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Abstract: This work focuses on maximizing the sum rate of ultra-reliable low-latency communication
(URLLC) systems by leveraging unmanned aerial vehicle-mounted reconfigurable intelligent surface
(UAV-RIS) to provide short packet services for users based on the non-orthogonal multiple access
(NOMA) protocol. To optimize the sum rate of system, a joint optimization is performed with
respect to the power allocation, UAV position, decoding order, and RIS phase shifts. As the original
problem is a non-convex integer optimization problem, it is challenging to obtain the optimal solution.
Therefore, approximate solutions are derived using successive convex approximation (SCA), slack
variables, and penalty-based methods. The simulation results demonstrate the superiority of the
proposed resource allocation algorithm compared with the benchmark algorithm with orthogonal
multiple access (OMA) scheme. In addition, this work emphasizes the performance gap between the
proposed communication system and the traditional Shannon communication system in terms of
throughput and the performance capacity sacrificed to achieve lower latency.

Keywords: ultra-reliable low-latency communication; unmanned aerial vehicle; reconfigurable
intelligent surface; non-orthogonal multiple access; successive convex approximation

1. Introduction

In today’s increasingly interconnected world, there is a growing demand for efficient,
reliable, and low-latency communications technologies. Modern communication systems
must be able to transmit large amounts of data in real-time to support a wide range of
applications, including instant messaging, intelligent transportation, telemedicine, etc.
Ultra-reliable low-latency communication (URLLC) technology has emerged, providing
an innovative solution to meet these demands. URLLC is considered one of the three
core services to meet the upcoming needs of B5G networks. Traditional communication
networks may experience high latency or unreliable performance in high loads, harsh
environments, or equipment failures. However, URLLC technology can overcome these
issues by adopting new design ideas, protocols, and algorithms to ensure the real-time and
reliability of the communication process [1].

1.1. Related Work

In addition to its wide application in the military, aviation, and transportation fields,
unmanned aerial vehicles (UAVs) also play a vital role in communications. By carrying
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advanced communication equipment and sensors, UAVs can be quickly deployed in the air
and support communication, especially in remote areas and emergencies. Compared to
traditional ground communication, the advantage of UAV communication lies in its higher
controllability, which enables high-speed and reliable transmission under line-of-sight
(LoS) links while optimizing its position to improve communication performance [2]. In [3],
the authors investigated the UAV-assisted backscatter system. In order to ensure fairness
among users, joint optimization of UAV trajectory, power allocation, and user scheduling is
used to maximize the minimum user’s rate. The authors in [4] proposed a low-complexity
inter-cell interference coordination algorithm by deploying single and multiple UAVs in a
cellular environment to promote URLLC services using cognitive radio. In [5], the authors
used UAVs as relays to transmit short data packets between the base station (BS) and
multiple mobile robots. The packet length, power allocation, and UAV position were
optimized to minimize the average overall decoding error. The resource allocation problem
of a UAV-assisted URLLC system was investigated in [6], where the UAV was used as a
decode-and-forward relay. By jointly optimizing the trajectory of the UAV and block length,
the sum rate of the system was maximized. The authors in [7] investigated the user-centric
cell-free massive multiple-input multiple-output (MIMO) system where a UAV provides
URLLC services to ground users. Ref. [8] proposed a UAV as the relay assisted data
collection and transmission scheme. To maximize energy efficiency, the user scheduling,
flight duration, and UAV trajectory are jointly optimized during the data collection phase.
During the data transmission phase, the packet length and UAV transmission power are
jointly optimized to maximize the secrecy rate.

The inspiration for reconfigurable intelligent surface (RIS) comes from the struc-
tures with adaptive reflection characteristics in nature. By applying these properties to
artificial materials and devices, dynamic adjustments in performance can be achieved,
bringing many advantages to wireless communication systems. In traditional wireless
communication, obstacles may lead to reduced signal quality and limited coverage, and
the introduction of RIS can solve these problems by adjusting the propagation path and
transmission direction of the signal to optimize the communication effect [9,10] . Currently,
some literature has studied the application of RIS to improve the throughput and energy
efficiency of URLLC systems. In [11], the authors proposed RIS-assisted full-duplex (FD)
URLLC systems based on NOMA to achieve sum-rate maximization. To meet the reliability,
delay, and minimum rate requirements, the total throughput of the system is maximized by
jointly optimizing RIS phase shifts and power allocation under finite block length coding.
In [12], the authors maximized the finite block length rate through deep reinforcement
learning in a non-ideal RIS-assisted URLLC system. The authors in [13] considered the
downlink RIS-assisted URLLC system, where the BS served multiple single-antenna users
under the finite block length. The authors in [14] adopted the RSMA protocol to investigate
the fairness resource allocation problem of the RIS-assisted multi-cell URLLC system. Aim-
ing at the problems of equipment density and easy obstruction of wireless signals in factory
automation scenarios, the authors in [15] proposed to create an alternative transmission link
by deploying RIS to increase communication reliability. Furthermore, RIS can intelligently
adjust the channel quality to reduce the eavesdropping rate, thereby increasing the rate of
legitimate users. In [16], the authors investigated the RIS-assisted multi-input single-output
symbiotic radio system with short packet services and developed a new framework based
on deep reinforcement learning to solve the problem of maximizing energy efficiency.

Due to the significant path loss and high construction costs of traditional ground
communication systems, they can no longer meet the diverse communication needs of con-
temporary society, such as long-distance communication and military operations. Hence,
balancing cost reduction and communication quality improvement remains a significant
challenge. The combination of the UAV and RIS technology can make up for this shortfall.
Integrating RIS and UAV technology into URLLC systems can improve communication
quality and system capacity to meet the growing communication needs of today’s society.
There are two main integration methods of UAV and RIS: one is to use UAV as the air base
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station and RIS as the static relay and realize efficient and reliable wireless communication
through UAV mobility and RIS intelligent beamforming. Another approach is directly
installing UAV-mounted RIS (UAV-RIS) to form relays, enabling more flexible and efficient
wireless communication through UAV flight control and RIS beamforming. Both of these
methods can improve the performance and security of wireless communication and have
broad application prospects. In [17], the authors proposed the UAV-RIS-enhanced mobile
edge computing system, which uses the double-deep Q-network to jointly optimize UAV
trajectory, user scheduling, and RIS phase shifts to maximize the system energy efficiency.
In [18], the authors investigated secure multi-user communication in RIS-enhanced UAV
systems with transmitters that have hardware impairments. Based on outdated and im-
perfect channel states, the authors in [19] investigated a multi-RIS assisted UAV downlink
communication system. Considering the energy consumption of UAVs, the authors in [20]
proposed the energy efficiency maximization of RIS-assisted UAV mobile edge computing
systems based on NOMA protocol. In [21], the authors investigated the UAV-RIS-assisted
downlink communication system. In addition to RIS passively forwarding base station
signals, UAV helps BS transmit information to users in decoding and forwarding mode.
In the presence of eavesdroppers, the authors in [22] investigated a secure transmission
framework aided by both full-duplex UAV and RIS. This framework leverages a joint
optimization approach of the UAV’s trajectory, RIS’s phase shifts, and user transmit pow-
ers, with the objective of maximizing the secrecy rate under the worst-case scenario. The
authors in [23] investigated the average secrecy rate maximization problem for an IRS-
assisted UAV network. An iteration algorithm was proposed by jointly optimizing the
trajectory of UAV, transmit beamforming, and phase shift. The authors in [24] proposed the
sum rate maximization problem for UAV-RIS-assisted the cell-free massive multiple-input
multiple-output systems.

1.2. Contributions and Novelty

However, the above literature on RIS and UAV integration needs to consider short-
packet communication scenarios, especially in complex communication environments
where meeting users’ quality of service (QoS) requirements is challenging. Although
UAV-RIS-assisted URLLC systems have the potential to revolutionize wireless networks,
providing more efficient, reliable, and innovative solutions for future communication net-
works, these systems are still in their early stages of development. In [25], joint optimization
of UAV placement, RIS phase shifts, and block length were adopted to minimize the overall
bit error rate. Despite deploying RIS on walls, it can still cause signal blockage. Conversely,
in [26,27], the authors employed a UAV-RIS, enhancing the flexibility of the RIS. Ref. [26]
analyzed the performance of the UAV-RIS-assisted short-packet communication system
but did not consider resource allocation and multi-user situations. Ref. [27] investigated
UAV-RIS assisted URLLC system and rate maximization problem under imperfect SIC,
but approximates the channel dispersion of the short packet part. Additionally, ref. [28]
investigated an air RIS-assisted NOMA communication system, but did not consider short
packet communication and multiple users. Different from [25,26,28], we investigate the
problem of maximizing the sum rate of the UAV-RIS-assisted URLLC system. The key
contributions of this work are as follows: Firstly, to address a broader range of real-world
scenarios, we consider resource allocation for UAV-RIS-assisted URLLC systems based
on the NOMA protocol. By jointly optimizing power allocation, RIS phase shifts, UAV
position, and NOMA decoding order, the sum rate of the systems is maximized. Secondly,
to solve a non-convex optimization problem, we employ techniques such as successive
convex approximation (SCA), penalty-based, and slack variables to obtain the solutions.
Finally, simulation results validate the superiority of the proposed algorithm and illustrate
the performance gap between the proposed communication system and the traditional
Shannon capacity in achieving high reliability and low delay.
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2. System Model

As shown in Figure 1, the system model consists of K single-antenna users indexed
by set K = {1,---,K}, a UAV-RIS, and a single-antenna ground BS. Suppose that the
coordinates of the BS and the k-th user are respectively expressed as ws = [x;, yS]T and
Wi =[x, yk]T,k € K. The horizontal coordinate of the UAV is q = [x,y,z]T. The phase
shift matrix on the diagonal of the RIS is expressed as ¥ = diag(e/‘gl, elf2, ... elfm ), where

M denotes the number of reflective elements.
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Figure 1. UAV-RIS-assisted URLLC System.
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When the UAV-RIS height is high enough, the ground-to-air (G2A) channel model
adopts the LoS probability path loss model. The LoS probability between ground nodes
and UAV-RIS is given by [29]:

1
14 L exp(—12 (91] — ll))

Plos ,ij € {BU, Uk} (1)

where [ and [, are constants related to the environment. tj denotes the elevation angle
from the node i to j, and BU and Uk represent from the BS to the UAV and from the UAV to
the k-th user. The constraint condition that the LoS probability is greater than the threshold
value is introduced in the UAV position optimization to ensure the high LoS probability
of the UAV to the ground node. According to [23], we adopt the high G2A LoS dominant
channel model. Therefore, the channel power gain from the BS to the UAV-RIS and from
UAV-RIS to the k-th user are given by:

gBu = podgl (2)

Suk = podyp 3)

where p denote the channel gain at the reference distance of 1 m. dp; and dyj; denote the
distance from the BS to the UAV-RIS and from UAV-RIS to k-th. Therefore, the link gain
from BS to UAV-RIS is hpy; = \/gpuapy [30], where

T
. 2m(M-1)d
agy = |:1,€]2de,...,€] T “’} 4)

The link gain from UAV-RIS to k-th user is hyx = /Suraur, where

T
. 2n(M-1)d
auk = [116_]274)",-../6_] o ﬂ (5)
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where d represents the adjacent distance between the transmitter and the RIS array, and
A denotes the wavelength of the carrier wave. w = (x; — x)/dpy; is the cosine of angle
of arrival (AoA) from BS to UAV-RIS, and ¢ = (x — xx)/dyy is the cosine of angle of
departure (AoD) from UAV-RIS to k-th user.

Let ¢, = ’hgu‘I’hUk |2 be the effective channel gain of user k. According to the NOMA
protocol, weak users are given priority during the decoding process. Use binary variable
w;; € {0,1},Vi,j € K to denote the decoding order of user i and j. Then «;; can be

defined as:
_J L =g
D‘z,] - { 0, c; < Cj (6)
O + Wi = 1 (7)

where a; ; = 1, it indicates that the effective channel gain of the i-th user is higher than that
of the j-th user. In the process of decoding the signal of the j-th user, the signal sent to the
i-th user is considered interference. Then (6) can be approximated as [31]:

wj = { 1, ”q_le < Hq_w]H (8)

0, otherwise

The signal received by the k-th user is given by:

K

ve = (hB¥hy) Y o/Prse + 2k ©9)
=1

where py and s; denote the power allocation and the signal sent to the k-th user by the
BS, satisfying E [|sk|2} =1z ~CN (0, 172) is the noise for the k-th user. Therefore, the
signal-to-interference-plus-noise ratio (SINR) for the k-th user can be written as:

PkCk
Yk = (10)
Lk i kCkpi + 02

Unlike the infinite blocklength (IFBL) of the traditional Shannon capacity, the transmis-
sion rate from the BS to the k-th user in the finite blocklength (FBL) regime is approximated
as [32]:

- 1%

ri = logy(1+7) — Q' (ex) % log, e (11)
where N denotes the transmission of data blocks containing N characters during each
transmission time, and ¢ represents decoding error probability for the k-th user. Q1 (x)

is the inverse function of Q(x) = [~ %exp(—%)dt. V(re) = 1= (149%) 2 is the
channel dispersion.

We focus on maximizing the sum rate of the UAV-RIS-assisted URLLC system by
jointly optimizing power allocation p, phase shift matrix ¥, UAV position q, and decoding
order A. Define p = {py, Vk € K}, and A = {w;;,Vi,j # i € K}. Therefore, the following

optimization problem can be formulated:
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max r.(q,A,Y, 12a

e k§1 k(g p) (12a)

s.t. Y., € [0,27),Vm, (12b)
K

Z Pk < Pmax, Yk € K, (12¢)
k=1

pr > 0,Vk € K, (12d)

[ Liflg—will < [lq—wj|

fij = { 0, otherwise ’ (12¢)

Kjj + Kji = 1,Vi # j€ K, (12f)

Pros = Kros, (12g)

Amin < q < qmax (121’1)

re > " Yk € K. (12i)

where (12b) is the sub-surface constraint for RIS phase shifts, and (12c) and (12d) represent
the power allocation constraints. Constraint (12e) means that the user closer to the UAV
is considered a stronger user, and (12f) is to prevent the user from being weak and strong
simultaneously. Constraint (12g) guarantees a reliable air-to-ground connection, limiting
the channel from BS to UAV-RIS and UAV-RIS to user to LoS by making the LoS probability
greater than the threshold «y,s [23]. Constraint (12h) denotes the position constraint of the
UAV-RIS, and (12i) is the minimum user rate constraint.

3. Resource Allocation

As problem (12) is a mixed integer nonlinear programming problem, it is challenging
to design the optimal solution. To solve problem (12), we develop an iterative algorithm
based on the block coordinate descent (BCD) method by partitioning the optimization
variables into three blocks: {p}, {¥} and {q, A}. Slack variable and successive convex
approximation (SCA) are adopted to tackle the first subproblem of power allocation. For
the second subproblem of RIS phase shifts, slack variable, SCA, and semidefinite relaxation
(SDR) are used to solve it. For the third subproblem, we use slack variable, variable
substitution, SCA, and penalty functions to tackle it. Finally, we summarize the algorithm
and analyze its convergence.

3.1. Optimizing Power Allocation
For given {¥} and {q, A}, the power allocation problem for the BS is given by:

K

max ) r(p) (13a)
P=
st (120), (12d), (12i). (13b)

We introduce relaxation variables A = [A1, Ay, ..., Ak], and represent channel disper-
sionasvy =1—(1+ )tk)72. Problem (13) is equivalent to the following problem.
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K

max Y log,(14+Ax) — Q' (ex)y/ %k log, e (14a)

PA T N

PkCk
st. > A, Wk € K, (14b)
Yk iCkpi + 02

log, (14 Ax) — Q' (ex)y/ % log,e > 1" vk € K, (14¢)
(12¢), (12d). (14d)

Due to non-convex constraints (14a)—(14c), problem (14) is a non-convex problem. We
can easily obtain that /7y is a concave function about Ay, so the first-order Taylor expansion

of /vy at /\,((n) gives an upper bound:
3
1+ A (A= 2")
-2
1- (1+2")

Next, we handle the constraint (14b). Take the logarithm on both sides of the inequality
sign of (14b) to obtain:

K i kckp
1n(”kc") 1n<2’1"7“‘ HkOkP: +1> > In(Ay) (16)

Va1 (14a) ( = (e A) (15)

o2 o?

K R
Let ¢(Ax) = In(A¢), and g(p) = ln():iﬂ’i#akw + 1). The global upper bound of g(Ax)

_
is g0 ()\k, /\]((")) = g()\k, A,({")) + A"A(;\{‘ . The upper bound of g(p) can be replaced by:
k

o2 Z,K:Li;sk Qi kCk (Pi - an))

ib () = (n)

g7 (p P ) =g(p") + - (17)

( ) ( ) Lk ipeip)” + 02

Therefore, problem (14) can be approximated as:
THER) b (5 400
rgix Z;log2 14+ Ap) — \/N =—"f (/\ Ay )log2 (18a)
st In ( "C") ub p,p(n)) > W(A A(")) vk, (18b)
log, (14 Ay) — 2 ex) = %K) pub (/\ Al ) log, e > ', Vk, (18¢)
VN

(120), (12d). (18d)

Problem (18) is a standard convex optimization problem that can be directly solved
using the interior point method by CVX toolbox [33].
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3.2. Optimizing RIS Phase Shifts
Let ¢ = ‘thk|2 = Tr(V"Hy), where Hy = hih!!, hy = diag(hL};)hy, V = vof,
and v = [ejel,e192,~ . ,ejeN}T. Then, for fixed {p} and {q, A}, (12) is simplified as

max i (V) (19a)
Vo &=

st. Vmm=1Yme M, (19b)

Rank(V) =1, (19¢)

V=0, (194)

re(V) <" vk e K. (19)

. - H - Pk Tr(VHHk)
where constraints (19b) and (19d) are to ensure V = vv*?, and (V) = TOVH) T i 1

(V) = log(1+ %(V) = Q (&) "5 logs e

Firstly, we ignore constraint (19c) and use the semidefinite relaxation (SDR) method.
By introducing the auxiliary variable 5 = [51,72,.-.,1x], f** (nk, 17,5") ) can be obtained
similar to (15). Thus, problem (19) can be rewritten as:

K
max Y (V) (20a)
, k=1
st. 7(V,q) > vk e K, (20b)
Tr(VIH
i pTr (VI H) S >k ek, (200)
r(VHHy) Y1tk XikPi + O
(19b), (194). (20d)

where 7 (V, 1) = log,(1 + 1) — &1(5") fub (ryk, 1715”)> log, e. For non-convex constraint (20c),
taking the logarithm of both sides of the inequality yields the following inequality.

ln(kar(VHHk))—1n<Tr<VHHk) f ai,kpi+oz> >1n(;7,§”))+'7k_(,7)’£n) 1)
i=1,ik M

Letg(V) =1In (Tr (VEHy) Zlel,i Lk XikPi T (72). Performing first-order Taylor expan-
sion on g(V) at (V(") to obtain the global upper bound.

H

2(V) < gV, V) £ gv0) 1 1o (v (V) (Vo)) )

)Y — HY YR ipi N

where Vyg (V ) o ( D) HHk> SR Therefore, problem (20) can be approxi

mated as follows.

K

max ) #(V, 1) (23a)
A k=1

st. 7(V,q) > vk ek, (23b)

ln(pk Tr (VHHk)) — g (V, V(M) > g (17k, WIE”)),Vk ek, (23¢)

(19b), (194). (23d)

Problem (23) is a convex optimization problem that can be directly solved using the
CVX toolbox. Nevertheless, the optimal solution V* of (23) may not satisfy Rank(V) =1,
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requiring the construction of a rank 1 solution from the solution of (23). According
to [34], we perform singular value decomposition on V* to obtain V* = UEUY, where
U = [ej, e ,em| and X = diag(wy, wy, - -+ ,wyp) represent the unitary matrix and
diagonal matrix, respectively. Let v* = UZ!/2x, where x € CM*! is the circularly sym-
metric complex Gaussian distribution random vector generated based on x € CN(0, I,).
Therefore, the solution of Problem (23)is V = oo, and v* = 2187,

3.3. Optimizing UAV-RIS Position and Decoding Order

For given {¥} and {p}, the optimization of UAV position and decoding order is
given by:

max :erk({q/ A}) (24a)
st (12e)~(12i). (24b)

Due to (24) being a mixed integer non-convex problem, it is not easy to directly solve
it. First, we introduce the relaxation variable p = [p1, p2, . .., px] and similarly obtain the

upper bound of channel dispersion £/ (Pk: p](:’)> _

(n))? (n)
-2 L+ p; Pk — Pg
£ (pepl”) = \/1— (1+0(") - ( ) ( 2) (25)
(m)\ ™
- (eel?)
Thus, problem (24) can be rewritten as
K
max 7(q, A, 26a
QAP k:zl K(a, A p) (26a)
PkCk
s.t. > pr, Vke K, (26b)
VI ik @i kCkPi + 02
7(q A p) > " Vk e K, (26¢)
(12e)—(12h). (26d)

where 7(q, A, p) = log,(1 +px) — %f”b (pk,p,(:')) log,e. Next, we introduce auxiliary

variables u and {l,Vk # j € K}. u denote the upper bound of the distance from the
base station to UAV-RIS, and [} is the upper bound of the distance from the UAV-RIS to
k-th user. Therefore, we have:

() > g —ws|? (27)

(1)* > la = will*, vk € K. (28)

The lower bound of the channel gain can be expressed as:
272 2| H 2
a=u"l Po‘agutﬁalﬂc‘ (29)

We introduce auxiliary variables { Wy, Vk € K}, and Wy = ZzK:Li;ék & kpi + 2

ot
[

To deal with binary variables ;€ {0,1},Vi,j € K, the binary variables are first con-
verted to a continuous variable between 0 and 1. Thus, the constraint (12e) can be equivalent
to the following inequality.

Kij— (Dél"j)z <0,Vi 75] e K. (30)
0<a;<1, ViZjek. (31)
lq — will* < &, Vi k € K. (32)
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2 Vki#ij€K. (33)

a;ilk < ||q — w;

where {{;, Vk € K} is an upper bound on ||q — w;||>. Equations (30) and (31) together
guarantee that a;; = 1 or a;; = 0. If [|q —wil> > |lq— A ?,(32) and (33) ensure
that a;; = 0. By introducing a series of auxiliary variables x = {p, u, I, ¢, W, Cx }, the
optimization problem (26) can be rewritten as

K
max 7(q, A, 34a
e k; K(q, A x) (34a)
st. PX>povkek, (34b)
Wi
K 0.2
We< Y appi+—,VkeK, (34c¢)
i=T,i#k Ck
2
o < u—ZZk—?pg‘agu‘faUk Yk €K, (34d)
7(q A, p) > vk e K, (34e)
(12f)-(12h), (27), (28), (30)~(33). (34f)

The equivalence of problems (26) and (34) is proved in [31]. To better solve the problem
(34), we write the constraint (30) into the problem (35) as a penalty term.

K K K
min - — ) 7i(q A x) +@) ) (i) (35a)
WX = =i
st (120—=(12h), (27), (28),
(31)—(33), (34b)—(34d). (35b)
where 5
vy == () + 20 (- f)) ), @)

and @ is the penalty factor, 7; ; denote the upper bound of Taylor’s first-order expansion of

(n)

aij — (oci/j)z ata; ;.

¥ Lo )

In
For constraint (12g), let ¢ = I; + &%, so we have

sin® —sin6;; < 0,ij € {BU, Uk}. (37)
where sin 6;; = % (12g) is converted to
max{zsin® — dpy, zsin® — dy} <0,Vk € K. (38)

Lemma 1. For non-convex constraints (27), (28), (33), (34b) and (34d) can be transformed into
convex constraints as:

lq — ws||* —#* <. (39)
lq —wil* =7 <0,Vk € K. (40)
di; <=dy; Vi #j€K. (41)
Wi — pr <= 0,Vk € K. (42)
K
Wi — Z & kCrPi — 0’2Ck <=0,Vk e K. (43)

i=1,ik
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~ o H 2
o — Skpo‘aBu‘I’aUk‘ >=0,Vk € K. (44)

Proof. It follows from [33] that the first-order Taylor expansion of a convex function is a
lower bound, and the first-order Taylor expansion of a concave function is an upper bound.

(n)

Thus, with the given points nos I, 0{5,'].1), C,E"), q(”), W,En),g,((”), we have
2> [u(")r + 2™ (u - u(”)) = 2. (45)
12
2> [z,ﬁ >] +21" >(z — )) 2. (46)
(“i,‘Jer)z (ﬂi,‘—Ck)z
ik = ]4 - ]4 W
(m) _ (m)? (m) _ 7(m)
- (Dcl',;l _Ckn> —2<(Xi,1j1 _gk )(0‘1] ék) (“ij"’_gk) é kl;ﬁ cK
< 1 J .
2
Ja=w]"= o~ +2(a" ) (a- ) s
~ A n n .
quw]'H2 >dyj = Hq( fw]H +2( () _ ) ( ( )) vj e K. (49)
_wm
EP L Tl (50)
Wi ngn) (W]E"))Z
(n)
1 1 GG A~

W g @ " o
w2 = )20 72 = 2(u) ) 2 (- ) -

3, () — A ~
F 201 B )21 1) £ 5,

For (27), we obtained (39) by performing a first-order Taylor expansion on u2. Similarly,
it can be shown that (40)—(43) can be demonstrated using the same method. For (34d), let
Sk = u_zl 2. Since the Hessian matrix of gy is positive definite, it is a convex function. A

Taylor flrst—order expansion of a binary function g gives a lower bound S; [33]. O

Furthermore, for (34d), apy; and ayj; depend on the position of the UAV, making the
right side of the constraint (34d) difficult to deal with. To overcome this obstacle, we
introduce the following constraint.

< §2

max

(53)

-

where q(") denotes the result of the n-th iteration of the SCA, and Spmayx is the maximum
allowed displacement for the SCA UAYV in each iteration. Thus, the problem (35) can be
approximated as the following convex optimization problem.

min Z 7i(q, A, x) +@ Z Z(r”) (54a)
vAX =i
st (126), (12h), (31, (32), (34e), (39)~(44), (53). (54b)

(54) is a standard convex optimization problem that can be directly solved using the interior
point method by CVX toolbox [33]. For the solution of the decoding order A, perform the
a;; = round («; ;), where the round defines as rounding to the nearest integer, such that the
solution satisfies the 0 or 1.
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3.4. Overall Algorithm Design and Convergence Analysis

Based on the above discussion, the algorithm we proposed can be summarized by
Algorithm 1. Three parts dominate the overall complexity of Algorithm 1. The first part
involves optimizing power allocation, with a complexity of O(I; (2K)3?). The complexity
of optimizing power allocation in the second part is O (I, M*?) [35]. Lastly, the joint opti-
mization of UAV position and decoding order has a complexity of O(I3(6K +4)3°). I; — I3
is the number of iterations for optimization problem (18), (23) and (54) to reach convergence.
Thus, The overall complexity of Algorithm 1 is O(I5(I;(2K)3° + LM*® + I3(6K + 4)%?)),
where I5 denotes the number of iterations required for Algorithm 1 to achieve convergence.

Algorithm 1 Proposed joint optimization algorithm

1: Initialize: {qo, AO}, ¥, po. The number of iterations: n = 0. Set 71,45 as the maximum
iterations and € as the accuracy.

: Repeat:

. Given ¥, and {q(", A("}, update p("*1 by (18).

. Given p("*1 and {q("), A("}, update ¥"+1) by (23).

. Given p("*1) and ¥("*1), update {q("*1), A("t1)} by (54).

: Until: ‘Zszl r,((n) -yK, r,ﬁ”fl)’ <eorn > Nygy.

7. Output: the optimal solutions power allocation p(*), RIS phase shifts ¥("), UAV-RIS

position q("), and decoding order A(").

o Uk W N

We define the variables for the n-th iteration of the optimization problem (12) as
p™, ¥, {q(W, A(M}, and objective function f(p™, ¥, {q(™, A(M}). In the step 3-5,

we have
Fp™, ¥, {q, A<”)})
<f( n+l (n { Alm) )
<f( n+1 (n+) {q A )
< f(p(n+1) y(n+1) {q 1 A(n+1)})

(55)

which indicates that in Algorithm 1, the value of the objective function is non-decreasing
after each iteration. So, the objective function values have a finite upper bound, which can
ensure the convergence of Algorithm 1.

4. Simulation Results

In this section, we conduct simulations to validate the effectiveness of the proposed
algorithm. The simulation parameters are shown in Table 1 [23,36]. Furthermore, we
assume consider a scenario with K = 2 users located at coordinates [60, 0] m, and [80,0] m
respectively, while [0,0] m is the coordinates of the BS. To compare with the proposed
algorithm (NOMA-FBL), this work considers the following six benchmark schemes:

¢  NOMA-IFBL: In the case of infinite block length, we extend the two-user scenario
presented in [28] to accommodate multiple users. The transmission rate is given by

riFBL = log, (1 + %) (56)

for all Yk € K, and the optimization variables are consistent with NOMA-FBL.

e  NOMA-FBL-RandomRIS: In this case, we optimize power allocation, UAV-RIS posi-
tion, and NOMA decoding order without optimizing the RIS phase shift.

*  NOMA-FBL-Center: In this case, the UAV-RIS position is placed in the center of the
BS and users center, with a height of 90 m. Variable optimization is the same as the
NOMA-FBL algorithm, except for the UAV-RIS position and decoding order.

e  NOMA-IFBL-RandomRIS: In the case, similar to NOMA-FBL-RandomRIS, all vari-
ables are optimized except the RIS phase shift.



Drones 2024, 8, 301 13 of 18

*  OMA-FBL: OMA technology is used in the FBL transmission scheme, similar to [37],
and the transmission rate is given by

v (0]

Table 1. Simulation Parameters.

where fy,? = %

Maximum transmit power Py;qx 30 dBm
Channel power atd = 1m 30 dB
LoS probability threshold Kros = 0.9
Noise power 0? = —100 dBm
Element spacing of RIS %
Number of IRS reflecting elements M 40
Constants related to the environment l; =11.95,1; =0.14
Packet error rate g =107°
Minimum user rate 0.1
packet length N 1000

In Figure 2, we verify the convergence of NOMA-FBL and NOMA-IFBL algorithms
with maximum transmit power Pnax = 30 dBm, the number of RIS elements M = 40.
As the number of iterations increases, the sum rate of the system gradually increases.
The NOMA-FBL and NOMA-IFBL algorithms fully converge after approximately eight
iterations. When the number of iterations is nine, the sum rate of NOMA-FBL accounts for
83.83% of the NOMA-IFBL algorithm.

Al ,
il
—~ 151 1
N
I
0
=
=3
(0]
g o *
IS
3
2]
0.5 4
!
—H5— NOMA-FBL
NOMA-IFBL
0 Il Il Il Il Il Il Il Il Il Il

1 2 3 4 5 6 7 8 9 10 11 12
iteration

Figure 2. Convergence of NOMA-FBL and NOMA-IFBL algorithms for maximizing the sum rate
of system.

The trend of the sum rate of the system as the maximum transmit power Py of
the BS is shown in Figure 3. It can be observed that the sum rate of the six schemes
increases with the increase of Py;4y. This is because the BS allocates more power to each
user to achieve a higher sum rate. In addition, the sum rate of the proposed NOMA-
FBL algorithm is higher than that of other algorithms except NOMA-IFBL, proving the
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NOMA-FBL algorithm’s effectiveness. The NOMA-IFBL and NOMA-FBL algorithms for
optimizing RIS phase shift are superior to the corresponding NOMA-IFBL-RandomRIS and
NOMA-FBL-RandomRIS algorithms, indicating the effectiveness of RIS gain in improving
the URLLC systems. For the UAV-RIS-assisted URLLC systems, optimizing the UAV-RIS
position can greatly improve the sum rate of the system because adjusting the UAV-RIS
position can improve the user’s channel quality and update the NOMA decoding order.
Compared to the NOMA-FBL-RandomRIS, NOMA-FBL-Center, and OMA-FBL algorithms,
the NOMA-FBL algorithm has improved by 15.66%, 18.52%, and 26.91%, and the sum rate
of NOMA-FBL and NOMA-IFBL-RandomRIS algorithms reaches 89.41% and 86.61% of the
NOMA-IFBL algorithm, respectively, when Ppax is 26 dBm.

Figure 4 presents the performance of the sum rate of the system versus the number of
RIS sub-surfaces M. As M increases, the sum rate of the six algorithms increases. However,
the gap between the sum rate of the optimized phase shift algorithm and the random phase
shift algorithm is becoming increasingly significant. The reason is that the higher reflection
gain can be achieved through the reflection of a quantity of RIS sub-surfaces, and the larger
the number of M, the greater the influence on the RIS reflection channel. The proposed
NOMA-FBL algorithm improves the sum rate with respect to NOMA-FBL-RandomRIS,
NOMA-FBL-Center, and OMA-FBL algorithms by 30.41%, 21.50%, and 39.75% when M
equals 80. The sum rate gap between the NOMA-IFBL algorithm and the NOMA-FBL and
NOMA-IFBL-RandomRIS algorithms is 0.261 and 0.578 bit/s/Hz, respectively.

4.5 T T

—H&—NOMA-FBL

NOMA-IFBL
4r|—— NOMA-FBL-RandomRIS
—#4— NOMA-FBL-Center ]
—#— NOMA-IFBL-RandomRIS i

OMA-FBL

Sum rate (bit/s/Hz)

9 . . . . . . . . .
20 21 22 23 24 25 26 27 28 29 30

Rn ax (dBHl)

Figure 3. Sum rate versus maximum transmit power Py, for M = 40, N = 1000, ¢ = 1073,

Figure 5 illustrates the relationship between the sum rate of the system and the packet
length N under various schemes. The figure demonstrates that the sum rate of all short-
packet transmission schemes increases with the increase in packet length and gradually
approaches the ideal IFBL transmission scheme. A notable observation is that the trend
of sum rate growth slows down as packet length increases. This implies that improving
throughput performance at the expense of higher latency is less effective beyond a particular
threshold of packet length. In addition, the sum rate of the proposed NOMA-FBL algorithm
is higher than that of the OMA-FBL algorithm for any packet length. This indicates that
using NOMA technology in short-packet transmission under the same latency conditions
can achieve a superior sum rate compared to OMA, and NOMA can effectively reduce
latency. When packet length N is 600, the sum rate of the system obtained by the NOMA-
FBL-RandomRIS, NOMA-FBL-Center, and OMA-FBL algorithms are about 14.30%, 12.65%,
and 20.56% of the NOMA-FBL algorithm.
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Figure 5. Sum rate versus packet length N for Py = 30 dBm, M = 40, ¢, = 1072,

As shown in Figure 6, when ¢ increases from 1078 to 1071, the system sum rate of
the FBL scheme increases. Generally speaking, e < 0.5. As g; approaches 0.5, the sum
rate difference between the FBL scheme and its corresponding IFBL scheme decreases. This
is because the Q!(g;) is monotonically decreasing in (0,0.5]. Consequently, to boost the
sum rate under the FBL scheme, a certain degree of reliability must be compromised. When
gx = 0.1, the sum rates obtained by the NOMA-FBL and NOMA-FBL-RandomRIS algorithms
account for 98.13%, and 97.33% of NOMA-IFBL and NOMA-IFBL-RandomRIS respectively.

Figure 7 illustrates the impact of the UAV-RIS position on NOMA URLLC system
performance. We set the minimum user rate ' equals 0 and the UAV-RIS y-axis to 0 m, with
a height of 80 m. The NOMA decoding sequence is optimized according to Equation (6),
and the remaining variables are optimized according to Algorithm 1. As can be seen from
the figure, the sum rate of the three algorithms first increases with the movement of the
UAV-RIS and then gradually decreases. When the UAV-RIS is placed between the base
station and the users, the system performance is better, indicating a relationship between
channel gain and the distance of the UAV from the base station and users. It is noteworthy
that the system performance is best for the NOMA-IFBL, NOMA-FBL, and OMA-FBL
algorithms when the UAV position is at x = 30 m, x = 32 m, and x = 26 m, respectively.
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Figure 6. Sum rate versus decoding error probability ¢ for Py;,x = 30 dBm, M = 40, N = 1000.
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Figure 7. Sum rate versus x-coordinate of UAV-RIS for Py;;x = 30 dBm, M = 40, N = 1000, &y = 107°.

5. Conclusions

This work proposes a joint optimization algorithm based on BCD to maximize the sum
rate of the UAV-RIS-assisted URLLC system based on the NOMA protocol. Specifically, we
jointly optimize power allocation, RIS phase shifts, UAV-RIS position, and NOMA decoding
order using auxiliary variables, SCA, and penalty functions. Simulation results verify the
convergence and superiority of the proposed resource allocation algorithm compared with
other benchmark algorithms. Additionally, the simulation results illustrate the performance
gap between the proposed communication system and the traditional Shannon capacity to
achieve high reliability and low delay. We are currently verifying the theoretical analysis
results through Matlab and CVX simulation platforms, and the next step of our work will
be to deploy algorithms on the UAV prototype for practical verification of the effectiveness
of the proposed algorithm. We will further consider the hardware impairments, noise, and
uncertainty of the channel in this work, and design a robust resource allocation algorithm.
Moreover, deep reinforcement learning is also commonly used to handle resource allocation
problems. We will use deep reinforcement learning as [38] to optimize UAV trajectory,
RIS phase shifts, etc. Last but not least, physical layer security is also an issue worthy of
attention. Due to the openness of air-to-ground channels, they are easily vulnerable to
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eavesdropping or attacks. Therefore, we will consider the physical layer security issues
under the UAV-RIS-assisted URLLC system.
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