF chains, thus yielding a cost- and energy-efficient
solution. For example, experiments conducted recently in [7]
showed that for a large IRS consisting of 1720 reflecting
elements, the total power consumption is only 0.280W.
In addition, each IRS reflecting element adjusted by the smart
controller is able to induce an independent phase shift on the
incident signal to change the signal propagation such that the
desired and interfering signals can be added constructively or
destructively to assist the communication system. Therefore,
IRS is a promising solution for improving the spectral and
energy efficiency of wireless networks, and paving the way
to the green networks of the future.

The new research paradigm of IRS-aided wireless com-
munication has been extensively studied, e.g., see [8]-[10].
The authors of [8] proposed a software controlled approach,
to enable programmable control over the behavior of
IRS-related wireless environments. How the availability of IRS
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will allow wireless network operators to redesicn common and
well-known network communication paradigms was discussed
in [9]. The aothors of [10] provided an overview of promis-
ing IRS technology for achieving smart and reconfigurable
environments in future wireless networks, and elaborated the
reflection and channel models, hardware architecture as well
as various applications.

Recently, there have been many contributions devoting
efforts to integrating IRS into current cellular networks.
Joint active and passive beamforming design was investigated
to either maximize the system throughput or minimize the
base station (BS) transmit power in [11]-{15]. In particular,
the authors in [11] situdied the BS transmit power mini-
mization problem by jointly optimizing the BS beamform-
ing matrix and IRS phase shift matrix while satisfying the
users’ minimum signal-to-interference-plus-noise ratio (SINR)
requirement, and the results showed that for a single-user
[RS-aided system, the received signal-to-noise ratio (SNR)
increases quadratically with the number of reflecting elements.
In addition, the applications of IRS are also appealing for
numerous different system setups such as spectrum shar-
ing [16], physical layer security [17]-{19], orthogonal multiple
access [20], [21]. and simultaneous wireless information and
power transfer [22]-]24].

Unlike the above studies in which the IRS is used purely
to assist the transmissions of the existing system, a new
IRS functionality referred to as symbiotic radio transmission
has been proposed (also known as passive beamforming and
information transfer), where the information bits are carried
by the onfoff states of the IRS, while passive beamforming
is achieved by adjusting the phase shift of each reflecting
element [25]-{27]. Specifically, a sensor is integrated into
the IRS system, which for example collects environmental
information such as temperature, humidity, illuminating light,
etc., and sends it to a smart controller at the IRS via adjusting
the on/off state of the IRS. Then, the controller transmits the
collected information to the BS by adjusting the on/off state
of the IRS. This concept is similar to the spatial modulation
transmission technique, where the choice of active transmit
antennas is regarded as a source of information to improve
the spectral efficiency [28].

In this paper, we study an unmanned aerial wehicle
{UAV)-assisted IRS symbiotic radio system, where the UAV
is leveraged to assist the IRS data transmission. Specifically,
we consider an urban environment, where there are multiple
IRSs available to sense environmental information. As shown
in Fig. 1, the IRS sends its own data to the BS by controlling
its on/off state, and the receiver side (BS) uses the difference in
channel response caused by the on/off state to decode the IRS
information. The IRS also simultaneously tunes each reflecting
element to align the phase of the signal passing through the
UAV-IRS-BS link with that of the UAV-BS link to achieve
coherent signal combining at the BS, thereby enhancing the
UAV communication performance. In addition, the UAV's
flexible mobility can be exploited to create favorable channel
conditions for the UAV-BS and UAV-IRS links. Our goal in
this paper is to minimize the bit error rate (BER) of the
IRS by jointly optimizing the UAV trajectory, IRS phase

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 1, NO. 9, SEPFTEMBER 2021

shift matrix, and IRS scheduling, subject to a minimum data
rate requirement for the UAV. We study two optimization
objectives, one based on fairness for the IRS and the other
on the weighted sum BER of the IRS. Then, we develop two
novel algorithms to solve them. The main contributions of this
paper are summarized as follows:

« We first consider the IRS-weighted sum BER optimiza-
tion problem, which is a mixed-integer and non-convex
problem. To develop a low complexity algorithm, we pro-
pose a relaxation-based method. Specifically, we first
relax the binary scheduling variables to continuous
variables, and then we develop an alternating optimiza-
tion (AQO) algorithm to solve the relaxed non-convex opti-
mization problem. We prove that the obtained scheduling
results are the same as the binary results from the AO
method, which means that no reconstruction strategy is
needed, and thus the primary rate requirements of the
UAV are always satisfied. Numerical results show the
proposed relaxation-based method converges within only
a few iterations.

« We then take into account the fairness among multi-
ple IRSs, and formulate a fairness BER optimization
problem. The resultant problem is also a mixed integer
and non-convex problem, which is in general difficult
to solve optimally. We show that the commonly used
relaxation-based method cannot be applied to this prob-
lem since the UAV's rate requirement constraints may
not be satisfied by the binary reconstruction operation for
scheduling. To address this issue, a novel penalty-based
algorithm is proposed. We first transform the binary
constraints into a series of equivalent equality consiraints,
and then propose a two-layer algorithm to solve the
problem. Mumerical results show the effectiveness of this
penalty-based algorithm.

« We conduct simulation results for the two proposed
scenarios to illustrate their performance. For the first
scenario, we study the impact of weighting factors on
the system performance, and find that the optimized
UAV trajectory places it closest to the IRS with a high
weighting factor. For the second scenario, the resulis
show that the average fairness utility value is highly
related to the IRS phase shift matrix. In addition, for
both scenarios, the system performance is significantly
improved by the optimized UAV trajectory as well as the
finely tunable IRS phase shift.

The rest of this paper is organized as follows: Section 11
introduces the system model and problem formulation. In Sec-
tions III and IV, we study the weighted sum BER and fairness
BER optimization problems, respectively. Numerical results
are provided in Section ¥, and the paper is concluded in
Section VL

Notations: Boldface lower-case variables denote vectors.

The notation ||x|| represents the Euclidean norm of x, the cir-
cularly symmetric complex Gaussian variable © with mean u
and variance o is denoted by = ~ CA (p,o?), statistical
expectation is defined as E {-}, statistical variance is defined
as Var {-}, and O (-) denotes the big-O computational com-
plexity notation.
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Fig. 2. Transmission frame for the IRS and pnmary transmission.

II. 5YSTEM MODEL AND PROBLEM FORMULATION

A. System Model

Consider a UAV-assisted IRS symbiotic radio system con-
sisting of a single-antenna BS, a single-antenna UAV, and
K IRSs as shown in Fig. 1, where the UAV acts to help
the IRS transmit its own data to the BS.! The BS and IRS
are in fixed locations, and the UAV can freely adjust its
heading as it moves. The horizontal coordinates of the BS
and the kth IRS are respectively denoted as qp = [gf,q}]”
and Qs = [q%,, 45 )7 - In addition, the altitude of the BS
is denoted as Hj, and the altitudes of all the IRSs are the
same and denoted as H,..2 We assume that the UAV flies in a
periodic trajectory at a fixed altitude H, and with a given
period T'. To make the problem tractable, the period T is
equally divided into N time slots of duration d = T/N. Asa
result, the trajectory of the UAV can be approximated by the
N two-dimensional sequences qu[n] = [¢%[n], g¥[n]]T. Note
that the duration 4 should be chosen to be sufficiently small
to satisfy V.4 < H,, where Vi, denotes the maximuom
UAV speed, so that the UAV's location can be considered
as approximately unchanged within each time slot. The UAV

'For case of exposition, we refer to the UAY and BS as the primary network
to assist the IRS's information transmission.

IMote that adopting different TRS altitudes does not affect the algorithm
design in this paper.
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mobility constraints are given below:
|G [7] — Qu [ — 1]|| < Vipaxd, ¥nm, (1)
9u [0] = a1, qu [N] = ar, @

where q; and gp represent the UAV’s initial and final location,
respectively.

It is assumed that the IRS has M reflecting elements, and the
reflection coefficient matrix of IRS & at time slot n is defined
by the diagonal matrix ©y[n]= diag(e!®1[, ... 10 ulnl)
where f [n| denotes the phase shift corresponding to the
mth reflecting element of IRS k at time slot n [11], [22],
[29], [30]. Let hyxfn] € CM*!, hyi[n] € CM*!, and
ha[n] € C'! respectively denote the complex equivalent
baseband channel vector between the UAY and the kth IRS,
between the kth IRS and the BS, and between the UAV and
the BS, at time slot n, Wk £ K. To capture both the large-scale
and small-scale fading, we model all channels as Rician [31].
Specifically, the channel coefficient between the UAV and IRS
k at time slot n is given by [32]

hy j [n]

Vo (| gl b+ )
(3)

where 3y ;. [n] represents the large-scale fading channel coef-
ficient, hi% [n] and hi't®® [n] denote the deterministic line-
of-sight (LoS) channel rlnmpunent and the small-scale fading
component, respectively, and K is the Rician factor. The value
of By [n] is related to the communication distance, and is
oiven by

Po

."31,51 [:I".I.] 2 d?}: [n]" (4)

where 3; denotes the channel power at the reference distance
of | meter, d, ;. [n] =\/|| Qu [n] — Qo el|* + (Hy — H,)? is the
distance between the UAV and IRS k, and ~ denotes the path
loss exponent. We assume that the IRS employs a uniform
linear array (ULA) of reflecting elements, and thus hi%? [n]
is given by [32] )

Amdy k(=]

]111"::;_.S [n] = e l—=—
x [1,3—13?““*‘"-*!“&. L m‘*h*l"]r, (5)

where d denotes the IRS element spacing, A denotes the carrier
wavelength, and cos ¢y g [n| = % ‘;—;?‘;Eﬂf is the cosine of the
angle of arrival (AoA) [33], [34]. The elements of hi¥1o%[n] of
the non-LoS component are assumed to be indepelidgm and
identically distributed and follow circularly symmetric com-
plex Gaussian distribution with zero mean and unit variance.

Similarly, the channel vector between IRS k and the BS at
time slot n is expressed as

ho . [n]

. K LoS 1 ML0S
= ﬁ?,k(ﬂmhﬂ,k +'1"|K2+1 £ )

(6)
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whete B = B, dyx =
as  represents the path
is the corresponding

Vgs — auill® + (Hs — Ho)%,
loss exponent, and Ko
Rician factor. hL5S =

T (M —1}d .
“‘“"W:*] ., where

cosgar = % denotes the cosine of the angle of
departure (AoD). The elements of hiL*S [n] are also assumed
to be independent and identically distributed and follow
circularly symmetric complex Gaussian distribution with zero
mean and unit variance.

Finally, for the UAV-BS link at time slot n we have

2mdy & Zxd

e == |1 er ¥ ol e

hs [n]

= VB (ﬁﬂKﬁlhg:s [n] + ;'K31+1h§ms [n}).,

(7)

where 3 [n]

Vil [n] — @l + (s — B2, hES[n] =
path-loss exponent cvg, and Rician factor K5, In addition,
hYL9S [n] ~ CN (0, 1).

Remark 1: Although in this paper we assume a ULA at the
IRS to facilitate the exposition, all the proposed algorithms
are applicable to the case of a uniform planar array (UPA) at
the IRS with only slight modifications for optimizing the IRS
phase shifis discussed in (25) in Section IIL

Remark 2: Generally, there are two main approaches for the
IRS-involved channel acquisition, depending on whether the
IRS elements are equipped with receive radio frequency (RF)
chains or not [5]. For the first approach with active receive
RF chains, conventional channel estimation methods can be
applied for the IRS to estimate the channels of the UAV-IRS
and IRS-BS links, respectively. In contrast, for the second
approach without receive RF chains at the IRS, the IRS
reflection patterns can be designed jointly with uplink pilots to
estimate the concatenated UAV-IR5-BS channel and UAV-BS
channel e.g., [35], [36].

Typically, the symbol rate for the IRS transmission is much
lower than that for the primary (UAV) transmission due to
the limited computational and communication capabilities at
the IRS. To describe it clearly, the frame structure for the IRS
symbol, primary symbol, and channel coherence time is shown
in Fig. 2. We assume that the duration of each UAV time slot
equals the channel coherence time, i.e, 4=T,. In the figure,
5 kn,n1) represents the kth IRS symbol transmitted to the
BS in the nith block of time slot n, and z,[n, ny,[] is the
primary symbol transmitied from the UAV to the BS at the
[th sub-block of block ny; within time slot n. Denote by T,
and T, the durations of each IRS symbol and primary symbol,
respectively. Without loss of generality, we assume that each
IRS symbol covers L primary symbols, namely T, = LT,
where L is an integer, and L % 1. In addition, we assume
& =T, = NiT,, where Ny is an integer, and Ny = 1.

To facilitate the system design, we consider a widely
used wake-up communication scheduling approach [37], [38],

o

_ g Fmdsin]
(= X

L]
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where the UAV can only communicate with at most one IRS?
in any time slot n. Define the scheduling variable ay[n], where
ax[n] = 1 indicates that IRS k is served by the UAV, and
ax[n] = 0 otherwise. We then have the following scheduling
constraints

K

Z ai [n] < 1,Vk,n, (8)
k=1

ai [n] € {0,1} ,Vk,n. (9

If IRS k is communicating with the UAY in time slot n,
the signal received by the BS at the [th sub-block of block
ny within time slot n is given by

Yrk 1,11, 1]
= VP (b3 [n] O [n] Dy  [m)] 7,8 [, m1]) u [y, 1]
IR.S-:li;-Ed link ’
+ v Pha [n] zu [, m1, 1] 4w [0y e, 1]
. dlrec‘tr link :

where P denotes the transmit power at the UAV, =, [n, ny, I] ~
CN (0,1), HJ[H,TL].IIJ ~ CN (0,0%) denotes the noise at
IRS k with power o~. We adopt the simple but widely used
on-off keying (OOK) modulation for the IRS's information
transmission, i.e., T, & [n,n1] = {0,1}.

Since the IRS's own signal and UAV's primary sig-
nal are simultaneously received by the BS, to detect the
composite signals correctly, several detectors such as the
maximum-likelihood (ML) detector, linear detector, and suc-
cessive interference cancellation (SIC)-based detector, can be
applied [39]. Furthermore, the strength of the signal received
from the UAV is generally much larger than that received from
the IRS due to the following two reasons. First, the direct link
between the UAV and the BS is dominated by the LoS path
due to the presence of fewer scatterers. Second, since the IRS
consists of a larce number of reflecting elements, it can sig-
nificantly enhance the UAV’s signal transmission via adjusting
the phase shifters. In addition, the SIC receiver decodes the
stronger signal first, subtracts it from the composite signal, and
extracts the weaker one from the residue. Therefore, the SIC
based detector is practically appealing and applied in this
paper [39], [40].

Define h [n] = hz [n] + h%’:k [n] B [n] hy & [n] ok [, 74
It can be observed that h|n| contains =, j [n,n|, which
changes relatively fast compared to the channel variation.
In other words, the IRS’s reflected signal x, ¢ [n,nq] plays the
role of a fast-varying channel component, making the channel
h [n] vary over the primary signal =, [n,ny, {] shown in (10).
According to [26], [ [32], Appendix B.7], [41], the achievable
rate (bps/Hz) for the primary (UAV) system assisted by IRS
k is piven by

Ry [y 1,1

= IE'h[nE {1052 (1 + %[;]Iﬂ) }

*Sirictly speaking, the UAV directly communicates with the controller at
IES k rather than IRS itself. In the sequel, we will use the two terminologies
interchangeably.

(1m
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(a) Plh[n]®
=t EI:,kiﬂ.'ﬂ]] {lcng,3 (l + =

P|h3 [n] + h [n] O [n] by x [ﬂ]r

a2

2
+|:1—mlng2(1+“"j$),

where (a) holds since under a channel coherence time, hz [n],
hy & [n), and hs x [n] are all invariant, while k [n] varies with
the IRS’s reflected signal =, j [n, n1|. Equality (b) holds since
we assume that the probability for sending symbol “1™ at IRS
kis p (0 < p< 1), and that for sending symbol “0™ at IRS
kis 1 — p, Wk. It can be seen that the primary rate for each
sub-block within time slot = is the same. Thus, the achievable
rate for the primary system assisted by IRS k at time slot n
is given by Ry x [n] = Ry [n,n1, ).

After correctly decoding the primary signal x,[n,ny,l],
and subtracting the primary signal from the composite signal,
we can obtain the intermediate signal [40]

1+

plogs

(11

ﬁflklﬂ..m,!] = w[n,nl,I]
+ VP (bE, [n] O [n] hy g [n] s i [0, 711]) T [0, 1, 1]
(12)

For the different IRS reflected symbols, the signals received
at the BS have different amplitude values as

3;"!‘,5: [“:« T, 'E]

VP (i}, [n] O [n] hy  [n]) 2u [, m1, 1]

= { +w|n,ny,l], for symbol 1, (13)
w [n,ny,1], for symbol 0.
It is not difficult to check that*
- CN(D 0'2} for symbol 1,
]~ FIRE ' 14
Urk [ﬂ:'ﬂ-l. ] {GM (ﬂ-.ﬂ'g} : for SJ.".I'ﬂhD] ﬂ.l { }

where r:r1 Plh.;”,_. [r] O [n] by s [n]l + o2 and G’E = g2,
We adopt a simple joint-energy detector for detect-
ing the IRS's symbols [42], [43]. Define §ri [n,ni]

E |t ke [P 721, I][ It can be readily checked that g,y [n, ny]

|s thf: sum of I independent identically distributed central
chi-squared random variables with two degrees of freedom.
Assuming that the symbol “1™ hypothesis is H; and symbol
“0" hypothesis is Hjp, we can readily obtain the expectation
and variance of |Gy [n,ny,1)|* as

E {|jex [n,n1, " } = o7, under Hy,i = {0,1},
Var{ljrnk [n,nl,f]F} — o}, under Hy,i = {0,1}. (15)

Based on the central limit theorem, when L is large, the dis-
tribution of g, & [n, ny] asymptotically approaches a Gaussian
distribution:

‘Note that although zu[n,mi,0] is known at the BS afier decoding,
zy[n,my, 1] can still be regarded as a circularly symmetric complex Gaussian

random vanable each IRS symbol since each IRS symbol covers L pnimary
symbols.
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Fr.k[n,n1] ~ N (Lo7, Loy) , under Hy,i = {0,1}. (16)
Define probability density function f(grk[n, ni)|H:) =
: _Qeasloml=tal)') | _ {0,1}. Followin
TrLo? P TLo? e y L) )
from [44], the decision criteria is if

f (Frk[n,n1]|H1) = f (Gr[n,ni]|Ho), (17

then symbol “1” is chosen, otherwise, symbol “0" is chosen.
As such, the IRS BER can be derived from

Fe k [n, 1]
= Pr(H;)Pr {f,-;_- [mymq] = ff‘ [m, 7] |'H1}
+ Pr(Ho) Pr (g [n,m1] = v} [n,m] [Ho) . (18)
where 7" [n, ny] df:nules the decision threshold. The optimal
decision threshold 75%°P* [n, ny] can be derived by setting the

first derivative of F, i [n, n1] with respect to (w.r..) g [n, ny),
leading to

2
ﬁmm La’?ag e g{f’ﬂ‘i'ﬂ'u}ln—} . (19)
x. 0'15 - Uﬂg L {t:lrﬂ1 — JS}

Therefore, the BER for detecting IRS k's reflected symbol can
be derived as

Fe k[n,n4]

i (L”‘{:m) +(1-pQ (”Eh?ﬁf‘%) f
Baled-3) 2

_ofv P[B!, [n] Ok [n] By [n] -

P|b, [n] ©4 [n] by [n}|2+202

with the ) function given by @ () = f = e—sﬂﬂ'd't The
result in (a) holds since for a large valua L, gth-oPt given
in (19) approaches Q—L!EJE} We can see that the BER of IRS
k within each sub—hlock of time slot n is the same. Thus,
the BER for IRS k at time slot n is given by F.x[n| =
Fe  [n,m1).

The following theorem establishes the average communica-
tion throughput and average BER. Theorem [: The average
achievable rate for the primary system, ie., E{R,x[n]}.
is upper bounded by

E{Ryz[n]} {R“k[“]_“_ﬁ}lﬂgﬂ (1+Pﬂ3lﬂ])

2, (K1+Ka+1)MB1 e|n)Ba x 5 153. ] )

P ( |zox [n]|™ BSES VLTS
+P]"352( ( ;2 - 3
2n
where To k [m] = %ﬂﬂhr{uﬁ n] +

Kl (ples [n]) @y [n] B} [n].

(Ki+1)(K2+1)
Proof: Please refer to Appendix A ) il
In Theorem 1, we can see that R, [n] is deter-

mined by the deterministic Lo5 channel components
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éhg“’s [n] , B} [n] , D55 [ﬂ-]} the large-scale fading coef-
cients {5 x [n] B2 k, 32 [n]}. and the IRS phase shift matrix
@, [n]. It is worth pointing out that the above approximation
will be tight if the SNR is sufficiently high [45].
Define SNR 7 [n] — [22x[MOs[nlbuinil gjrmiparyy,
obtain the average SNR for IRS k at time slot n as

(!ID i [n'll g (K1+Ha+1)MF e[n]fa

WE can

[Ki+1){Ka+1)
’:f‘ir[“ P : = (22)
- _  [EiKaPia[nlBas (,LoS 2
where To k. [n] TG (k1]

&y [n] h 2 [n]-

B. Problem Formulation

For the first scenario, our goal is to minimize the weighted
sum BER among all IRSs over all the time slots by jointly
optimizing the UAV trajectory, IRS phase shift matrix, and
IRS scheduling. Accordingly, the problem can be formulated
as

Zwk Z ag [n) E{Pex [n]} (23a)

- APREP. c

s.t. Za_a, [n]Ruk [n] = Ren, ¥n,  (23b)
k=1

0<tpmln] <2x, Vm, &k, n, (23c)

(1),(2),(8),(9), (23d)

where wy. denotes the weighting factor for IRS &, with a higher
value representing a higher priority over other IRSs, and R,y
is the minimum rate requirement for the primary transmission
system in any time slot n. Problem (23) is challenging to solve
mainly due to the following three reasons. First, the optimiza-
tion variables a;[n| for communication scheduling are binary
and thus (9), (23a), and (23b) involve integer constraints.
Second, the IRS phase shift matrix, UAV trajectory, and
IRS scheduling are intricately coupled in (23a) and (23b),
which makes the problem non-convex. Third, the expression
of E{F. x[n]} in the objective function is implicit w.r.t. the
optimization variables. In general, there is no efficient method
to optimally solve problem (23).

For the second scenario, our goal is to minimize the
maximum BER among all IRS over all the time slots by
jointly optimizing the UAV trajectory, the IRS phase shifi
matrix, and the IRS scheduling. Accordingly, the problem can
be formulated as

' 24a
H*-M[“]*Q%-Gk[ﬂ]1ﬂ (24a)

N
s.t. %ga& [R|E{P.x[n]} < R, Vk,(24b)

K
Z ag [n|Rux [n] = R, Vn,
k=1
(1),(2),(8),(9), (23¢c). (24d)

The left hand side of (24b) denotes the average BER of IRS &
over all N time slots. Problem (24) is also difficult to solve for

(24c)
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the same reasons as those discussed above for the weighted
sum BER problem.

Remark 3: It can be seen that (20) is complicated and
challenging to analyze directly. It can also be readily verified
that the ¢} function is monotonically decreasing with SNR
Fi [n]. Instead of maximizing the SNR directly, we introduce
a utility function JF (5 [n]), which is a differential, concave
and monotonically increasing function w.r.t. 3y [n], to replace
the BER F. i [n]. In addition, to obtain the average BER
E{F.x[n]}, we set the upper bound of E {F (3 [n])},
i.e., F(E{%[n]}). as our design metric for facilitating the
algorithm design. In the subsequent sections, instead of mini-
mizing the BER directly, we aim to maximize the correspond-
ing utility functions.

ITI. RELAXATION-BASED ALGORITHM FOR WEIGHTED
Sum BER OPTIMIZATION PROBLEM

In this section, we propose a relaxation-based algorithm
to solve problem (23). Specifically, we first relax the binary
scheduling wvariables into continuous variables, divide the
relaxed non-convex problem into two sub-problems, and then
solve these two sub-problems. However, even with this decom-
position, the problem is still difficult to handle due to the
non-convex cosine in both the objective function and con-
straints. To address this issue, we first obtain a closed-form
solution for the IRS phase shift matrix for a given UAV
trajectory and communication scheduling, and then substitute
this expression into the original problem resulting in a joint
IRS scheduling and UAV trajectory optimization problem.
We first develop the following theorem:

Theorem 2: For any piven UAV trajectory and IRS schedul-
ing, the optimal IRS phase shift matrix that maximizes the
primary rate and SNR is given by

9??,:; i 2md ((cos da g — cu;-:i:llp, [n]) (m—1))
_2nd(—(dik[n] — dop[n]) +dan) (25)
A 1 1 1 =
Proof: Please refer to Appendix B. ]

From Appendix B, we can see that the maximizer of the
terms |o & [:ﬂ.]|2 and |Zp {n}[ﬂ are respectively given by
% Kzﬂ:; [n]+K 1KaM?81 4 [n] Boe
(K1 +1) (K2 +1)

K1 KaKap i [n] B2 k3 [n]
+2M\/{K1+1]{K5+1]|[K3+1]‘ 26)
and
2 K1 KaM?8y 4 [n] B
ol =, s et 1) 2l
Substituting (26) and (27) in (21) and (22), respectively,
we  have
Ry [n]

— (1= p)log, (1+ 25 +

Bk |n) Fa |n|+ (ck 1 +eez) P [ﬂ]}) (28)

Eﬂ(l"‘ﬂiz[ﬂ]

a2
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and
o [ {Ck,1+t=:.-,32] Bk [ﬂ]1 (29)
a
where e %, Ck,2 =
EM\/{Klﬁ;:{;ﬁaﬁmﬁl}’ and cg,3 = %

As a result, the weighted sum BER optimization problem
{23) can be simplified as

K N
> wky ak[n]F ( (k.1 +°’;-11 Buk [n] )

k=1 n=1
(30a)
K
a.t. Z a [n] ( il (1 " P((ck1+cka) B [n]

2
(e
k=1

ck,2v/ Bk [n] .33 [n]+82 [n]) ) 1

max
Qu[n].0x[n]

(1= p)lo, (1+ iﬂ[“])) > Rar, ¥n,  (30b)
ar

(1), (2), (8), (9). (30c)

It can be seen that (30) only involves two variables, gy, [n] and
ay [n], and the cosine function no longer appears, which thus
make the problem easier to solve. In the following, a low com-
plexity algorithm based on the relaxation method is proposed.
Note that the proposed approach is unlike [38], [46], [47],
where the resulting continuous scheduling variables need to be
converted into binary. However, for problem (30), we prove
that the converged relaxation scheduling variables are binary,
which means that no reconstruction strategy is needed, and
thus the UAV rate constraints (30b) are automatically satisfied.
Specifically, we first relax the binary variable ag[n| to a
continuous variable, and rewrite constraint (9) as follows [38],
[46], [47]:

0<ar[n] <1, Vk, n (1)

We then decompose the relaxed problem into two separate
subproblems, IRS scheduling and UAV trajectory optimiza-
tion, and then alternately optimize each one.

A. IRS Scheduling Optimization

For any given UAV trajectory qy[n], the IRS scheduling
problem of (30) becomes

K N
o il ({Ck,l‘i‘ck,:;} Bk [ﬂ-]) (323)
sl Ao .

s.t. (8), (30b), (31). (32b)

Since both the objective function and constraints are linear
W.I.L a[n|, problem (32} is thus a linear optimization problem.
Theorem 3: The optimal solution a™*[n] to problem (32)

is binary, i.e., afP"[n] € {0,1}.
Proof: Please refer to Appendix C. [ |
Theorem 3 shows that even though the binary constraint
in the IRS scheduling problem of (32) has been relaxed,
the obtained solution is still a binary result. As such, no recon-
struction operation is needed. In addition, since (32) is a

max W
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linear optimization problem, it has very low computational
complexity [48].

B. UAV Trajectory Optimization

For any given IRS scheduling ag[n|, the UAV trajectory
optimization problem of (30) becomes

K N

oy Z Wi Z ag [n) F ( (6.1 +Ck£fg} Arrlr] ) (33a)
oL O

s.t. (1), (2), (30b). (33b)

Note that (33) is neither concave nor quasi-concave due to
the non-convex constraints (30b) and non-convex objective
function (33a). In general, there is no efficient method to
obtain the optimal solution. In the following, we adopt the
successive convex optimization technigque to solve (33). To this
end, we introduce additional slack variables {z x[n|} and
{za[n]}. and recast (33) as

max i wy i ay [n] F (':Cﬁ:,1+l:k|3} 1.k [“])
Gufn].z1,e[n].23,x[n] = . 2
(34a)
K
s.t. Z ay. [n] (Phgg(l + P({Ck’ﬁ:;'z} 21k ]
k=1
Ck,2+/ 21 k |T| 23 ni+23 [n]}) ”
o3
(1-p)logs (1+ Pf—ﬁ)) > Rin, ¥n,  (340)
Breln] = z1e(n], Yk, n, {34c)
Ba [ﬂ-] > z3 [n] , ¥n, (34d)
(1), (2). (3de)
It can be shown that at the optimal solution to (34), we must
have 514 [n] = zi1xk[n] and Bs[n] = =z3[n],¥k, n, since

otherwise we can always increase zj x[n| (or z3[n|) without
decreasing the value of the objective. Therefore, problem (34)
is equivalent to problem (33). With this reformulation, objec-
tive function (34a) is now concave w.r.t zyx[n], but with
the new non-convex constraints (34c) and (34d). The key
observation is that in (34c), although 3y 5 [n]. defined in (4),
is not convex w.r.t. gy [n|, it is convex w.rt. ||qy [n] — qs,k”?.
Recall that any convex function is globally lower-bounded
by its first-order Taylor expansion at any feasible point [49].
Therefore, for any local point ||qf, [] — qﬁl;,"ﬂ obtained at the
rth iteration, we have

Bk [m]
- zﬂﬂ 2y ®1/2
(llak [n] — Qo sl® + (Hu — H,)?)
B 1o
F+1
210 ] — Qo il + (Hu — H,) *

Fat

0" (Buk [n]).
(35)

% (llgu [7] — G 1”1k [n] — go 2
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Define the new constraint as

" (Brk [n]) = 214 [n], VK, m, (36)

which is convex since ' (514 [n]) is a quadratic function
W.LL Qy [n). Similarly, for any local point ||q [n] — qs|®
obtained at the rth iteration, with 35 [n] and

d3 n]
da[n] = \/Ilqu [n] — @l + (Hs — Hy)?, Pafn] which is
defined in (34d) can be replaced by

'Igﬂ =]
(llag [n] —aol® + (Hu — Hp)*) *
a3 o
2(l95 [n] — @sl* + (Hu — Hp)

x (llaw [n] - o~ 14 [] — @l*) = 23 [n],
n, (37

2) F+1

which is also a convex constraint.
In addition, to tackle the non-convexity of constraint (34b),
we introduce variable z2 ¢[n], and reformulate (34b) as

K
Z g [ﬂ] (P]'Dgg(l + P((ck,l'i'zgg] Ik [ﬂ_]
=1
ck,222 k[n]+23 [n) s
3 J) +(1— p)log, (1 +%))
= B, Vn, -
with the additional constraint
23 1 ]
zix [n] = =, Vk,n (39)
2]

Both constraints (38) and (39) are convex since we can see
that the left hand side of (38) is a log function, which is
concave, and the right hand side of (39) is a quadratic-
over-linear fractional function, which is convex. Define z [n] =
{z1.k [n] 22k [] ;22 [ng} As a result, for any given local

points ||} [n] — @, &[” and |iq} 7] — @s||®, we have the
following optimization pmhlem
K
(ck,14ck,3) 21, [n]
au -2l Z - Z arlrlF ( o2 )
(40a)
s.t. (1),(2), (36), (37), (38), (39). (40b)

C. Converpence Analysis and Computational Complexity

In the proposed AO algorithm, we solve the relaxed prob-
lem (30) by iteratively solving problems (32) and (40), where
the solution obtained for one subproblem in each iteration is
used as the initial point for the other. The detailed procedure
for solving (30) is summarized in Algorithm 1. The conver-
gence of Algorithm 1 has been well studied in [50], and is
omitted here for brevity.

We now analyze the complexity of Algorithm 1. In step 4,
(32) is a linear optimization problem whose complexity is
O(KN) [48], where KN denotes the number of variables.
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Algorithm 1 Proposed Relaxation-Based Algorithm for Solv-
ing Problem (30)

1: Initialize || [n] — s k], r = 0, rmax.

2. Relax binary scheduling variables as continuous variables,
and set af[n]=1/K.

3: Repeat

4:  Solve problem (32) for given {q’[n|}, and denote the
optimal solution as {a}*'[n

5:  Solve problem MEI}I fur gwen {al*![n]}, and denote
the optimal solution as {qf*![n]}.

6: Update v «— r+ 1.

7. Until the fractional increase in the objective value of (30)
is below a threshold or the
maximum number of iterations rga, i5 reached.

In step 5, the complexity for solving (40) by the interior point
method is Q2K N + 3N}3"" [51], where 2K N + 3N denotes
the number of variables. Therefore, the total complexity of

Algorithm 1 is O (LM (KN+{QKN+3N)3-5)), where

Liter stands for the number of iterations required to reach
CONVErgence.

IV. PENALTY-BASED ALGORITHM FOR FAIRNESS BER
OPTIMIZATION PROBLEM

In this section, we aim to solve problem (24). Based on
Theorem 2, (28), and (29) in Section III, problem (24} is
simplified as

max (41a)
Qu[n]ox[n), R

st_zﬂ&[ ]F({Ck1+¢:&3 .31;:[1'1]) > R, Vk,

n=1

(41b)
K

> ak[n] (PIUEQ (1 3 X (':‘:'f=1+‘—'k2.33 Bk [n]

o
k=1

ck,2v/ Bk [n] aza [n]+a [‘“}J) 1

(1= p)lo, (1+ &J“])) > Ra, ¥n, (410
ar

(1),(2),(8), (9. (41d)

Unfortunately, the low-complexity algorithm based on the
relaxation-based method cannot be applied to problem (41)
due to the primary rate requirement (41c). More specifically,
when converting the continuous-valued solutions for the ay[n|
obtained by the relaxed problem to binary, e.g., using the
rounding function [46], constraint (41c) will in general no
longer be satisfied. In this section, we propose a two-layer
penalty-based algorithm to solve (41). The inner layer solves
a penalized optimization problem by applying the AOQ method,
while the outer layer updates the penalty coefficient, until con-
vergence is achieved. Specifically, in the inner layer, the orig-
inal problem (41) is decomposed into three subproblems: IRS
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phase shift matrix optimization, IRS scheduling optimization,
and UAV trajectory optimization.

We first introduce slack variables {@g[n|} to transform
the binary constraints into a series of equivalent equality
constraints. Specifically, (9) can be rewritten as

ay [n] (1—@k [n]) = 0, ¥k,n,
vk, n.

(42)

ag [n] = a [n], (43)

From (42) and (43), we can readily derive that the ag[n| that
satisfies the above two constraints must be either 1 or 0, which
confirms the equivalence of the transformation of (9) into the
two constraints. We then use (42) and (43) in a penalty term
that is added to the objective function of (41), yielding the
following optimization problem

min -
q_[n! ag [ﬂ] R u,‘[n]

o Z > (Jax [m] (1—ak fn]) P+l [n] —ae )

J._ 1n=1
(44a)

s.t. (1),(2),(8), (41b), (41c), (44b)

where 5y > 0 is the penalty coefficient used to penalize the
violation of the equality constraints (42) and (43) [50]. While
these equality constraints become satisfied as 5 — 0, it is not
effective to initially set # to be a very small value since in this
case the objective will be dominated by the penalty terms, and
the term — R will be diminished. In contrast, initializing n with
a larger value allows us to obtain a good starting point for the
proposed algorithm. Then, by gradually decreasing the value
of i, we can finally obtain a solution that satisfies (42) and
{43) within a predefined accuracy. Note that, for any given
penalty coefficient 5, problem (44) is still non-convex due
to the non-convex constraints (41b) and (41c). We then apply
the AQ method to iteratively optimize the primary variables in
different blocks [50]. Specifically, in the inner layer, problem
(44) is divided into three subproblems in which {ax[n]},
{ag[n|}. and {qgy[n|} are optimized iteratively as follows:

A. Inner Layer Iteration

1) Optimizing & [n| for given ag[n| and qyu[n]. This sub-
problem can be expressed as

Rrgi][ln] B
Z " (1o o 1 )l e -2 )
o (45a})

s.t. (41b). (45b)

We can see that only the auxiliary variable ax[n| is involved
in the objective function. Therefore, setting the derivative of
(45) w.rt. ag[n] to zero, the solution can be obtained as

_upt[ ] _ Sk [:I".t] + a’k {n’] Wk, n

1+a2[n] (“46)

5117

2) Optimizing ax[n| for given ag[n| and gu[n]. This sub-
problem is written as

R
ay [n], ;
1 K N ) ,
o 2.0 (|a,, [n] (1-a [n])|"+|ax [n] —ax [n]] )
k=1n=1
(47a)
s.t. (8), (41b), (41c). (47b)

It can be seen that (47) is convex with a quadratic objective
function and linear inequality constraints, which can be numer-
ically solved by standard convex optimization techniques, such
as the interior-point method [49].

3) Optimizing qy[n| for given ax[n| and @x[r]. Ignoring the
constant terms that are irrelevant to the UAV trajectory, this
subproblem is formulated as:

max (48a)
qu [ﬂ],R
s.t. (1), (2), (41b), (d1c). (48b)

Note that (48) is neither concave nor quasi-concave due to the
non-convex constraints (41b) and (41c). In general, there is no
efficient method to obtain the optimal solution. In the follow-
ing, we adopt the successive convex optimization technigue to
solve (48). Using the previous analysis of the UAV trajectory
optimization for problem (33) in Section III-B, by introducing
the same slack variables {zy i[n|,z2x[n],2za[n]} and local
points [|qf; [n] — q.&[|* and ||qf [7] — qs||”, we can directly
derive the following equivalent convex optimization problem
(49a)

max
Qu[n).21 e [n].23 k0], 335“] R

s _Zﬂ'"[ ]_?_-('[Cm+ma}21rn[ﬂ])
=1 WL

(49b)

(1),(2),(36), (37), (38), (39). (49c)

Based on the previous discussions, the objective function and
all of the constraints are convex. Thus, (49) is a convex

optimization problem that can be efficiently solved by, for
example, the interior point method [49].

B. Outer Layer Iteration
In the outer layer, we gradually decrease the value of the
penalty coefficient » as follows:
1 =cn, (50)

where ¢ (0 < ¢ < 1) is a scaling factor, where a larger value
of ¢ can achieve better performance but at the cost of more
iterations in the outer layer.

C. Convergence Analysiz and Computational Complexity

To show the converced solutions of the proposed
penalty-based algorithm, the terminal criteria for the outer
layer is given as follows;

&= max{|ap, Eﬂ-] (1—a [n}]|1 | [n] —a [n]| , Wk, n}, (51)
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Algorithm 2 Proposed Penalty-Based Algorithm for Solving
Problem (41)

1: Initialize a;'[n], ||} [n] — qg,kHE, nmri=0mrn=0s,

Ea, Tmax.
2: Repeat: outer layer
Repeat: inner layer
Update a;;' [n] based on (46).
Update a;' [n| by solving problem (47).
Update qf! [r] by solving problem (49).
+—m+ 1.
Until the fractional decrease of the objective value of
(44) is below a threshold £, or the
maximum number of iterations rpg, is reached.
9. Update penalty coefficient ™ based on (50).
10: 719+ 12+ 1, and ry — 0.
11: Until the constraint violation £ is below a threshold =5

o o bade LA

where £ sets a predefined level of accuracy. The detailed
penalty-based algorithm is summarized in Algorithm 2. In the
inner layer, with the given penalty coefficient, the objective
function of (44) is non-increasing over each iteration after
applying the AO method, and the objective of (44) is bounded
due to the limited flying time T and transmit power P.
As such, a stationary point can be achieved in the inner
layer. In the outer layer, we gradually decrease the penalty
coefficient so that the equality constraints (42) and (43) are
ultimately satisfied. Based on the results in [52, Appendix B],
this penalty-based framework is guaranteed to converge.

The complexity of Algorithm 2 can be quantified as follows.
In the inner layer, the main complexity of Algorithm 2
comes from steps 5 and 6. In step 5, the complexity
of computing agfn| is O(KN + 2N +1)* [51], where
KN + 2N + 1 stands for the number of variables [33].
Similarly, in step 6, the complexity required to compute
the UAV trajectory is O(2KN +3N +1)%% [51],
where 2KN + 3N + 1 denotes the number of variables.
Therefore, the total complexity of Alporithm 2 is
Ol aulmmed (KN + 2N + 1P +3KN + 38 4+ 172)),
where Lipper and Loy respectively denote the number of
iterations required for reaching convergence in the inner layer
and outer layer.

V. NUMERICAL RESULTS

In this section, we provide numerical results to verify the
performance of the proposed algorithm for the UAV assisted
IRS symbiotic radio transmission system. In the simulation,
we consider a system that operates on a carrier frequency of
755 MHz with a system bandwidth of 1 MHz and effective
noise power density —120dBm /H= As such, the noise power
at the BS and the channel gain are set to o2 = —60 dBm
and gy = —30 dB, respectively [54]. In addition, we set
d/A = 1/2[55]. The UAV altitude is fixed at H,, = 30 m with
transmit power P = 20 dBm and maximum speed Vo =
10 m/s. The UAV’s initial and final location are set to q; =
qr = [15m 0]". The altitudes of the BS and IRS are both
set to H; = Hy = 10 m. The duration of each time slot is
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Fig. 4. Optimized UAY trajectory for different weighting factors.

d = 0.1 s. The path loss exponents for the UAV-IRS link,
IRS-BS link, and UAV-BS link all assumed to be 2.4, and
the Rician factors for the above links are set to be 10 dB.
Without loss of generality, we set the utility function F(-) as
a logarithm function with base 2, which naturally achieves a
certain degree of fairness among the information transmission
of multiple IRSs, and has been widely adopted in the literature,
such as [56]. Unless otherwise specified, we set rpa, = 300,
p=05 £ =103 g9 = 10719, 5 = 500, c = 0.7.

A. Weiphted Sum BER Optimization

This subsection evaluates the performance of Algorithm 1
for the weighted sum BER problem (23). We consider 5 IRS,
which are located at q,; = [30m,30m|",q.2 =
[—30 m, 30 m|T,q. 3 = [~40 m, 0], qs 4 =
[~30 m,—30 m|T,g. 5 = [30 m,—30 m|" in a horizontal
plane. Unless otherwise specified, the weighting factors
are set as w = [1,1,1,1 1]7. To show the efficiency of
Algorithm 1, its convergence behaviour for the two different
periods T is plotted in Fig. 3. It is observed that the average
weighted sum utility value increases quickly with the number
of iterations, and in both cases converges within only
3 iterations.

In Fig. 4, the optimized UAV trajectories obtained by Algo-
rithm 1 when T' = 40 s are studied for two different weighting
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factors, ie., wy = [1,1,1,1,1]" and wa = [1,1,0.5,1,1]".
We see that the UAV sequentially visits all IRS for the
weighting factor w, since the path loss between the UAV and
IRS is significantly reduced when the UAV is nearby, thereby
improving the utility value. However, for weighting factor wa,
the UAV only does a close fly-by of IRS 3 rather than hovering
above it, since wo places a lower weight on IRS 3 and hence
reduces its priority relative to the others. To see this more
clearly, in Fig. 5 the UAV speed profile for the two weighting
factors is plotted. Compared with wy, for wa the UAV spends
less time hovering above IRS 3.

In Fig. 6, the IRS scheduling for T = 40 s is plotted.
We see that for optimizing the weighted sum utility, the IRSs
are scheduled for different lengths of time as shown in Fig. 6.
As before, the IRS scheduling results are indeed binary, which
verifies the effectiveness of Algorithm 1.

In Fig. 7, we compare the average weighted sum utility
value versus T' achieved by the following schemes: 1) Pro-
posed scheme in Algorithm 1; 2) Circular trajectory, where the
UAV flies with a circular path of radius 15 m (comesponding
to the distance from the BS to the UAV's initial/final location)
and center [0, —EI']T; 3) Fixed phase shifts, where the IRS phase
shifts for all the elements are fixed at either = or = /2. For the
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fixed phase shift examples, the UAV trajectory is set to be the
result obtained by the proposed scheme. The upper bound for
the weighted sum BER problem is given by the solution to

LP(ck1+ ok 3) .30) } ]

o?(Hy — He)™ &2

max {lugg (1 +

It is observed from Fig. 7 that our proposed algorithm sub-
stantially outperforms the other methods in terms of average
weighted sum utility value. This is expected since an optimized
UAV trajectory can establish better channel conditions for the
IRS, which significantly increases the IRS SNR. In addition,
by adjusting the IRS phase shifis to align the cascaded AoA
and AoD with the UAV-BS link, i.e., as shown in Theo-
rem 2, the SNR of the UAV-IRS-BS link will be significantly
increased.

In Fig. 8, we study the average weighted sum utility
value versus the number of IRS reflecting elements M. The
performance gain of the proposed approach and the circular
trajectory increases with M, since more reflecting elements
help achieve higher passive beamforming gain. In addition,
our proposed approach outperforms the circular trajectory by
leveraging the UAV mobility. Clearly, the IRS has a significant

Authorized licensed use limited to: Access paid by The LC Ivine Libraries. Downloaded on Awgust 07, 2022 at 18:52:22 UTC from IEEE Xplore. Restrictions apply.



5780
16‘1 T T T T
., e TR TR LU USRI [T I TR \: — — —T=3m
1o? \"‘\\ ! ¥
; i
; ; i
- h
g 10 T
E . ]
E . \
bl
{ bl
3 b
G gt : k
1
\\
1w : i : .
'? H H L H L
o 5 10 16 b2 25 30 5
Kumbar of autar Eyar haraticns
(a) Constraint violation £,
Fig. 9. Convergence behaviour of Algonthm 2.

40

1RGS2

FN

B B lcation
— LAY rafaciory, T=40s
== —UAV waisctory, T=20

-20 -10 o k[ ]
xim)

Fig. 10. Optimized UAV trajectories for different T

impact on the system performance, and the IRS phase shifis
must be finely tuned in the system design.

B. Fairness BER Optimization

This subsection evaluates the performance of Algorithm 2
for the BER fairness problem (24). The initial setup for the
BER fairness simulations are the same as those used for evalu-
ating the weighted sum BER approach discussed above. Fig. 9
shows the penalty violation £ in (51) and the convergence
behavior of Algorithm 2 under different periods T. It can
be seen from Fig. 9(a) that £ converges very fast with the
value decreasing to 10~ '" after 34 iterations for T = 20 =.
Even when T' = 40 =, the constraint is eventually satisfied
within the predefined accuracy (i.e., 10~'") by 34 iterations,
which indicates that the proposed penalty-based algorithm can
effectively tackle the binary scheduling constraints. In addi-
tion, in Fig. 9(b), we plot the fairness utility value versus
the number of outer layer iterations. We see that the utility
increases quickly with the number of outer layer iterations for
both the T' = 20 s and T = 4(} s cases, and convergence to a
fraction of the final value is achieved only 4 iterations.

In Fig. 10, the optimized trajectories obtained by Algo-
rithm 2 for T = 20 s and T = 40 s are plotted. As T
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increases, the UAV exploits its mobility to adaptively enlarge
and adjust its trajectory to move closer to each IRS. When
T becomes sufficiently large, e, T = 40 s, the UAV is
able to sequentially visit all the IRS and stay stationary above
each of them for a certain amount of time. This is expected
since when the distance between the UAV and IRS is small,
the length of the double channel fading propagation, i.e., the
UAV-IRS-BS link, will be reduced, thus improving the IRS
transmission SNR. To see this more clearly, Fig. 11 plots the
UAV speed for the case when T' = 40 =. We see that the
UAV flies either with maximum or zero speed, indicating that
the UAV flies with maximum UAV speed to move closer to
the IRS, and then remains stationary above it. Additionally,
we observe in Fig. 12 that the IRS sequentially communicates
with each UAV to experience better channel conditions, and
the scheduling results are indeed binary, which demonstrates
that the constraints in (42) and (43) are satisfied by the
proposed Alporithm 2.

In Fig. 13, we study the average fairness utility value versus
period T for our proposed scheme compared with the same
benchmarks as those considered for the weighted sum BER
problem in Fig. 7. Fig. 13 shows that the fairness utility for
the circular trajectory is constant regardless of the period T
due to the time-invariant air-to-ground channels. In contrast,
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the utility achieved by the proposed scheme increases with T,
which further demonstrates the benefits of leveraging the UAV
mobility. The calculation of the upper bound for the BER
fairness problem is different from that for the weighted-sum
BER problem. When T is sufficiently large, it can be assumed
that the amount of time each IRS served is equal. As for the
case when the UAV hovers above the IRS, an upper bound
for the BER fairness problem can be obtained by solving the
following problem

max  RUPPEC (53a)
o5 20, Fvppes
LP (ck1 + c,3) Bo u

L. oplog, | 1 : - =R, Mk
a.t. Ty Eg( g Ty s : .
(53b)

K
» V=1, (53¢)

k=1
where the term log, gl + L—ﬂj,-;{[';i“—fﬂ‘fj.—i'i”) represents the
achievable rate for the IRS when the UAV is directly above

IRS k, and z; denotes the travel time ratio for IRS k.
Problem (53) is a linear optimization problem, and thus can
be easily solved by the interior point method.

In Fig. 14, the average fairness utility value versus the
number of IRS reflecting elements is studied. We see that
the performance gain of the proposed scheme increases as
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the number of IRS reflecting elements increases, since more
reflecting elements help achieve higher passive beamforming
eain. In addition, the performance of the fixed IRS phase shift
scheme is very poor, and the average fairness utility value
nearly approaches zero due to the unaligned angles of the
UAB-IRS-BS and UAV-BS links, which implies that the IRS
phase shift must be carefully tuned.

V1. CONCLUSION

In this paper, we studied a UAV-assisted IRS symbiotic
radio system. We exploited the UAY mobility to maximize
the data information transferred from several IRSs to a given
BS5. We first studied a weighted sum BER minimization
problem by jointly optimizing the UAV trajectory, IRS phase
shifts, and IRS scheduling, and proposed a low-complexity
relaxation-based method to solve it. We proved that the solu-
tion to the relaxed problem provides binary scheduling results,
and hence no additional operation is needed to enforce this
constraint. We then considered fairness among the IRSs, and
developed a BER fairness optimization problem. To handle the
resulting mixed integer non-convex problem, we transformed
the binary constraints into an equivalent set of equality con-
straints, and proposed a penalty-based method to address the
constraints. The effectiveness of this approach was justified
by the numerical simulations. Simulation results demonstrated
that the system performance can be significantly improved by
optimizing the UAV trajectory as well as the IRS phase shifts.

APPENDIX A
PrOOF OF THEOREM |

To show Theorem 1, we first define the function f(z) =
logs (1 + z),z = 0. It can be readily checked that f{z) is
concave with respect to z. Thus, based on Jensen's inequal-
ity [49], we have E{f(z)} < loga(1+ E{z}). Therefore,
the following inequality holds
E{Rup [n]}
< plog, (1 + PE {|hs [n] + bl [n] O [n] b  [n]|*} /o?)

+(1 - p)logs (1 +PE{|h3 mi*} /o?) - (54)
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Since the small-scale fading channel coefficients A5 [n], K3fa[n] 2da [n]
hy'i% [n], and b33 [n] are independent of each other, = |{/ &, 1 P (—JT)
we can obtain
N K1K25 & [n] Bak 2w (dy k [n] — dax)
E{|ha[n] + b, [n] Ok [n] hy g [n slales T 2 = 3 :
{|3[] h' [n] O [n] Bk [n]|} +\/{K1+1”Kﬂ+1]exp j ;

= [zo [n]|* +E {|z1.6 [n] "}

X Z EKP( (Eﬁd{m'ﬁ“ — cos ¢k [n]) (m — 1)

+E {lIgﬂr: [ﬂ]lg} +E {|I3.-'f [ﬂ-]lﬂ} +E {II‘i‘k ['n]lﬂ} . A
(55) +9k,m [=]))|
where zouln] = \/REIHS + /Ry e R |
LaS[, 11H Fa[n] 1 NLaS K3+1 A
(0532 ) Bl P, 1y 5[,
17 & |0 & KK n _?‘N’ d mn| —
o ] B (B ) o W . |\/ Kakafiabitn ., (_2eluk] - d))

w2 ] =/ ety (B o)) @ ] BYoS ], and

(K1+1){(Ka2+1)

£ ] =/ G (WS [n]) @ [, ] B ],

We first calculate

. Z Exp( (ﬂfd{*mrﬁu s ﬂfm & [n]) (m — 1)

+9;.:,m =), (58)

2
E {IIz,k [l } where (a) is due to the triangle inequality, which holds with
KBk [n] Bag - & H equality if and only if — 3%@ 'M_d’—" +
T K+ D) (Ka+ 1}{ rx [m]) (2x[n]) J?ﬂd[f-‘ﬂb% u—fﬂb¢1 s[mlim-1) Bk.m 1], ¥m. Thls  ileaken
that the mth phase shift at IRS &k should be tuned such that

h L& ]1

{ [n}( [R]J } k[n) ] the phase of the signal that passes through the UAV-IRS

a) K 1Mf31,k [n] B (56) 2nd IRS-BS links is aligned with that of the signal over the

T (K i+ 1) (K2 +1)° UAV-BS direct link to achieve coherent signal combining at

. the BS. Thus, we can obtain the closed-form IRS phase shift

where (a) holds since E {hglléos [n] (hg“,;‘:ﬁ [n]) } = Iy, expression in (25). In addition, it can be easily checked that
7 @7 [n] in (25) is also the optimal solution that maximizes

(@5, [n])” B¢ [n] = In, and (]1'{"?,S [n]) hi% [n] = M. We the IRS reflecting rate in (22). This completes the proof of

can obtain the remaining terms as follows: Theorem 2.
{Iqu ]l } ffg[n]la APPENDIX C
K ;I_fﬂ [ﬂ] B PrROOF OF THEOREM 3
2M By k
{|Iﬂ,ir [l } (K1 +1) (K24 1)’ It can be readily verified that problem (32) satisfies Slater’s
MBy i [n] o, condition, and thus strong duality holds and its optimal
{|I., x [n]l } = ] 1" = " - (57) solution can be obtained by solving its dual problem [49].
(K1+1) (K2 +1)° Specifically, we first introduce the dual variables {A[n] = 0}

associated with the primary rate constraints (30b), and derive

‘i e 2] -
In addition, we have E {|h3 [n]] } = /33 [n]. Combining all of this il T g o pechili (529 6 Tollous

the above results, we can directly arrive at (21).

Lag [n] Aln])
APPENDIX B ol
PROOF OF THEOREM 2 = Z w Y ag [n] F (7 [n])
=1 =1
Here we derive a closed-form solution for the IRS phase N "
shifts that maximize the primary rate expression R, x[n] Z [n] Z ak [n] Ru g [n] — R
in (21). We have the following inequality o k=1

Z (Z (e (& [n]) + A [n] Rux [n]) ax [n]

|z0,x [“H k=1
_ K33, [ﬂ] hLuS [n] _Jl [} Ren) - 69
Ki+1 The Lagrange dual function of (32) is defined as
K1 KoPri[n] Bok oy 1os i WHag [y Las g(Afn)) = f:ﬁﬁim‘ [m]> Al (%)
il \/{Kl 1) (K 4 1) (b’ [nl) ™ e [n] B n] s.t. (8), (31). (60b)
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It can be seen that the dual function (60) can be divided
into N subproblems that can be solved in parallel. The
n'-th subproblem of (60) can be written as

Z (weF (e [0']) + A '] Ruie [n']) a []

u.l"

3 [n’] Rt., (61a)
s.t. 0 < ag [n] < 1,Vk, (61b)
K
Y ag[n] < 1. (61c)
k=1

It can be easily derived that the optimal solution aj’'[n’]

that maximizes (61) is either a}¥"[n'] =

for

1or uipt[ﬂ"} =0
k # k, where subscript &' comresponds to the index

that maximizes wpF (yx [n']) + A [n'] Ry x [n'] among all

ke {1,y

K'}. This also holds for the case that there are

more than two IRS that have the same maximum value of
wpF (e [0']) + A [n'] Rux [n'] among all k € {1,...,K}.
This thus completes the proof of Theorem 3.
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