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Abstract—This paper studies the unmanned aerial vehicle
(UAV) based multiple intelligent reflecting surface (IRS) network,
where the hovering UAV acts as a base station, and the IRS
enhances signal transmission to across obstacle between users
and UAV. To achieve the maximum sum rate of proposed
communication scenario, a non-convex problem considering IRS
association results, hovering altitude of UAV, and the phase
shift design of multi-IRS is formulated. From the IRS asso-
ciation problem, we can find that the IRS association results
are coupled to the decoding order of non-orthogonal multiple
access (NOMA). To tackle this, a mathematical interference
expansion scheme is developed to decouple it and transform it
to convex by binary relaxation method. The non-convexity of
hovering altitude optimization problem is solved by logarithm
operation, approximation, and auxiliary matrices. For the phase
shift optimization problem of multi-IRS, we propose a gradient
approximation based initial scheme and develop a univariate
optimization based approach on the basis to achieve the users
sum rate improvement in multi-IRS. In the end, we compare the
proposed scheme with baseline scheme to present the superiority
of this work under various network settings. The internal reasons
for the variation of simulation results are also analyzed.

Index Terms—Multi-IRS, sum rate maximization, UAV, IRS
association, hovering altitude, phase shift.

I. INTRODUCTION

The intelligent reflecting surface (IRS) has been selected as
a potential communication medium that can improve the radio
propagation environment intelligently in recent years [1]-[5].
IRS is composed of a set of intelligent reflecting elements,
and every reflecting element could improve the quality of
the initial received signal singly, generally including: phase,
frequency, and amplitude [6]. The current research on IRS
mainly considers the phase shift for performance improvement
of the transmit signal, so the IRS needs no extra transmission
power, which is energy efficient and different from other
technologies. As for the IRS deployment, it is usually fixed on
the outward wall of mansions, mobile vehicles, and ceilings
to help the information transmission for transmitters and
receivers in the base station (BS) scenarios. Additionally, the
integrated utilization of IRS and other network technologies
can give full play to its effectiveness, such as unmanned aerial
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vehicle (UAV) [7], non-orthogonal multiple access (NOMA)
technology [8], multiple-input and multiple-output [9], [10],
etc.

A. Related Works and Motivation

Initially, the researchers proposed to deploy a single IRS to
improve the wireless propagation environment in special areas.
For example, in [11], the authors designed a single-IRS based
multi-user network, where the problem of active BS precoding
and IRS reflecting coefficient for the goal of minimum mean
square error was solved. In [12], the authors investigated the
deployment scenarios both in indoor and outdoor environment,
and revealed the performance gain improved by deployed
IRS. In [13], the IRS was integrated to the study of multi-
direction beamforming, and the authors proposed a successive
signal detection method to optimize the data amount yielded
from systems. In [14], the authors focused on the tradeoff
between network capacity and consumed power by users in
IRS networks, where the reflecting units in IRS was solved
and added into the joint optimization design. The performance
of self-sustainable IRS was studied and unveiled in [15]. In
[16], the authors combined the index modulation with IRS
networks and proposed a spatial modulation scheme for data
rate optimization. In [17], a single IRS was designed to
enhance the communication of ultra-reliable and low-latency
based industrial automation with energy harvesting. While in
[18], the IRS was specially deployed on a UAV. The authors
of it studied the UAV height and the number of elements
optimization problem with mobile IRS. Also in the UAV based
scenario, the authors in [19] studied the composite channel
gain problem considering the wave interference under Rician
fading environment. The proximal policy optimization was
investigated to solve the beamforming design in [20] with
ergodic constraints. Similarly, the same question was studied
by [21], where the work focused on the ratio of data bits to
capacity with the given setting bound in the absence of direct
network link. The IRS was used to enhance the transmission
at the common edge of two cellular BSs in [22], where
the formulated problem considered the optimization of both
resource and phase shift limited to the required service.

However, the research of single IRS cannot achieve the
ultimate performance of the network. The development of
multi-IRS deserves more attention for the large-capacity re-
quirements of the future network. In [23], the authors studied
the coverage probability in the double-IRS based communica-
tion system and optimized the reflecting beamforming for the



maximum coverage probability. In [24], the authors studied
the statistical characterization and network model in multi-
IRS networks, where two purpose oriented solutions were
developed to show the ergodic network capacity and outage
probability performance. In [25], the authors designed a multi-
IRS network model to serve remote users, while the nearby
users still communicated directly through the BS. The same
design about remote and nearby users of BS can also be
found in the [26], but the authors of this paper focused on
NOMA design and highlighted the performance improvement
brought by it based on the signal-to-interference-plus-noise
(SINR) interfered by IRS. The degrees of freedom region
based on IRSs was investigated in [27], where the authors
revealed the influence mechanism of the elements number on
the network. A cooperative multi-RIS based wireless network
was studied in [28], where the closed-form expression of
IRS reflecting coefficient optimization was given according to
delay matching based method. However, the optimization for
lots of elements can be burdensome for online transmission
in IRS, so the authors in [29] studied the offline design
and online optimization based scalable model. The physical
layer security was introduced to IRSs in [30], where the
authors designed a multi-IRS enhanced secure communication
network. To maximize the capacity of line of sight (LoS)
channel empowered multi-IRS network, the authors in [31]
proposed a novel IRS beamforming solution. While in [32],
the authors considered the statistical characterization of ground
users for sum rate optimization. In [33], the authors studied
the deterministic propagation model based signal behaviors
and power scaling for IRSs. The authors also revealed that
the performance of IRS network was improved faster, while
the upper boundary was also limited. In [34], the authors
constructed the weighted rate optimization model for total
equipments considering unit modulus limits in the multi-IRS
network and developed two valid schemes to design it.
Following the technological advancements of UAV networks
[35], the combination of IRS and UAV is not too tough to
achieve. This combination has also received a certain degree
of attention because of the flexible communication. Generally,
this combination is divided into airborne IRS scheme [18],
[19], [36]-[38] and fixed IRS scheme [39]-[43]. In [18], the
authors not only studied the problems previously discussed,
but also divided the network into three settings with and
without IRS to compare the efficacy in different settings.
The optimal design in UAV-IRS setting was also displayed
at last. In [19], the authors considered the wave interference
of reflecting elements in airborne IRS, where the mathematical
boundary for channel gain was derived through approximation
assisted transformation of Gaussian distribution. In [36], the
authors studied the phase error model with von Mises distribu-
tion and tried to use the designed model to present the air to air
channel in mobile IRS networks. In [37], the authors simulated
and analyzed the performance for UAV carried IRS systems,
and the results presented the capacity improvement compared
to the conventional UAV networks. In [38], the expected sum
age-of-information was studied in UAV based IRS networks,
where the altitude of UAV based IRS was optimized by
proximal policy optimization based learning approach. In [39],

the average achievable rate was maximized by the designed
trajectory and beamforming solution. In [40], the reinforce-
ment learning empowered trajectory design problem in the
case of IRS enhanced UAV communications was researched,
and the authors gave the reflecting coefficient optimization
results through the iterative minimization method. In [41], the
authors not only considered the trajectory optimization of the
UAV, but also focused on the IRS scheduling problem. More-
over, the authors designed two different goals and schemes
to present results. In [42], the authors developed a parametric
approximation based successive convex approximation (SCA)
method to complete the iterative design in IRS-assisted UAV
model and revealed that the change of UAV trajectory was
limited by IRS’s size. The benefits of maneuvering of UAV
to network performance were also highlighted in [42]. The
secure UAV communication with IRS was considered in [43],
where the authors proposed a three-stage process to protect
signals to the legitimate user. In [44], the energy harvesting
was considered in UAV based IRS networks with the power
of sensitivity value, where two IRS empowered channel states
were presented to select based on the selection possibility of
it. In [45], the authors used the machine learning approach
to handle the UAV movement and network beamforming in
UAYV based IRSs networks, where the utilization of IRS can
significantly reduce the energy consumption of conventional
UAV networks.

These researches presented models and mechanisms of UAV
based IRS symbiotic wireless networks, but we can find that
the authors focused on the problem of horizontal movement of
UAV in the common context of IRS phase shift optimization.
However, in some practical scenarios such as emergency
rescue and other energy limited networks, the horizontal
movement is often impractical because it consumes the limited
energy of the UAV with the limited payload [46]. At the same
time, the problem of studying the hovering altitude of UAV
in line with the actual needs has not been studied under the
setting of the fixed multi-IRS. Therefore, this work considers a
hovering UAV based network that there are obstacles blocking
communication to enrich the work of UAV-IRS. Based on
this setting we utilize the multi-IRS to enhance the signal for
guaranteeing the service of ground users. Besides, in order to
improve downlink capacity and alleviate the scarcity of limited
spectrum resources, we propose a NOMA-empowered IRS
downlink design. Note that NOMA has been studied with IRS
enhanced networks in [14], [45], but the performance of this
combination in the UAV environment is still worthy of study.
The effects of the channel environment, location deployment,
and association of IRSs in UAV networks on the NOMA-
empowered multi-IRSs are also an appealing study. Moreover,
these researches mainly optimized the energy efficiency and
minimum power consumption with a single IRS, the sum
rate optimization in the network is still attractive for NOMA-
empowered multi-IRS networks. Therefore, in this work we
aim at maximizing the total sum rate of NOMA-empowered
multi-IRS networks by solving the IRS association, hovering
altitude of UAV, and phase shift design problems, while
considering the coupling between IRS association results and
successive interference cancellation (SIC) decoding order of



NOMA. During the solution to solve subproblems, the mathe-
matical interference expansion, approximated transformation,
and gradient approximation (GA) method are developed to
reduce complexity.

B. Contributions
The following points are the main contributions:

o We first design a hovering UAV based multi-IRS network
model considering the network characteristics of both IRS
and UAV. Then, the problem is modeled as a non-convex
optimization problem which maximizes sum rate of total
NOMA empowered users with the limit of maximum
association matrices, hovering altitude, and reflection
angles of elements. To effectively settle this issue, we
split it into a three-stage based optimization process,
which consists of IRS association, hovering altitude of
UAYV, and phase shift design in multi-IRS networks.

o To solve the IRS association problem, the binary asso-
ciation coefficient is relaxed. An interference expansion
scheme is developed to handle the decoupling of IRS
association results and SIC decoding order of NOMA.
Then, we use mathematical transformations and auxiliary
matrices to resolve the non-convexity of the hovering de-
ployment problem of the UAV. The phase shift design of
multi-IRS is a typical multivariate optimization problem,
and a univariate search scheme based on GA method is
proposed to simplify the solving process.

o In the end, a three-stage joint optimization process is
presented, and we discuss the complexity brought by
the proposed solution. Numerical results indicates that
the IRS association results obtained by relaxation and
interference expansion scheme are binary, so the integer
restoration is not required after the initial relaxation.
At the same time, we compare the convergence of the
algorithm under different conditions, as well as making
comparisons among results generated by proposed algo-
rithm and baseline scheme to verify the superiority of the
work.

C. Paper Organization

The structure of this paper is divided into five main parts.
In addition to the introduction and motivational elaboration
in Section I above, Section II formulates the main problem
of the paper. Section III describes the solving process of
the formulated problem. Section IV lists and analyzes the
simulation results. Section V summarizes the whole work.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

The UAV-based multi-IRS networks are considered in Fig.
1, where users are served by the BS based UAV via coexisting
IRS. The UAV is equipped with a single antenna, and the
location can be denoted by

r= [Tx,Ty,T‘Z]T, (D

IRSM
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:.: User 1
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Fig. 1. Proposed UAV-based multi-IRS network with NOMA.

where the horizontal locations keep constant. The hovering
altitude 7. is modeled to satisfy r, € [p@in pmax] pmax
and r7"" denote the extreme range of movement of hovering
altitude that UAV can reach in this scene. The number of
ground users is denoted by [V, and the location of user n can
be expressed as u,, = [uZ,u¥,0]T. Considering the obstacles
between ground users and the UAV, M IRSs are deployed
at suitable locations to associate users. The channel state
information (CSI) is set to be known by the network [39],

[43]. The location of m-th IRS is denoted by

[wi, wh, wi ] )

W, =
There are a total of K reflecting elements on each IRS, and

the matrix of reflection coefficient of IRS m is denoted by
®m = dZClg (ej9m’17 T aejgm"K) ) (3)

where 0,,, ;. means the reflecting coefficient of k-th reflecting
element on IRS m, and 6., ;. € [0, 27].

Let g,, € CE*! represent the channel response vector
between hovering UAV and IRS m. Assumed g, utilize the
Rician model [41] and can be denoted by

_ NLOS
&m = ( R, \/R ¥ >

“4)
where o represents the standard channel power when the
propagation distance is 1m. d,, is the distance between the
UAV and the IRS m, and it can be denoted by

ejenl,k, .

LoS
+1 Sm

A = /It = Wi %, (5)

R, represents the Rician coefficient, and g% is the small

scale fading which follows the complex Gaussian distribution
with zero mean and variance 1. g% is denoted by

COS P,

(6)
where d and w denote the element spacing of IRS and
wavelength of carrier, respectively. p,, denotes the angle of
arrival (AoA). Similarly, let g, , € CHX1 represent the
channel response vector between the IRS m and ground user
n. 8m.n € CE*1 can be denoted by

l mn LOS / NLoS

LoS —j2mdm %

—j 2md(K—1)
gm =e v

_ 2nd
1, e %5t cospm .. o



where R, ,, represents the Rician coefficient, g/ means

the small scale fading which follows the same mathematical

distribution as gVLoS. gLoS is denoted b
m m,n
2mdy, omd a1
ganOS =e I T x [17 e I TR COSpmn L eI T COS P

)]
Let d,, ., and p,, ,, denote the distance and angle of departure,
and we have

Ao = A/ [|[Win — ||, and 9)
COS Py = U;;d— Y (10)

Let Vi n={@m,n, Ym,n}, where v,, ,, denotes association
matrix containing association coefficient @, ,, and @, , = 1
if IRS m is associated with user n, w,, , = 0, otherwise. To
stimulate the deployment effect of multi-IRS, we restrict the
number of users that can be associated with the same IRS and
can get

N
Z D < 9,V

n=1

(1)

Note that the existence of multi-IRSs provides a variety of
options for users. It is more reasonable that the numerical
size of ¥ should not be limited, because an IRS may fail
to associate any users. That means that all users may be
associated with the same IRS. Meanwhile, one user should
be associated with one IRS, thus we can get

M
E Wm,n = 1,Vn.
m=1

Specifically, each IRS uses the same subchannel, and
NOMA is used to improve spectral efficiency from IRS to
user. The SIC is employed at the user equipment to reduce
interference by NOMA. Based on the decoding order from the
channel condition, users which have the poorer channel state
receive the interference from stronger one. Let IV, ,, denote
the user set that can generate the interference to user n of IRS
m obtained by the above channel condition based judgment
rules, then the SINR and sum rate of ground user n served by
IRS m is

12)

T@ 2

SINRyp, = P (81 Omm.n) ——— and (13)

Z pm,,n’ (gyjr;@mgm,n) + 0—2

n'€ENm n

Pm.n (gZL@mgm n)2

"Ym,n:wm,nlogQ 1+ : T : 2 2 )
Z pmn’(gmemgm,n) +o
n'€Nm n
i (14)
where Y P (8L©m8m,n) represents the received
n'€Nm,n

interference from user n’ by NOMA, p,, ,, and o2 denote the
transmit power and noise power, respectively.

B. Problem Formulation

The goal of this work is to maximize the sum rate of the
proposed UAV based multi-IRS NOMA network. Then the
sum rate can be optimized by solving

M N
max > Ym,n

V7n,na7'z7®'nl m=1n=1

Cl:wmn, €[0,1],Ym,n,
N

C2: Z Wm,n < 9,Vm,
n=1

M
> W = 1,n,

m .
min max
T, € [’I‘Z y Ty ] s

0 < i < 27, Ym, k.

s.t.
(15)

C3:

C4:
5 :

Problem (15) can be solved by optimizing IRS association
matrix v,, »,, UAV hovering altitude r,, and IRS reflection
matrix ©,,. However, solving this problem directly has exces-
sive complexity considering following some reasons. Firstly,
the IRS association coefficient ,, ;, is a binary variable and it
determines the decoding order and interference to other users
by NOMA in equation (14), which resulting in the coupling of
IRS association and SIC decoding order. Second, the problem
fundamentally shows non-convexity with respect to (w.r.t.) the
UAV hovering altitude and reflecting coefficient matrices.

III. MULTI-STAGE BASED SOLUTION TO PROBLEM (15)

Deploy the UAV in the target area with a
fixed horizontal location

J

IRS association

Three stage based joint process
Hovering .
. Phase shift
altitude

Fig. 2. The proposed multi-stage based optimization process.

joint process

In this section, problem (15) is divided into a three-stage
based process to solve as shown in Fig. 2. First, the network
will determine which user’s signal will be enhanced by every
IRS according to the IRS association results, when the UAV is
deployed in a special scenario where the direct communication
is difficult. Then, according to the assigned association results,
we return to optimize the hovering altitude of UAV. Finally we
optimize the design of multi-IRS utilizing the results-improved
two solutions. Note that a two-stage based joint optimization
process consisting of hovering altitude and phase shift is also
developed to show the performance at last.



A. IRS Association

Substituting the known UAV altitude r, and IRS reflection
matrix ©,,, into the equation (14), we can get the problem of
the association matrix as follows:

M N
max y Y Ymn

Vm,n m=1n=1

s.t. C1-C3.

(16)

C1 represents the binary of the association coefficient, C2
represents the maximum association number of users for an
IRS, and C3 represents that each user should be associated
and served by an IRS.

Restricted by the binary constraint C1, it is not effective to
directly solve problem (16). Relaxing w,,,, as a continuous
variable, and we can get

0 <wmn <1,Vm,n. 17
Thus, the initial problem (16) can be converted to
M N
max 'm,n
Vm,n 'mZ::l n2::1 7 (18)

st.  C2,C3,(17).

Note that IRS association results and SIC decoding order
of NOMA are coupled, so the above problem cannot also be
effectively solved considering the interference from NOMA
to the co-IRS users. To efficiently handle it, an interference
expansion scheme is developed below.

The original data rate of user n is v, , in equation (14),
however let the user not be affected by the SIC decoding
order when processing to the interference from NOMA, which
means user with the poorest channel condition receives the
interference from total users of all IRSs, we can rewrite 7, ,
as

P (8L O mgmn)’

Z Pm,n’ (gﬁgmgm7n>2+02
n'€N/n

b

Venm = @m,nlogy [1+

(19)
where we can see

Z pm,n/ (g%Gmgm,n)2 Z Z pm,n’ (g£®mgm,n)27

n'eN/n n' €N n
(20)
and
M N M N
2D S 2L D @1
m=1n=1 m=1n=1
Therefore, the problem (18) can be represented by
max I'TL n
Vinom mzl ,LZ_: o (22)

s.t. C2,C3,(17).

Problem (22) is convex, and this paper uses CVX to solve it.
Even if we scale the original problem in mathematical space,
the optimal solution of the current (22) also satisfies problem
(16) as a suboptimal solution. The detailed interference expan-
sion scheme is shown in the following. Note that even though

the IRS association coefficient w,, , is relaxed to a continuous
variable, the optimized results of (22) are still binary variables
of 0 and 1, not a decimal. Therefore, there is no need to add
another loop to the outer layer of algorithm 1 to improve the
quality of the solution, iteratively.

Algorithm 1 Interference expansion scheme for IRS associa-
tion
1: Initialize the hovering altitude r, of UAV and IRS reflect-
ing coefficient matrix ®,,
2: Get SIC decoding order based on the interference expan-
sion scheme v¥
3: Get the IRS a55001ati0n matrix v,, , via CVX by solving

2

% JZVI log, [14—ctmn (EnOmEm.n)
max Wm,nl0gy (11 S p (gL Omg Vo2

Vm,mm=1n=1 Ry m,n mYmE8m,n

st. €2,03,(17).

4: Update v, .
5: Update vy, .

B. UAV Hovering Altitude

As for the hovering altitude of UAV, the problem (15) can
be transformed to

M N
max »; Ym,n

"> m=1n=1 (23)
s.t. C4.
To solve it, we can rewrite the objective as
2
TYm,n = 10g2 < Z Pm,n (grjr;@mgm,n) + 02)
nEN,
2
_IOgQ < Z Pm,n’ (gg;@mgm,n) + 02)
n/ENm n
10g2< E Pm,n (g ®7ngm n) >
dh nENm
Y mon
! ey © ) 40"
—1082 2 Pm,n (g m8&m, n) ’
dyt(r—wiy ) &5
Y mon
(24
where
dy, = (ry —wj,)* + (ry —w}y)?, (25)
T /T e%y]
gn=8m| 5>———= |, and (26)
&+ (r. — wz/)2>
/ LoS NLoS
=4/ . 27
g m R + 1 R + 1 g’ﬂl ( )

According to the convex optimization theory, the boundary of
Yomn could be derived with it’s first order Taylor expansion
w.rt. (r. — w?)?, since the former is convex w.r.t. the latter.



2 3 pm,n’gzz@mgm,n|gmg£,n

nEN,
€ =1l

2 X

n' €Nm n

Pm,n/ |g£®mgm,n| gmgg,n

neEN,

In2 Z pvrz,n(gg;z@mgvrz,n)2+0'2

_ (35)

In2 E Pm,n’ (gz;L@mgm,n)2 + o2

n' €N, n

The AoA in g’,, uses the value in the last iteration to make
it easier to solve. Then, vjmn can be replaced as follows,

2
T
ﬂ}/m,nz 10g2<d}21+(r?40w2 )2 me,n (g/m®mgm,n)+02>
Wm) L ENL

B ((rz—wfn)z—(ri—wf,JQ)
In Z(di-i—(?“;—wfn)z)?

2
a0 X pmn(g T Omemn)
nENm _ ,y/new
% 1T 2 2 - m,n*
di-f—(ré—mfn)z ne;\fm p7rL,7L(g m®1ng7n,n) +o
(28)

where ¢ denotes the hovering altitude of ¢-th iteration. Next
we introduce an auxiliary variable matrix g containing vari-
ables i,,, and let

(rs — w2)? > pim, Y. (29)

Based on this transformation, 7", ,, could be rewritten as

rmew

1
Y m,n < Y m,n

2
T
=log, (d;i‘;m > pm,n'(g’m(amgm,n) +0°

n'€Nm n
(30)
Thus, problem (23) can be transformed to
Mo N ymew mew
max Y mn — 7 mn
max 3. 2 ("'m, ) a1)

s.t. C4,(29).

Note that constraint (29) appears to be concave w.r.t. r,, thus
it is transformed by it’s Taylor expansion. And, we can have

fim < (rt —w?)? +2(rt — w3 (ro — ), ¥m. (32)

The hovering altitude optimization problem is finally denoted
by the following convex form:

( ymew

/rmew
m,n

m,n

(33)

The following algorithm 2 gives the complete solution flow.
Note that adding an iterative loop to the solution process can
improve the quality of the final results.

Algorithm 2 SCA based scheme for hovering altitude opti-
mization

1: Initialize the IRS association matrix v,, , and IRS reflect-
ing coefficient matrix ©,y,.

2: Initialize a hovering altitude solution 77
iteration ¢ = 0, and tolerance &.

, the number of

3: repeat
Get the hovering altitude solution 7, by solving
M N
new new

’I’Izn,la;)ri mZ:1 ngl (’Y/m,n - ”m,n)
s.t. C4, (32).

50 t=t+1.

6 ri=r,.

7: until [rt —ri ] <&

C. Phase Shift Design

After solving the above two problems, the phase shift design
problem of multi-IRS is eventually represented by

M N
max 3. 3 Ymn

m m=1n=1

s.t. Cbh.

(34)

Considering the complexity of multiple reflection coefficient
matrices, a gradient approximation based univariate optimiza-
tion (GAUQO) solution [47] is utilized in this sub-section
to handle the above multivariate optimization problem. This
solution consists of two steps to achieve the transformation of
it.

Step 1: Let 7y, , (0,,) denote the sum rate of user n served
by IRS m w.r.t. the reflection coefficient matrix 6,,, where
em = [Om,laem,Q; ) om,ky Tt am,K] Since Ym,n (em) is
relatively complicated w.r.t. 6,,, we can approximate the
gradient of it via matrix derivation and denote it by (35),
where

T

1717"'3171
—_————
K

Ly = (36)

denotes the auxiliary vector to satisfy the matrix dimension
requirement of . Based on the approximated gradient, we
can have an improved initial scheme with the metric of the
objective through solving

M N
5= mom (0%, + €6), 37
arg;naxZZ’y , ( E) (37)

m=1n=1

where § denotes the step coefficient, 09n denotes the initial
scheme, and (02,, + 55) denotes the improved initial scheme.

This scheme is a typical univariate problem and can be solved
by Fibonacci section.



Step 2: Let A denote k-th column of matrix A, where

A =diag | 1,1,---,1,1 (38)
—_———

K

The univariate problem for optimizing the k-th reflection
element coefficient of IRS m can be denoted by

M N
Cm,k = argmax Z Z Ym,n (Bgn + Aka,k) (39)

Cmk =1 n—1

Cm,k 18 the factor coefficient of k-th reflection element of IRS
m, and 67, denotes the results of j-th iteration.

Algorithm 3 GAUO solution for phase shift design
1: Initialize the IRS association matrix ®,, and hovering
altitude r, of UAV.
2: Initialize the reflection coefficient matrix 6,,, A, o, and
j=1
3: Step 1
4: Get improved initial scheme by solving problem (37).
5: 971n = 921 + 4.
6: Step 2
7
8
9

: form=1to M do

repeat

: for K =1to K do
10: Get (i for given 67, by solving (39).
1 0), = 6) + Ayl k-
12: end for
13: j=7+1
14 until |6, — 6771 <o.
15: end for

D. Overall Design and Analysis

A three-stage based joint optimization scheme can be devel-
oped in algorithm 4 to enhance the quality of overall solutions
while improving some complexity. In particular, when M
equals to 1, the algorithm evolves into a two-stage joint
optimization process. According to the complexity of interior
point method, the mathematical complexity in algorithm 1
is calculated by X;M?3, where X; denotes the number of
iteration. And the complexity of algorithm 2 is X5 log (% ,
where Xo is the number of iteration in algorithm 2. The
complexity of algorithm 3 can be denoted by M X3K X4,
where X3 denotes the number of outer iteration, and Xy
denotes the process of Fibonacci section in step 10. Eventually,
the complexity of the proposed joint process is v

O X | XiM35 + Xylog (1/€) + MX3KX, | |,
N—_——

Stage 3

(40)

Stage 1 Stage 2

where X denotes the number of iteration in the outer loop.

Algorithm 4 Three stage based joint optimization process

1: Initialize the IRS association matrix ®° and hovering
altitude 79 of UAV.

. Initialize 7 = 0 and tolerance 7).

: repeat

T=T1+1.

Optimize and get vy, , by algorithm 1 based on the

known r7~! and @71,

6:  Optimize and get r] by algorithm 2 based on the known
Vi, and @771,

7:  Optimize and get ©7 by algorithm 3 based on the
known 77 and v,

m,n*

8:  Update the objective f7,; based on vy, ., 77, and ©7.
o: wntil |f7,, — /7' <n.

I'V. NUMERICAL RESULTS

To demonstrate and verify the rationality of designed
scheme in this work, we list some main simulation results
in this section. The noise is —174 dBm/Hz [48]. The initial
location of UAV is [O,O,rZ}T, where 7, is 120, 150, or 180
in different scenarios. The number of IRS is set to be 2.
The locations of IRSs are [100,100,55]" and [80, 80,65 .
10 users are randomly distributed within a reasonable range
to receive signals from IRSs, and the maximum number ¢
of users in an IRS is 6. aq is set to be 1073, R,, = 1,
Ry, = 1, and % = 0.5.The initial association scheme
v0 ={@m.n = 1,¥m,n}. The transmit power of each user
is fixed on 0.01 Watt, and each IRS uses a subchannel with
the bandwidth 10° Hz.

Fig. 3 gives the convergence performance in proposed
solution. In Fig. 3(a), there are total 1 IRS, and the IRS is
set to associate all users. The two-stage process consists of the
hovering altitude of UAV and IRS reflecting coefficient matrix.
Fig. 3(b) and Fig. 3(c) depict the convergence of the scheme
with 2 IRSs, while the IRS association matrix stays unchanged
in Fig. 3(b), and Fig. 3(c) shows the convergence of algorithm
4, as well as the small gap between the proposed algorithm and
the optimal scheme obtained by exhaustive search approach.
From these three figures, results indicate that the proposed
algorithm could converge with a lower number of iteration.

The network deployment is shown in Fig. 4, where the
optimized location of UAV is [0, 0,64.7255] in Fig. 4(a) and
[0,0,61.3625] in Fig. 4(b), represented by a square. The
locations of multi-IRSs are [80,80,65], [100,100,56], and
[120,120,50]. Fig. 4 also shows the IRS-user association
results optimized by proposed interference expansion based
algorithm 1, and we can see in Fig. 4(a) that IRS 1 is
associated with 4 users, while IRS 2 is associated with the
remaining six users. The IRS association coefficient results
obtained by algorithm 1 are still binary variables, so the
method of rounding is not used to restore the binary variable
even after relaxation. When the number of IRS increases, some
users will be associated with a more suitable IRS limited
to the maximum number associated with one IRS or the
network performance, and the altitude of the UAV will change
accordingly. In the scenarios, it is assumed that there is an
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Fig. 4. The network deployment and IRS-user association results.

obstacle that hinders communication between users and the
UAV, so there is no direct link between these two. Based
on this assuming, the locations of users are relatively far
from this UAV, and IRSs are deployed at a high position
between users and UAV to facilitate communication. Note that
it is also assumed that the reflected signal of IRSs can be
perfectly passed to users, so the user does not have the case
of detachment of the IRS reflection area.
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Number of iteration

(b) M=2, two-stage process

Number of iteration

(c) M=2, three-stage process

O User
< RS
O UAV

x (m) y(m)

(b) M=3

1r 3 4 5 6 7 7

Total sum rate of users (bps/Hz)

—&— Proposed algorithm, r}=120m
05 —#— Proposed algorithm, r;:lSOm 1

—6— Proposed algorithm, r;:lBOm

oL# I I I
0 5 10 15 20 25 30

Number of iteration

Fig. 6. The sum rate of networks under different initial altitude.

Fig. 5 shows the hovering altitude changes of the UAV after
optimization using the proposed algorithm 2 at different initial
hovering altitudes. It can be seen that three curves converge to
the optimal solution with 5 to 7 iterations. The corresponding
network sum rate changes are shown in Fig. 6. The final sum
rate does not converge to the same value because the small-
scale fading is different for different initial hovering altitude.

The performance of the solved multi-IRS design is dis-
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Fig. 7. The sum rate versus the optimization of k-th reflecting element in
multi-IRS networks.

played in Fig. 7. The abscissa indicates the number of elements
which are now optimized. The different schemes in the figure
represent different initial reflection coefficient results. It can be
seen that the entire optimization result is a non-decreasing pro-
cess, because the proposed scheme is a univariate optimization
problem. As the optimization elements increase, the value of
the objective function will definitely be equal or higher. Very
few values of two adjacent points are the same because the
optimization effect of the second point is the same as the initial
result of this point, and the corresponding ¢y, j, is equal to 0, so
it will not change. There is a gap between different schemes,
even if the gap is not large, which means that the proposed
algorithm has lost the optimality to a certain extent. However,
this can be improved by adding a loop to the outermost layer
of the phase shift optimization algorithm.

The results variation of sum rate with different amount of
reflecting elements are displayed in Fig. 8. Baseline scheme in
this figure represents the existing simplified univariate search
method. From the analysis of results, the sum rate of these
two IRSs under different schemes shows incremental changes
following the replenishment of reflecting elements in multi-
IRS, because the increase in the number of elements also
produces higher channel gain. At the same time, the pro-
posed optimization algorithm performs better than the baseline
scheme because the initial value of the proposed algorithm
is better. The fixed scheme of IRS 1 is put at the end for
comparison. Note that the obtained sum rate at this time tends
to be obviously higher than the results in previous figures as
the number of elements in IRS in the simulation here is larger
than before.

We also set up different number of served users to test
results obtained by designed multi-IRS scheme in Fig. 9 and
Fig. 10. When m = 1, the only IRS still has to perform
association optimization, instead of directly associating all
users. The numerical size of ¥ exceeds all users when there
are 4 or 5 users, so the optimized association results show
that the IRS is associated with all users actually. Intuitively,
the relationship between the number of users in the multi-
IRS network and optimized sum rate is a linearly increasing
process in Fig. 9. This is because the number of users

—6— Proposed algorithm, IRS 1
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—F&— Baseline scheme, IRS 1

—&— Baseline scheme, IRS 2
Fixed §=7/3
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Fig. 8. The sum rate versus the number of reflection elements in multi-IRS
networks.
b
35r —©— Proposed algorithm, M=3 :
—%— Baseline scheme, M=3
§ —+&— Proposed algorithm, M=1
5 37 —+— Baseline scheme, M=1 i
s
12
5 25
12}
=1
S 2t
o
g
g15F
3
n
B
S 1r
2
05§
3 4 5 6 7 8 9 10
Number of users
Fig. 9. The sum rate versus the number of users with different number of
IRS.

served by network also increases, so it can choose users
with better gains to serve when we add more users to the
simulation scenario. The sum rate in proposed scheme is
slightly higher than that in the baseline scheme, and the
accumulated advantage still exists when the number of IRS
also increases. The proposed algorithm was compared with
the scheme without any optimization in Fig. 10, where we can
find the performance improvement by the proposed algorithm.

V. CONCLUSION

In this paper, we designed a hovering UAV based multi-
IRS NOMA network to achieve communication across ground
obstacles. A three-stage joint optimization process involving
IRS association, hovering altitude, and phase shift design in
multi-IRS was designed to maximize the network sum rate.
Particularly, a mathematical interference expansion scheme
was proposed to make the convex optimization transformation
of the IRS association problem by decoupling the user asso-
ciation and SIC decoding of NOMA. The hovering altitude
optimization problem of UAV was converted into the convex
to solve by means of logarithmic operation, relaxation, and
auxiliary variables. Finally, we used a GA method based
univariate search approach to optimize the reflecting coeffi-
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cient problem for multiple IRSs. The simulation results at
the end showed that our proposed optimization scheme can
outperform the baseline scheme. This work also presented
and analyzed how the performance results changed with some
network parameters to fully explain our design.
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