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Resource Allocation for Power Minimization 1n

RIS-assisted Multi-UAV Networks with NOMA

Wanmei Feng, Member, IEEE, Jie Tang, Senior Member, IEEE,
Qingqing Wu, Member, IEEE, Yuli Fu, Xiuyin Zhang, Fellow, IEEE,
Daniel K. C. So, Senior Member, IEEE and Kai-Kit Wong, Fellow, IEEE

Abstract

Reconfigurable intelligent surface (RIS) is a promising technique that smartly reshapes wireless
propagation environment in the future wireless networks. In this paper, we apply RIS to an unmanned
aerial vehicle (UAV)-assisted non-orthogonal multiple access (NOMA) network, in which the transmit
signals from multiple UAVs to ground users are strengthened through RIS. Our objective is to minimize
the power consumption of the system while meeting the constraints of minimum data rate for users and
minimum inter-UAV distance. The formulated optimization problem is non-convex by jointly optimizing
the position of UAVs, RIS reflection coefficients, transmit power, active beamforming vectors and
decoding order, and thus is quite hard to solve optimally. To tackle this problem, we divide the
resultant optimization problem into four independent subproblems, and solve them in an iterative
manner. In particular, we first consider the sub-solution of UAVs placement which can be obtained
via the successive convex approximation (SCA) and maximum ratio transmission (MRT). By applying
the Gaussian randomization procedure, we yield the closed-form expression for the RIS reflection
coefficients. Subsequently, the transmit power is optimized using standard convex optimization methods.
Finally, a dynamic-order decoding scheme is presented for optimizing the NOMA decoding order in order
to guarantee fairness among users. Simulation results verify that our designed joint UAV deployment
and resource allocation scheme can effectively reduce the total power consumption compared to the
benchmark methods, thus verifying the advantages of combining RIS into the multi-UAV assisted NOMA

networks.

Index Terms

Non-orthogonal multiple access (NOMA), resource allocation, unmanned aerial vehicles (UAVs),

reconfigurable intelligent surface (RIS)
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I. INTRODUCTION

The dramatic proliferation of Internet-of-Things (IoT) has caused the ever-growing number
of wireless devices, which are envisioned to support smart applications including automatic
manufacturing, virtual reality, smart homes and smart city [1]. To this end, high performance
requirements such as low-latency communication, ultra-high capacity, and massive connectivity
must be met. Non-orthogonal multiple access (NOMA) is viewed as one of the emerging
solutions for meeting these stringent requirements. By employing superposition coding (SC) at
the transmitter side and successive interference cancellation (SIC) at the receiver side, NOMA
can simultaneously serve several users with the same physical resource (i.e., time, frequency and
code) [2], [3]. This makes NOMA capable of increasing the connection density and enhancing the
spectral efficiency (SE). Nevertheless, despite the advantages provided by NOMA schemes, the
performance gain of NOMA is still fundamentally limited by signal propagation environments,
especially for users with small channel gain differences.

Recently, reconfigurable intelligent surface (RIS) is a potential technique for controlling the
wireless propagation environments [4], [5]. In particular, RIS is a planar surface structure com-
prised of multiple low-power reflecting units, where each unit is smartly tuned by programming
integrated circuits (ICs) with different amplitude and phase of the reflected signals [5], [6]. This
enables the reflected signal propagations to be reconfigured, thus improving the communication
quality. If NOMA and RIS are properly combined, the channel conditions of users can be
changed flexibly by adjusting phase shifts at the RIS, which adds new degree-of-freedom (DoF)
for improving the system performance [7]-[12]. For example, a sequential rotation scheme was
presented in [7] to minimize the power consumed by a RIS-aided downlink NOMA system
subject to the minimum signal-to-interference-ratio (SINR) thresholds, where the power control
and RIS reflection coefficients were jointly considered. In [8], an energy minimization framework
was studied in a RIS-empowered NOMA network, where the transmit beamforming and the
phase shifts at the RIS were optimized, and solved by the alternating optimization approach. In
[9], a three-step resource scheduling method was investigated to maximize the total throughput
by considering the channel allocation, NOMA decoding order and RIS reflection matrix in
a RIS-assisted NOMA system. In [10], a resource management strategy was investigated to

maximize the total throughput of a RIS-assisted uplink NOMA network subject to transmit
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power constraints, where the power control and RIS phase shift matrix were optimized. In [11],
a weighted sum-rate maximization problem was investigated in a RIS-assisted NOMA network,
in which the deployment of RIS and RIS reflection coefficients in addition to power allocation
were considered, and tackled via the monotonic optimization method and semidefinite relaxation
approach. In [12], an effective approach was proposed to maximize the energy efficiency (EE)
in RIS-NOMA networks, where the active beamforming vectors and RIS reflection coefficients
were taken into account. However, since the RISs deployed on facades of buildings or walls can
only serve users distributed in the front half-space, it is difficult to meet the quality-of-service
(QoS) of edge users in terrestrial RIS-enhanced wireless networks.

Due to the advantages of high mobility, autonomy and low-cost, unmanned aerial vehicles
(UAVs) can be promptly dispatched to provide reliable services for edge users, and thus it
has been extensively used in many fields including information dissemination [3], mobile edge
computing (MEC) [13], wireless relay networks [14], wireless power transfer [15] and secure
communication systems [16]. By applying RIS into UAV-assisted wireless networks, “virtual”
line-of-sight (LoS) links between UAVs and ground users can be created by adjusting the
phase reflection coefficients and the placement of UAVs. In particular, there are two kinds of
architecture diagrams in RIS-based UAV systems. On one hand, the RISs are placed at fixed
locations on the ground, which can enhance the received signal power from UAVs to edge users.
The other architecture diagram is called aerial RIS (ARIS), where UAVs are equipped with
a RIS to achieve intelligent control from the sky. As such, the network coverage for a given
geographical area can be significantly enhanced. Consequently, RIS-based UAV communications
have received much attention in the academia [17]—[24]. The authors in [17] aimed at maximizing
the average achievable rate in a RIS-aided UAV system, where the UAV flight planning and
RIS reflection matrix were considered. In [18], a parametric approximation approach and an
iterative optimization approach were employed to maximize the system throughput in a RIS-
aided UAV orthogonal frequency division multiplexing Access (OFDMA) system, in which the
flight trajectory of UAV, RIS scheduling and communication resource allocation were optimized.
In [19], an effective scheme was investigated to maximize the received signal strength in a multi-
RIS-aided UAV network, where a closed-form solution for the RIS reflection coefficients was
obtained. In [20], a RIS-assisted UAV scheme was proposed to enhance the system performance

in UAV communication networks, in which closed-form solutions for the outage probability,
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average throughput and bit-error-rate (BER) were investigated. In [21], the problem of maxi-
mizing the minimum SINR was studied in an ARIS-enabled wireless communication system,
where the transmit beamforming, 3D passive beamforming and horizontal ARIS placement were
optimized. In [22], the authors investigated three different transmission schemes for a UAV-RIS
relaying system, where the closed-form solutions for EE, ergodic capacity and outage probability
were derived. An efficient iterative method for a RIS-assisted uplink wireless communication
network was presented in [23] to maximize the secure EE, in which the trajectory of the UAV,
RIS reflection matrix, user association and power allocation were considered. The authors in
[24] studied the total transmit power minimization problem in UAV-assisted RIS heterogeneous
networks, where the trajectory/velocity of UAVs, active beamformers, subcarrier allocations and
RISs’ phase shifts are jointly optimized. Simulation results demonstrated that the transmit power
of the system could be significantly reduced compared with the benchmark schemes. Based on the
previous researches on RIS-aided UAV communications, the application of NOMA within UAV-
RIS wireless networks can further improve the SE and support massive connectivity [25], [26].
A deep-Q-network (D-DQN) based method was studied in [25] to optimize the movement of the
UAYV, RIS phase-shift matrix, transmit power and NOMA decoding orders, in order to minimize
the total energy cost of UAV-RIS wireless networks. In [26], a sum-throughput maximization
problem was investigated in a RIS-aided multi-UAV NOMA system, in which the position and
power allocation of UAVs, RIS’s phase-shift matrix and NOMA decoding orders were optimized,
and solved by the block coordinate descent (BCD)-based method.

A. Main Contributions

Prior works concentrate on investigating the resource allocation schemes for RIS-assisted
NOMA systems [7]-[12], where the UAVs are not considered to provide reliable services for
edge users. On the other hand, if UAVs are applied to RIS-asssited NOMA systems, line-of-
sight (LoS) transmission links between access points and edge users are established to improve
system performance by adjusting its locations. Moreover, the works in [17]-[24] focus on
maximizing the system performance in RIS-assisted UAV networks [17]-[20], ARIS-enabled
wireless communication networks [21]-[24]. However, these algorithms do not fully exploit
NOMA for improving the system throughput, especially when the users are located in ultra-dense

wireless networks. In this case, these schemes may not meet the QoS requirements of massive
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access and cause severe interference. In addition, the work in [25] focuses on minimizing the
energy cost in RIS-NOMA UAV networks. However, this scheme cannot be applied directly to
design effective resource allocation policies for users distributed in specific areas since only a
single UAV is taken into account. In particular, a single UAV used in specific scenarios such as
disaster areas and vehicular networks, may not be able to finish complicated tasks. This leads
to its limitations in large-scale applications. The work in [26] aims to investigate the resource
allocation strategy for a RIS-enhanced multi-UAV NOMA network, while assuming a single
antenna mounted on both UAVs and users. In this case, users will experience severe interference
from other co-channel UAVs. Thus, the algorithm in [26] may not meet the QoS demands
of users and reduce the energy cost of the system, particularly in users with weak channel
quality. UAV equipped with multiple antennas can separate users with angular separation, and
thus mitigates co-channel interference and improve network performance [27]. Inspired by the
previous observations, we investigate a RIS-assisted multi-UAV network with NOMA, where all
UAVs equipped with multiple antennas establish communication links with users through the
RIS. By considering the optimization of UAVs placement control, RIS reflection coefficients
and resource allocation, this framework not only strengthens the signal reception at users and
mitigates co-interference, but also satisfies the QoS metrics of massive access. Besides, through
dynamically controlling the locations of UAVs and realizing the cooperation between UAVs and
RIS, this framework provides reliable communication services to edge users, and thereby can
be adopted in many applications including disaster areas, wide areas, vehicular networks and
ultra-dense wireless networks. The contributions are outlined as follows.

e We formulate a NOMA-based resource allocation framework for a RIS-enabled multi-UAV
system. Our objective is to minimize the total power consumption while meeting the con-
straints of the minimum data rate for users and a minimum inter-UAV distance. The design
optimization problem is non-convex by jointly optimizing the UAV’s position, RIS reflection
coefficients, active beamforming vectors and decoding order, which is extremely hard to
tackle directly. Therefore, we develop a joint UAV deployment and resource allocation
scheme to address this issue.

e In particular, we divide the considered problem into four sub-problems, and optimize the

position of UAVs, active beamforming vectors, RIS reflection matrix, transmit power and

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



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2023.3298984

Antenna [\ =
aray

Fig. 1: Illustration of a RIS-assisted multi-UAV system with NOMA.

decoding order in an iterative manner. By applying maximum ratio transmission (MRT), we
first yield the closed-form solution for the active beamforming vectors. Based on the solved
beamforming vectors, we reformulate the power consumption minimization problem with
the constraint of average minimum data rate, from which we consider the sub-solution of the
UAV’s position that can be achieved through the successive convex approximation (SCA)
technique. Then, we derive a closed-form expression for the RIS reflection coefficients by
the Gaussian randomization procedure. After that, effective convex optimization methods
are applied to optimize the transmit power. Finally, we present a dynamic-order decoding
scheme to optimize the NOMA decoding order.

e Simulation results show that our designed joint UAV placement and resource allocation
algorithm can effectively reduce the total power consumption compared to the benchmark
methods, thus verifying the advantages of combining RIS into the multi-UAV assisted
NOMA networks.

B. Organization and Notation

The remainder of this paper is outlined as belows. The channel model for RIS-assisted multi-
UAV systems and the sum-power minimization problem are presented in Section II. In Section
III, the joint UAV placement and resource allocation scheme is presented to tackle the power
minimization problem. Simulation results are presented to demonstrate the superior performance
of our proposed algorithm in Section IV. Conclusions are drawn in Section V.

The notations are exploited in this paper. a’ and a” indicate the transpose and conjugate
transpose of the vector a. [a],, and ||a| indicate the mth unit and the Euclidean norm of the

vector a. C**¥ represents the space of x x y complex-value vectors. A denotes a matrix, and
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tr(A) is the trace of A. rank(A) is the rank of A and A3 is the square-root of A. A > 0
indicates that A is positive semi-definite. For any arbitrary-size matrix S, S” and S” denote the
conjugate transpose and transpose. 0 and I represent the all-zero matrix and the identity matrix.
E{-} indicates statistical expectation and Re{-} represents the real part. Za indicates the phase

of the complex number a.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As depicted in Fig. 1, we consider a RIS-assisted multi-UAV network, in which K rotary-
wing UAVs are dispatched as flying base stations (BSs) providing wireless services to /V,, ground
users. Since the direct links between UAVs and ground users are obstructed by obstacles, a RIS
with N reflecting units is placed on the ground to reflect the received signals from UAVs to users
L. All the UAVs are setup with IN; antennas and each user has single antenna. In particular, it is
assumed that the ground users are static and their locations (i.e., GPS location information) are
known by UAVs. The N, ground users is divided into K groups, wherein each group can only
connect to an UAV. We denote the indices of UAVs and its corresponding connected user groups
by K ={1,2,---, K} and the indices of users in the kth group by My = {1,2,--- | M}}. Define
the location of the (k,7)th user as w¥ = [2¥ ¥ M7 Vi € My, k € K, while the location of the
RIS is denoted as w,. = [z, ¥, z,]7. The 3D location of the kth UAV is qi = [zx, ys, H]?. Here,
the altitude of all UAVs are fixed at H, which corresponds to the minimum altitude required
for covering serving areas and avoiding buildings. © = diag(e/? ... e/ ... €¥) is the RIS

reflection matrix, where 6,, € [0, 27) denotes the phase shift parameter of the nth reflecting unit.

B. Channel Model for RIS-assisted multi-UAV networks

Similar to [17], [18], the links between the RIS and UAVs are assumed to be LoS-dominated

since UAVs fly at high altitudes and the RIS can be properly deployed on the facade of building.

"Noted that the conventional channel estimation methods can be exploited to evaluate the UAV-RIS channel and the RIS-user
channels [28]. In this paper, it is assumed that the parameters of the combined channels are estimated by the channel estimation
scheme in [29]. In particular, the short-OFDM symbols through the inverse discrete Fourier transform (IDFT) are first used for
channel training. Then, the least-squares (LS) estimation scheme is employed to evaluate the parameters of the direct channel
and the cascaded channels. Finally, the minimum mean squared error (MMSE) is used for LS channel estimation to further
diminish the computational complexity.
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Let A and d be the wavelength and the antenna separation [30]. We denote the cosine of angle-
of-arrival (AoA) and angle-of-departure (AoD) of signals as cos, and cos ), which holds
Cos pp = cos Yy = —=—2k- [26], [31]. The channel between the kth UAV to the RIS is [19]

||W7"_QkH
Po _T ~
8r = /77— 58k 8k (D
V llaw — w[]2="

where pq indicates the path loss at the reference distance of 1 meter. g; and g indicate the

array responses that can be expressed as

8k = [17 eijQL/\d COSWV? T €7j2ﬁd(i\[71> COSWV]T7 (2)
G = [1, e B coswn L. omi IR cosu T 3)

On the other hand, since there exists local scatterers around the ground nodes and the UAVs/RIS
are deployed at high altitude, the channels between UAV/RIS and users include both the LoS
and NLoS components [32]. Thus, we employ the Rician channel model for the UAV-user links
and RIS-user links. Then, the channel between the jth UAV to the (k,4)th user is written as [18]

' Po Kug 3 1 ~.
o \/llqj — w o <\/Hug+1 KT Ky £ 1 ’“) @

where H?“ indicates the deterministic LoS component, flﬁm ~ CN(0,Iy,) denotes the NLoS

components, a,, represents the path loss exponent associated with the UAV-user links, and r,,

is the Rician factor. Similarly, the channel between the RIS and the (k,)th user is [18]

00 Krg _ |
Ti = i T+ [ ——Tri | (%)
[ — wi||ors firg + 1 firg + 1
= —5 2 cos ¢y s 7j727rd(N71) cos ¢ ;1T
where T;,; = [1,e77 73 deee e X +]* represents the LoS component, cos ¢y ; =

”vi}i%T” denotes the cosine of the AoD from the RIS towards the (k,7)th user, T%; ~ CN(0,Iy)

indicates the NLoS components, o, indicates the path loss exponent associated with the RIS-user

links, and x,, denotes the Rician factor.

C. NOMA transmission scheme

It is assumed that all UAVs use the same frequency resource, and each exploits NOMA
technique to serve all users in its group simultaneously. In particular, the transmit signal for the

kth group sent by the kth UAV is expressed as s = Zf\i’; \/Pk.iSki» Where py; indicates the
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transmit power assigned to the (k,7)th user and 3;; indicates the transmit signal intended for
the (k,4)th user. Let the precoding vector of the kth group be denoted by f, € CN*1 vk € K.

The received signal at the (k,7)th user is further represented by [11]

My,
Yk,i = (hﬁl + I'kH,i@gk) fi\/Pki Sk + (h;lzZ + I‘ﬁi@gk) fi Z Pkt Sk t
=114

. . (©)
+ Z (hi:,z + I'kH’z@g]) fj Z A /pj7l§j7l -+ N i-
=1

J=L3#k
nki ~ CN(0,0?) indicates the additive white Gaussian noise (AWGN) at the (k,7)th user.

In NOMA scheme, the decoding order of users is impacted by the effective channel gain
[3]. For the RIS-assisted multi-UAV system, the effective channel gain of the combined chan-
nel depends on the placement of UAVs, RIS reflection coefficients and transmit beamforming
vector, and hence we develop a dynamic-order decoding method to optimize the decoding
order in the next section. Let the decoding order of the (k,)th user and the (k,j)th user be
defined as wg(i) and wu(j), where ui(i), ue(j) € {1,---, Mi}. If |(h},; +rf,Ogy) fk{Q <
| (B + i O8r) B
kth group is | (b, + v/ 0gy) f” < (b, + r/h0g) £ < - < |[(hf,, +rl), Og) £l

?_ it follows that ur (i) < ug(j). Assuming that the decoding order in the

Then, the signal-to-interference-plus-noise ratio (SINR) for the (k,)th user is given by

‘ (hﬁz + I‘ﬁi@gk) fr ‘2 Dk,i

SINFyi = k H 2 My K j H 2 M; 2’
| (hk,i + rkz,i@gk) )" D0y Prs + D etk | (h/m‘ + rk,i@gj) £51" >0 pia + ‘7(7)
From (7), the achievable rate of the (k,i)th user is written as
Ry =log,(1+ SINRy,). (8)
Accordingly, the sum-rate of the RIS-aided multi-UAV network is given by
K My
k=1 i=1

D. Power Consumption Model and Problem Formulation

The total power consumption in the RIS-assisted multi-UAV system is composed of the

transmit power P; = Zle Ef\i’j Pk, the RIS power consumption Prrs and the propulsion
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10

power of UAVs Py 4y, which can be given as [33], [34]

K M

Psum:P15+PRIS+PUAV:Zzpk,i+NPe

k=1 i=1

: (10)
~ 2 " 9 2 X A
o (H s )*Pi( 14l D) ) + 5doS AV |

Avo)t - 2(W)?

~ P ~ ~ 3
where Py = 305, AQ%(Ry)? and P, = (1 + &) \}92?_/1 are blade profile power and induced power
4

[35]. V}; denotes the flight speed of UAVs. 6 indicates the profile drag coefficient and p is air

density. Sy and (2 represent rotor solidity and blade angular velocity, respectively. A denotes the
rotor disc area and Ry is rotor radius. & indicates incremental correction factor and ¢ is aircraft
weight. Uy, represents tip speed and 1}, is the mean rotor induced velocity. Let P, represent the
power consumed by a reflecting unit. The power consumed by a RIS with /V reflecting units can

be expressed as NP, [36]. Since the rotary-wing UAVs in this paper hover in fixed locations,

~ ~ a ~ 3
the required power for UAVs is expressed as P, = Py + P, = $0S;AQ%(Ry) + (1 + &) \}9;_/1
4

[35]. Here, ﬁo and 131 are all constants. As a result, (10) can be represented as

K My

Psum:P?5+PRIS+PUAV:ZZpk,i+NPe+<ﬁ0+é)
k=1 i=1

(1)

Njw

K Mk 3
= Zzpk,i+NPe+ éQSfAQ?’(Rf)S—l-(l—}—I%) =
k=1 i=1 \/20A
Next, we concentrate on the joint optimization of the UAV’s position q = {qx, Vk € K}, RIS
reflection matrix O, transmit power P = {p;,;,Vk € K,i € M, }, transmit beamforming vector
F = {f;,Vk € K} and decoding order u = {u(i),Vk € K,i € My} so as to minimize the
overall power consumption under minimum rate constraints for users and the minimum distance

between UAVs. Mathematically, the power minimization problem is formulated as

(P1) Lomn Py = P+ Prrs + Pyay (12a)
s.t. pri > 0, (12b)
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lae — q;|I” > AZ,,.Vk #j € K, (12d)
0, €[0,2m),Vn € {1,--- , N}, (12e)
ucD, (12f)

uk(z) > Uk(t),lthlzﬂ + rﬁz@ngQ > ||hllz’t + rﬁt@ngQ ,Vi,t S Mk,

ur(i) < uk(t), if |bf, + il Oge|* = [bf, + i Ol || wr — W [2<]| w, — w2
(129)

[REEE (12h)

Constraint (12b) is the transmit power constraints of the UAVs. In constraint (12¢), Rin
represents the rate threshold which specifies the minimum rate requirements for each user.
Constraint (12d) is imposed such that the inter-UAV distance cannot exceed the minimum
inter-UAV distance A,,;,. Constraints (12f) and (12g) correspond to the constraints on the
NOMA decoding order, where D indicates the set of all feasible decoding orders. Constraint
(12h) represents the boundary constraint for the precoding vector. Problem (P1) is non-convex
owning to the coupling variables, and thus is hard to solve via the standard convex optimization
techniques [37]. In the next section, we develop a joint UAV deployment and resource allocation
algorithm to tackle (P1), which is based on the SCA method and the Gaussian randomization

procedure.

III. JOINT UAV DEPLOYMENT AND RESOURCE ALLOCATION ALGORITHM

In this section, in order to solve the aforementioned coupled non-convex problem, we divide
the resultant optimization problem into four independent subproblems, and optimize the positions
of UAVs, active beamforming vectors, RIS reflection coefficients, transmit power and decoding
order iteratively. Since the passive beamforming optimization needs to obtain the path loss
coefficients and the beam-scanning angles, the positions of UAVs and the active beamforming
vectors are optimized first. Subsequently, based on the UAV placement optimization and the active
beamforming design, the RIS reflection coefficients are optimized to maximize the channel power
gain. Then, with the fixed variables, the transmit power is optimized according to the NOMA
schemes. Finally, based on the combined channel power gain, the decoding order is optimized

to ensure fairness among users and further reduce the power consumption.
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A. Joint UAV Deployment and Active Beamforming Design

For any given ©, P and u, it is shown that the MRT can be applied to perform the active
beamforming design [19]; furthermore, the active beamforming vector for the kth group is written

as
« (hgz +rkHz‘@gk)H )
ff = ||h;12 " r,;HA@ng Nk e K,i e M,. (13)

From (13), the achievable rate in (8) is then represented by

+ by, + i Og: H2 Dk, )
b, + rkH,z‘@ng2 S Pt Zﬁilﬁk b, +rfOg; H2 My 02(

Ry.; = log, (1
14)
where C’,ﬁz = ||hf” + rgi@gj H2 represents the composite channel power gain from the jth UAV
to the (k,%)th user.

Using (13) and (14), (P1) can be written as

(P2) :min Py (15a)
q

s.t. Rk:,i Z Rmina (15b)

lak — ;> > A2, Vk £ j € K. (15¢)

Problem (P2) is non-convex due to constraints (15b) and (15c¢). Since {Rj;} in constraint (15b)
are random variables, it is challenging to achieve the optimal solutions for (P2). For convenience

of analysis, we consider the expected achievable rate, and constraint (15b) is modified as [38]
E{Rki} > Ruin- (16)

It can be shown that the closed-form solution for E{ Ry ;} is still hard to derive. To overcome
this issue, we convert E{ Ry ;} into a convex function via the following propositions.
Proposition 1: Let X and Y denote two independent positive random variables. Then, for any

w, v > 0, it holds that

1 7
Edlog, [ 1+ ~Ed{logy | 14+ —=+ : a7
{ 2( V+§>} { 2( V+—E‘§5§i)}
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Proof: Please see [38] for the proof of Proposition 1. |
Proposition 2: The expected value of the composite channel power gain from the jth UAV to

the (k,7)th user can be formulated as

j 2 (po = Yug) Vi Nk,i
E{CL} 2 ol = ||B, + i 08 + : i (18)
& ; h RS la; = Wl [la; — w,|?
o~ - — - NN, r K,
where hy ; = Whiﬂ, )l = \/ Tw: ”;CHQTQ ko Mhyi = @LW, Yug = Mjf;‘)l and
Trg = :::ﬂ
Proof: Please see Appendix A for the proof of Proposition 2. |
Using (17) and (18), we transform E{ Ry ;},Vk € K,i € My, as
E{C ;
E{Ry.;} %]E{log2 14+ — (G - )}
E{Om} Zt it1 Pt T ZJ 1,j#k E{Om} Zz \ pji+o?
~E{log, | 1+ Dhi —— 1
My, + Z] 1,25 B{CL} 22 pjato?
t=i+1 Pkt E{CF
—log, | 1+ zpk,i o 2 Rps. (22)
Zt l+1pkt+ I=Lizh IZJ% 1= 1p]z

Equation (22) is still a non-convex function owning to the coupled variables. To overcome this
problem, we first add a set of supplementary variables. Let the upper bound of the Euclidean
distance between the UAV and its connected users be defined as {upj;, Vi € My, k € K}. Let
{lpi,w Vi € My, j # k € K} be the lower bound of the Euclidean distance between the UAV and
its unconnected users. Here, up}; > 0. Let the upper bound and the lower bound of the direct
distance between the UAV and the RIS be denoted as {uby,Vk € K} and {lb, > 0,Vk € K}.

Thus, we have

(upf.)” > lax — Wk, ¥i € My, k € K, (23a)
la; — whI> > (9,)" Vi € My, j # k €K, (23b)
(ubg)® > |k — w, |2, Vk € K, (23c)
lax — wel|* > (Iby)* Yk € K. (23d)
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By substituting (23) into (18), it can be reformulated as

2
—k H T~ o _
b= | s (pl )b o () PR BT 8| (0 — Yug) Nl )+ by

= poNy(upf ;)™ + Af (uby) ™ + B (upf ;) 7/ (uby) ™, (24)
and
) 2
/ i T o' o |\ —CQug ) N~
o= H\/vugup;»—%ghk,ﬁ\/poabj)—?rﬁ{i@gfgj (00 — g Nl )1 4 (1)

= poNi(lp], ;)= + D (1)~ + B (I ;) =2 (Ib;) ", (25)

where {g’,jﬂ.,w € My, k € K} and {wii,Vi € My, j # k € K} are the lower bound of w’,j- and
. H

the upper bound of w}, ;. Af ; = pol [Tt 08} &> +7k.i» By = 2Re {, /Fughoty O} &k (hk Z) },

Dl = poll ¥ 087 el + ms and E, 2Re{wgporiﬂ@gfgj (H5.,) } Let (Uy)? =

K _ ; Ui
Zj:l,j;ékzwgc,i Zz=]1pj,l+0 and 7,; = Zt i+1 Pk H'( s )

of Ry, is written as

. It then follows that the lower bound

Ek,i > log, (1 + pk’i) Vie My, kek. (26)

Tk,i

Using (16) and (23)-(26), (P2) is rewritten as the following problem

(P2.1) :min Py, (27a)
q,x
s.t. log, (1 42 ’“) > Ronins (27b)
Tk.i
Thi > Z pis + ki) (27¢)
t=i+1 _kl
(Uy)? Z wkZZpﬂ—i—J (27d)
Jj=1,j#k
wf; < poNe(upf ;)™ + AF (uby) ™ + B ;(upf ;) ~*o/? (uby,) ", (27¢)
@, > poNe(lpt,) = + Dy (1b;) "> + B (Ipi, ;) o/ (1b;) ™", 27)
lax — q;lI” > A%, (27g)
2
(wpis)” > llae — wh?, (27h)
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. 2 .

la; = will* > (iph,;) " (27i)
(ubr)* > |lar — w, ||, 27j)
i — wil|* > (1b)?, (27K)

where x = {Tm,Uk7i,g£7i,w£7i,up?i,ubk,lpi’i,lbkﬁj # ke K,i € M}. (P2.1) is obviously
non-convex owning to the non-convex constraints (27d)-(27k). Next, SCA [39] is exploited to
achieve a suboptimal solution of (P2.1). From (27b), since the left side log, (1 + f’;—) is a
concave function in regard to 7, the first-order Taylor expansion is employed to (;btain a
global upper bound on the achievable data rate [37]. Define e({7;}) as log, (1 + Bt : ) For a

given {T]gT)} in the mth iteration, we have

e({rmih) <logy [ 1+ 28 ) - —— P (5, 7™} @)
Thi (T]“ +pk2>7',“ In2
Using (28), (27b) can be reformulated as
log, 1+ 254 ) - D (7ii = 7) = R (29)
T (T,S?) + pk,i) T,E?) In2

Similarly, the lower bound on the left hand side of constraints (27d), (27g)-(27k) are given by

(U;i?)>2+2U;§?) <Uk,i —U,g?)> Z mepgl*l-U (30a)
J=L1,j#k

o a2 (o~ ™) (- a) = A% (30b)

(urk) " + 20 (uph, up’,zfﬁ) > [l — wh|?, (300)

la™ = wh|? +2(a)™ = wh(@; - a™) = (i7,)° (30d)

<ub,§m))2 o 2ub" (uby = ub™) = s — w2 (30¢)

o™ =l 42 (o =) (= o) > (10)?. (30

For the non-convex constraints (27¢) and (27f), the AoAs and AoDs are affected by the position
of UAVs. Consequently, g and g are updated at each iteration, complicating the solution of

the original problem. To address this problem, let {qk ™) ,Vk € K} be the position of the kth
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UAV in the mth iteration, we consider the following constraints
_qlm 2 < 52 Vk

where 0 < He,,q, indicates the relative displacement of the kth UAV during the mth iteration
and €,,,, > 0. Because the value of ¢ is sufficiently small, the AoAs and AoDs are assumed to
be almost unchanged during each iteration [26]. In this case, the value of {Aj ;, By, Di’i, Eiz}
is nearly unchanged, and thus the horizontal position of UAVs in the (m + 1)th iteration can
be designed through the AoAs acquired in the mth iteration [33]. This implies that constraints
(27e) and (27f) are determined by {up',;i, lp{%yi, uby, Ib }. Using the above assumptions and let
f’“. = poNy(upf ;) + AF (uby) ™2, gF; = (upf;)~*o/*(uby) ™", the right hand side of (27¢)
can be expressed as fk it BY jk - Note that ﬂ“z and 'gv’,jl are convex [26]. Here, if B,’ji >0, it
follows that fk,i + | Bl i is a convex function; otherwise, it follows that ﬁfz — Bl gk i

a difference of convex (DC) function. Then, the lower bound of f,fl + B,’jyiﬁ’,j’i can be obtained

via the first-order Taylor expansion

~ b - b
7]+ BN )" Bl 2 0,

b
FheBLak] =< (32)
()"~ 8L B < 0,
" Km)) " k(m) ) "1 k()
[f k] =polNi (“Pk,i ) = Qugpo Ny (upk,i ) (upkz — Uy )
-9 _3
+ AL (ub,gm)> — 24, <ub,(€m)) (ubk — ub,gm)> , (33)

b T\ —Cug/2 I B o\ —Cug/2-1 o\~ .
[QII;J (upk(z )> (Ubl(e )> - Tg (uPZ(z )> (“bgg )> (upkz _upk(z )>

—Qug /2 -2
— (up,’:(zm )) (ubé,m)) (ubk — ub,im)> ) (34)

Similarly, let }21 = poNt(lpiﬂ-)’““g + D‘,’” (1b;) 2, ﬁil = (lpiyi)_%g/2 (1b;)~". The upper bound
of f,gz + izﬁi , can then be expressed as
ub f;iz + |Eiz| ﬁiz, El]sz > 0,

[sz + Eljf zN{cz = ~. . . (35)
flg,z' - ‘El]c,zl [gi z} 7Eljc,i < 07
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where
. ab i —Qug /2 m -1 oy (m —Qug/2—1 m -1 . (.
3" = () (™) = () T () (k- i)
—Qrug/2 -2
— (1) () (1 = ™). (36)
Substituting (29)-(36) into problem (P2.1), problem (P2.1) is reformulated as
(P2.2) :min Py, (37a)
q,X
s.t. log, (1 + L 3) - D (Tk - r,ﬁf;”‘)) > Ruin,  (37b)
Thi <7-,§TZ") + P Z) 7‘,52.1) In2
My,
Uk,i
Thi > Zp,m( ko)’ (37c)
. glcz
t=i+1
(m))? (m) (m)
Jj=1j#k
2
- Hqim) - q§m)H +2 (qlﬁm) - qﬁ-m)> (ax —aj) > A2, (37e)
2
(uzaﬁ,(f" )> + 2upy " (up’é,i — upy" ) > llax — wi?, (37)
Hq]‘ w; |7+ (Qj w;)" (q; q; ) > (pk:z) , (372)
2
(ub;’“) + 2ub(™ (ubk - ub,@) > [l — w2, (37h)
T
laf™ = w2 +2 (af” = w, ) (ax—a™) = (0, (370
m)||* _ 2 .
law—a”| <42 (7))
b~k b
who < |Tho+ BhdE (37K)
. qub
o= [+ Bl @37

Problem (P2.2) ia a convex optimization problem, and hence can be tackled through the effective

convex optimization approaches [37].

B. RIS Phase Shift Matrix Design

With a fixed q, P, u and considering (14) and (22), (P1) is equivalently expressed as
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(P3) :mein Poum (383)
S.t. en € [07 27T),vn - {1’~.. ’N}’ (38b)
s . S | = Bmin: (38¢c)

Zt 7,+1pkt+ ZJ Lj#k ’szl 1pjl+o'

wk,l
(P3) is non-convex owning to the constraint (38c). Thus, we convert problem (P3) into a convex
optimization problem by using algebraic transformations. We first define aiﬂ. = diag (?kHZ) g;,
U= (1, oy ,MN]H, pn = €%, i = [(;1] and V = aa”. Next, we introduce a new
complex matrix RY, = |al ,(al ), al (bl )¥ (aiZ)Hh,“,O associated with the RIS phase
shift matrix V as
i (40 YHipH i (W NH#H 0 (0 VHi i \H (1,7 \H
a (a’?cz) uu’” + agci(hii) u 7“%,1'(@%#‘) u + (a?m.) (h?m)

j . ki
Rk’iv_ J \HR H (0 \HW & (39)
(%J hkzuu 7(ak,z‘) hk,zu

Note that tr(R],,V) = aj ,(a], ;)" un —l—a,”(h{C D 4 (a, )Hﬁilﬁ Then, from (18) and (39),

it follows that

I, +70g)l* = u(R],V) + || ||, (40)
- < . — Yug) Ny M.
E{C}],} = (R}, V) + hfi2+(p° Yus) + : . 41)
{CL = u(Ry, V) + [|hy, |l s — wh[or T g = wi 2

Furthermore, by defining Fi = ||h AP+ (Po—Yug)Ne H qvnk”’ and considering (40)-(41), ]%;H

IIQj—Wi-“II““g —wr[?

can be reformulated as

> Pk,i
M, + Z] 1Ry V)HTY ) 32 pyjato?
t=i+1 Pkt w(RE V)4

A A M,
Mk' (tr(Rk V) + Fg,i)pk’,t + ZJK:Lj;ék(tr(Rgc,iV) + F?cz) 1Pt o
: : A
t= z+1(tr(R V) + FI]:,i)])k,t + Zf:l,j;ék(tr(R?c,iV> + Wm) > 1= i+ o
(42)

= log,

Using the above transformations and let Ekl Sk I ZJK Lk Fj Zf\/[ﬁ pji + o,
Bkﬂ. = t o R piDkt T+ Zj Ltk Fi i Zl ! pj1+ 02, (42) can be equivalently expressed as
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M, K M
Ek,i = log, tr(RZiV) Zpk,t + Z Z tr(Ri,iV)pj,l + Ekz
t=i j=1,j#k 1=1
My, K M;
— log, tr(Rg’iV) Z Dit + Z Z tr(RiviV)pj,l + Bri | - (43)

t=i+1 j=1,j#k 1=1

Let ﬁ“ = log, (tr(RgiV) i\iﬁ Pi,t + 2?:1,#14 Z;\iﬁ tr(R{;iV)pj,l + Em> and
Gri = log, (tr(Ri’iV) Zi\i’zﬂpk,t + Z]K:L#k le\ijl tr(Riﬂ,V)pj,l + B,“> Considering the RIS
phase shift matrix V = au’’ and (43), (P3) is then reformulated as

(P3.1) smin Pou (44a)
St foi — ki > Ronins (44b)
V] =1,n=1,2,--- ,N+1, (44c)

V =0, (44d)
rank(V) = 1. (44e)

Problem (P3.1) is obviously non-convex owning to the DC function f;” — Gk, and the rank-one
constraint. To address this issue, we first employ the SCA technique to compute the upper bound
of g, such that (44b) can be reformulated as a convex one. By applying the first-order Taylor

expansion, we have

G1i(V) < Gii (V) + tr (Vv Gig (VN (V = V) £ 5,5V, VM), (45)
. A M (RE ) AT Y (RY ) ps .
where Vvygy;(V™) £ P e e and gy ,(V™)

(tr(Rﬁ,iV‘"”) Zt/:z'+1 pk7t+2§(zl,j7§k le\ijl tr(R‘){;’iV<m>)pj,l+Bk,i) In2
is the mth iteration of gy ;(V). Substituting (45) into (44b) and omitting constraint (44e), (P3.1)

18 rewritten as

(P3.2) :min Poum (46a)
st fri = Gea(V. V) > Ry, (46b)
V] =1,n=1,2--- N +1, (46¢)

V = 0. (46d)
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(P3.2) is a convex optimization problem. However, the solution of (P3.2) may not satisfy the
rank-one constraint. As such, a Gaussian randomization procedure is employed to yield a high-
quality solution of (P3.2) [40]. First, the eigenvalue decomposition of V can be expressed as V =
UXU#, where U denotes the unitary matrix and ¥ represents the diagonal matrix [41]. Next,

let ©2 £ diag {\/a, VG, e ,\/CNH}, we thus define & = UXzS, where S ~ CA(0,Iy,1).
For any e, it holds that

&f’e = 87 (x2)"UMUx2S = tr(£SSY) = u(T) = tr(V*). (47)

Using (47), the closed-form expression of the RIS reflecting coefficients in problem (P3.2) is
written as

_e[1] _e[2] ., _8[N]
o —dlag{ e L o ,eﬂamm}_ 48)

The RIS reflecting coefficients ©* are selected from the set of all feasible solutions {©} through
multiple iterations that satisfies all constraints, and thus minimizes the total cost of the RIS-
assisted multi-UAV system. Next, we focus on solving the transmit power {P} via the standard

convex optimization methods.

C. Transmit Power Optimization

With fixed q, © and u, problem (P1) is written as

(P0) smin Py -
s.t. pri > 0, (49b)
log,, 14 ||h§,7;+rkH,i@ng2pk,i -
i | j . = Llmin-
[ i Oge* S Pt [ el O | 320 B+ 0
(49c¢)

(P4) is non-convex due to constraint (49¢). To overcome this issue, we transform the constraint

(49¢) via logarithmic transformations as

WF Drs A (1 — 2fmin) w,“Zpkt—i— Z mepﬂ +02>0. (50)

t=i+1 j=1,5#k
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By substituting (50) into problem (P4), it can be equivalently expressed as

(P4.1) :mPi’n Pom (51a)
st. pri >0, (51b)
Weibri + (1= 2mm) | Z Dht + Z wmzpﬂ +o2>0.  (5lo)

t=i+1 j=1,j#k

Problem (P4.1) is a convex optimization problem, and thus can be tackled by standard convex

optimization methods [37].

D. User Ordering for NOMA

Note that the solutions of the above-mentioned sub-problems are obtained for a given decoding
order u. In this subsection, we will investigate a NOMA-based decoding order scheme to further
enhance the system performance. One suitable approach is to apply the Brute-Force search
method to find the optimal decoding order, but the computational complexity of this solution
is O(K!). Thus, this approach is not practical due to its high computational complexity. From
(12g), it can be observed that the NOMA decoding order depends on the cascaded channel
gains over all users [42]. Motivated by this, we propose a dynamic-order decoding strategy to
obtain u by considering the effect of UAV’s placement, RIS reflection coefficients and transmit
beamforming vectors. In the case where the combined channels between users are different, we
have

up (i) > ug(t), if || by ; +r,“@ng > ||hg, +rkt@ng Vi, t € M. (52)

From (52), the users with weak channel conditions are decoded first which guarantees the fairness
among the users served by the same resource block. In the case of multiple users with the same

combined channel gain, i.e., |/hj, If@ngQ = ||, + rkt@ng Vi, t € My, the decoding

order depends on the distance between RIS and users that is given by
w (i) < ug(t),if || w, — wr ||°<|| w,, — w¥ |2, Vi, t € M. (53)

The physical meaning of (53) is that the users farther away from the RIS can decode first, and
hence the performance gain of the far users can be improved.

The overall algorithm for solving (P1) is outlined in TABLE I. In each step, (36a) is minimized
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TABLE I: THE JOINT UAV DEPLOYMENT AND RESOURCE ALLOCATION ALGORITHM

1: Initialize (q(m), em pm) u(m)) ;
Iterate index: m=1;
2: ITERATE
> For given e Py solve (P2.2) by CVX,
then calculate q(m) and x(™);
> For given q™), P(™_ u(™ obtain V(™ via solving (P3.2),
then calculate ©™ by the Gaussian randomization procedure;
> For given q(m), Om ul™ solve (P4.1) by CVX,
then calculate P(™);
> Obtain u™ using the dynamic-order decoding strategy;
> Set m < m + 1;
3: UNTIL: Reach a predetermined number;
4: OUTPUT:
q-=q™, 0" = @(m), P = P(m), ut = u™.

over (q,x), while keeping the value of (©,P,u) fixed. For a given (q,P,u), ©* is obtained
via the Gaussian randomization procedure. For a given (q, ©, u), P* is achieved by the standard
convex optimization techniques [37]. In addition, the decoding order u* is optimized via the
dynamic-order decoding strategy. Since (37a) is non-increasing with each iteration, our approach
can converge to a fixed value which will stop if the number of iterations reach a predetermined
number. The computational complexity of overall algorithm is dominated by solving four sub-
problems: UAV trajectory subproblem (P2.2), phase-shift matrix optimization subproblem (P3.2),
transmit power optimization subproblem (P4.1) and user ordering optimization. In particular,
the computational complexity of UAV trajectory subproblem is O(NZ5,,), where Nyay is the
number of variables in (P2.2). Since the phase-shift matrix optimization subproblem is solved by
the semidefinite program (SDP) technique, its computational complexity is O((N + 1)*?) [37].
Similarly, the computational complexity of transmit power optimization subproblem is O((K)3).
The user decoding order is determined by the NOMA-based decoding order scheme, and its
computational complexity is O(1). In conclusion, the computational complexity of the joint
UAV deployment and resource allocation algorithm is O(Lje, (N5 + (N + 1)%5 + K)35 + 1)),

where [, 1s the number of iteration for the algorithm.
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TABLE II: PARAMETERS SETTINGS

Parameters | Notation | Values
The number of antennas at UAVs N 32
The channel power gain Po —30 dB
The path loss exponent Qug, Qlrg 2.2
The Rician factor Kug, Krg 10 dB
The altitude of UAVs H 100m
The number of RIS reflecting elements N 100
The noise power o’ —80 dBm
The UAV power consumption Py av 10 dBm
The power consumption of an reflecting element P. 0.01 dBm
The minimum inter-UAV distance Amin 100 m
The accuracy threshold Emaz 0.1

IV. NUMERICAL RESULTS

We present numerical results to verify the performance of our designed joint UAV deployment
and resource allocation algorithm. For convenience, it is assumed that the RIS-assisted multi-
UAV system with K = 2 user groups performed by two UAVs, where each group comprises 4
users that are randomly located in a 250 x 250 m? area. It is assumed that the RIS is distributed in
(0,250, 20). The specific parameters for the proposed algorithm are similar to [7], [18], [26], [36],
[43], which are described in TABLE II. Note that these parameter settings are used to present
the performance as an example and can be adjusted to other values relying on the considered
scenarios.

First, we investigate the convergence behavior of the joint UAV deployment and resource
allocation scheme for solving the power minimization problem (P1). It is assumed that the
minimum SINR value ¢ is set to 0.5, 1 and 1.5 respectively. In addition, the starting points
are initiated randomly in the proposed algorithm. The convergence behavior of this algorithm
is examined through depicting how the total power consumption behaves with the number of
iteration. As observed in Fig. 2, our proposed method with £ = {0.5,1,1.5} converges to stable
values after around 10 iterations. The converged power consumption for three cases are observed
to be 32, 36.5 and 38 dBm, respectively. In general, the convergence speed of the proposed
algorithm depends on the joint optimization of UAV’s placement, RIS reflection coefficients,
power allocation and decoding order, which is the number of variables to be searched.

Next, we show the total power consumption of the joint UAV deployment and resource
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Fig. 2: An example of the convergence behavior of the joint UAV deployment and resource allocation algorithm
in a RIS-assisted multi-UAV system with NOMA.
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Fig. 3: The total power consumption versus the minimum SINR value under different resource allocation schemes.

allocation algorithm under different minimum SINR values, and compare it to the “sequential
rotation algorithm” in [7] and the “alternating optimization approach” in [18]. The number of
user groups is fixed to K = 2, while the minimum SINR value ¢ varies from 0.5 to 2.5 [44].
In Fig. 3, the total power consumed by all the resource allocation schemes are non-decreasing
with the minimum SINR value. This can be attributed to the fact that as the minimum SINR
value rises, a higher transmit power is allocated to the combined channel in order to meet the

users’ QoS constraints. Moveover, the proposed method achieves better performance than that of
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Fig. 4: The total power consumption versus the number of antennas at UAVs under different resource allocation
schemes.

the “sequential rotation algorithm” and the “alternating optimization approach”. This is because
our proposed approach exploits NOMA to serve multiple users in each resource block which
can obtain a higher spectral efficiency, thereby improving the system performance. In addition,
our proposed approach also employs multi-UAVs which can establish communication links with
edge users such that the minimum required rate for edge users are guaranteed, and thus leads
to the reduction in transmit power.

We then investigate the total power consumption of the joint UAV deployment and resource
allocation scheme for various number of antennas at UAVs. To show the performance gain,
we compare the algorithm that minimizes the total power consumption without RIS, and the
algorithm which minimizes the overall power consumption in a RIS-assisted multi-UAV system
with OFDMA. The minimum SINR value ¢ is set to 1.5 and the number of reflecting element N
is set to 100. As it can be seen in Fig. 4, the total power consumption achieved by all the resource
allocation approaches are decreasing with an increasing number of antennas at UAVs. In fact,
more antennas at UAVs can achieve higher diversity gain that balances against the extra power
consumed by RF-chains, and thus consume much less transmit power [45]-[47]. Furthermore,
since the proposed scheme effectively exploits RIS to improve the power levels of the received
signals, it consumes much lower power compared with the “Without RIS” scheme.

In the next simulation, the total power consumption for the joint UAV deployment and
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Fig. 5: The total power consumption versus the number of RIS reflecting elements under different RIS positions.

resource allocation scheme under different number of RIS reflecting units is investigated. We
assume that the minimum SINR value and the number of antennas are set to ( = 1.5 and
N, = 32, respectively. As shown in Fig. 5, the total power consumption of all the resource
allocation approaches decreases with the number of RIS reflecting elements. This is because a
larger number of RIS reflecting elements can enhance the passive beamforming gain through
our proposed RIS’s phase-shift control, and thus leads to lower aggregation power consumption.
Furthermore, it can also be seen that the placement of the RIS lies closer to the UAVs can yield
a significant performance gain, which indicates that the position of the RIS can be properly
selected in order to enhance the passive beamforming gain.

Fig. 6 shows the total power consumption versus the UAV’s flight altitude H for different
resource allocation approaches. The “RIS-OMA” and the “Without RIS” are also shown for
comparison. The SINR constraint ( = 1.5 is assumed to be equal at all users, and the UAV’s
height H for the proposed scheme can take value from 50m to 100m. It can be obviously
observed in Fig. 6 that as H increases, the total power consumption by all the resource allocation
schemes increases. In fact, UAVs hovering at higher altitude will cause severe channel attenuation
and poor-signal reception. In this case, more power is allocated to UAVs for performing more
effective beamforming to improve the system performance. Moreover, it can also be seen that
the proposed approach provides significant power savings compared to the “RIS-OMA” and the

“Without RIS which is similar to the simulation results in Fig. 4.
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Fig. 7: The total power consumption versus the path loss exponent under different resource allocation schemes.

Fig. 7 compares the total power consumption of all resource allocation algorithms with
different values of path loss exponent. It is observed that the sum of power consumed by all
the resource allocation schemes are monotonically non-decreasing with the path loss exponents.
Particularly, all the schemes perform well when the path loss exponent «,, = «;,, = 2. However,
the total power consumption of all the methods increases significantly thereafter, especially for
the “Without RIS”. The reason is that as the path loss exponents increase, the signal strength of
UAV-user links and RIS-user links decreases, and thereby a higher transmit power are allocated

to ensure the minimum data rate requirements of users. In addition, although a large value of

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



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2023.3298984

28

250 X Py
! ]
TR N User4 !
1User 1 E Y !
200 10 ¢ ook
' ' o
' ' \ User3 |
g H uUser2,  TTTTToeo
Q 150 o users
o % RIS
'-§ % UAV's position, the proposed scheme
8 100 | ¢ UAV's position, RIS-OMA
© o
>_
501 o
o [}
0 1 1 1 1 1

-300 -200 -100 0 100 200 300
X coordinate (m)

Fig. 8: The UAV deployment for a RIS-assisted multi-UAV system with NOMA.

Qug, 0y degrades the system performance, the proposed scheme still outperforms the “RIS-
OMA” and the “Without RIS”.

Finally, we investigate the performance of UAV deployment optimization on a horizontal
plane for a RIS-assisted multi-UAV system with NOMA. The location of the RIS is fixed to
(0,250,20). As shown in Fig. 8, the positions of two UAVs obtained by our proposed scheme
locate near User 2 and User 3, whilst the UAVs in the “RIS-OMA” scheme lie within the
center of all users in the same group. In fact, the optimal deployment of UAVs in our proposed
scheme is determined by the desired signal strength, inter-group interference as well as the
minimum inter-UAV distance, such that the total power consumption can be minimized while
ensuring the minimum SINR threshold as well as the fairness among users. Based on the previous
simulation results, it is validated that the joint UAV deployment and resource allocation scheme
can significantly reduce the total power consumption in a RIS-assisted multi-UAV system with

NOMA compared with the benchmark schemes.

V. CONCLUSION

In this paper, we considered the RIS-aided multi-UAV system with NOMA, in which the
transmit signals from multiple UAVs to all ground users were reflected through a RIS. Aiming
to minimize the sum-power consumption of the system, we formulated a power minimization

problem by jointly optimizing UAV’s position, RIS reflection coefficients, active beamforming
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vectors, transmit power and decoding vectors. To tackle this problem, we first considered the
sub-solutions of UAV’s placement which could be achieved through the SCA and MRT. Then,
the Gaussian randomization procedure was applied to generate the closed-form solution of
phase shifts at the RIS. Subsequently, effective convex optimization techniques were employed
to optimize the transmit power. Furthermore, a dynamic-order decoding scheme for NOMA
was then presented. Simulation results demonstrated that the total power consumption could be
significantly reduced by the proposed joint UAV deployment and resource allocation algorithm
compared with the benchmark methods. Our future work will study the resource allocation
schemes of more general RIS-assisted multi-UAV networks with the consideration of uniform

planar arrays (UPA), multiple RISs and the velocity/3D trajectory of UAVs.

APPENDIX A

PROOF OF PROPOSITION 2
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this finishes the proof of Proposition 2. |
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