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UAV-Relay-Assisted Live Layered Video Multicast
for Cell-Edge Users in NOMA Networks

Hang Shen™, Member, IEEE, Ziyuan Tong, Tianjing Wang

Abstract—In this paper, a live layered video multicast frame-
work based on unmanned aerial vehicle (UAV) relays is presented
for on-orthogonal multiple access (NOMA) networks, aiming to
maximize the aggregated video reception quality for cell-edge
users. A visualizable graph model is constructed to characterize
the coupling of the deployment of UAVs and their association with
multicast groups with interference cancellation. Based on this
graph model, the problem of maximizing multicast group video
reception quality is modeled as a clique-based nonlinear integer
programming and decoupled into UAV placement and UAV-group
association subproblem and subchannel allocation subproblem.
For mathematical traceability, the former is transformed into a
unique maximum weight clique problem under the available UAV
number constraint, solved by an improved branch-and-bound
algorithm. For the latter, a heuristic resource-matching strategy
is designed to obtain a near-optimal subchannel allocation with
low computational complexity. Simulation results demonstrate
that the proposed scheme outperforms mainstream benchmarks
in terms of aggregate peak signal-to-noise ratio (PSNR), spectrum
utilization, network coverage, and adaptability.

Index Terms—UAV, NOMA, layered video multicast, resource
allocation.

I. INTRODUCTION

ITH the advancement of networking technologies, real-
Wtime video services (e.g., live sports streaming, concert
venues) have become ubiquitous in people’s daily lives. In
its report “Network Traffic Forecast: 2019-2024”,' Omdia
states that video is expected to account for over 75% of
total wireless network traffic by 2025. The surge of real-time
video traffic has imposed tremendous pressure on network
resource allocation. Compared to unicasting, multicasting can
provide services to multiple users with bandwidth indepen-
dent of the number of users [1]. By leveraging multicasting
for real-time video, substantial savings in the base station
(BS) bandwidth can be achieved [2]. These efficiencies make
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multicasting well-suited for supporting the rising demands of
bandwidth-intensive, real-time live video services.

Scalable video coding (SVC) [3] encodes a video stream
into multiple layers of resolution, quality, and frame rate,
by which devices can adjust the number of decoded layers
according to network conditions and decoding capabilities,
reconstructing the complete video. Due to flexibility and adap-
tivity, SVC has become a promising video multicasting tech-
nique. Using orthogonal multiple access (OMA), each video
layer is transmitted over different orthogonal channels. Via
power domain multiplexing, non-orthogonal multiple access
(NOMA) can serve multiple users in the same channel [4], [5].
When receiving different video layers non-orthogonal, an end
device can run successive interference cancellation (SIC) [6] to
demodulate signals according to the received power strength.

The link between BS-edge users and the BS is usually a
non-line-of-sight (NLoS) connection [7]. Relying solely on
terrestrial BSs may not guarantee high-quality video reception
for BS-edge users. UAVs’ flexible deployment, low transmit
power, and lightweight nature make them well-suited to pro-
vide BS-edge video multicast/broadcast services. Their ability
to fly at optimal altitudes and establish line-of-sight (LoS)
links help expand BS coverage and reduce resource consump-
tion for data distribution [8]. With NOMA, UAVs deployed
at BS-edge can share spectrum with the BS and superimpose
signals of different video layers in the power domain, improv-
ing multicast service quality and resource utilization. Although
UAVs have limited energy and communication capabilities,
their continued improvement and intelligent deployment can
enable high-quality video multicasting services for the chal-
lenging NLoS conditions typical of BS coverage edge.

A. Challenging Issues and Related Works

For UAV-relay-enhanced online SVC video multicasting for
BS-edge in NOMA networks, many challenges remain:

1) UAV-BS Cooperation: Most existing hierarchical video
multicast schemes target terrestrial cellular networks. In [9],
the adaptive mobile streaming transmission was formulated as
a multi-source multicast multi-rate problem, decomposed in
terms of clients, and solved by a distributed delivery algo-
rithm. Zhu et al. explored a NOMA-enabled SVC multicast
scheme with ground BSs sending base and enhancement lay-
ers [10]. Improving from this scheme, Dani et al. propose a
joint power allocation and subgrouping scheme to maximize
the sum multicast rate under maximum transmit power and
proportional rate constraints [11]. Many UAV-aided video
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distribution schemes are cache-enabled, where UAVs provide
offline services to users [12], [13], [14], and the video cache
must be updated regularly to improve the hit rate [15]. For sup-
porting real-time video, one approach is to establish backhaul
links to the BS via millimeter wave (mmWave) [16]. However,
due to the high propagation loss of signals, mmWave has a lim-
ited communication range [17], less than the coverage radius
of a macro BS, making it difficult for UAVs placed at BS-edge
to maintain stable backhaul connections. Li et al. [18] develop
a random network coding scheme for UAV multicast networks,
incorporating a sliding coding window scheduling for encod-
ing and a lower triangular coding structure for decoding.
Comga et al. [19] design a learning-based scheduling solu-
tion deployed in UAV-based networks to support immersive
live omnidirectional virtual reality video streaming. However,
those works did not consider the interaction between UAVs
and the BS. In [20], a position-based beamforming algorithm
is presented to improve the backhaul transmission of 5G UAV
broadcasting by tracking mobility and steering the antenna
beam to target the UAVs. Although UAV-BS interaction is
considered, the potential gain obtained in combination with
NOMA needs further investigation.

2) Decoding of Layered Videos With Multi-UAVs: A com-
mon hierarchical video multicast strategy is the macro BS
sending base layer and multiple small-cell sending enhance-
ment layers [21]. Compared to enhancement layers, the base
layer requires a higher transmission rate, meaning more band-
width resources are consumed at the macro BS. UAVs can
deliver base layers using LoS links with less resource con-
sumption. After receiving video layers, NOMA devices decode
and cancel interference according to the power strength order.
Note that for SVC NOMA multicast, the video reception
must consider both video layer dependencies and reception
order, in which the video layer reception order becomes
one constraint for UAV deployment, which still needs to be
studied. Katwe et al. investigate multi-UAV cooperative full-
duplex NOMA systems by clustering users, placing UAVs,
and allocating power to improve throughput [22]. Based on
fountain-coded coordinated multipoint, a 5G multimedia ser-
vice framework based on UAV full-duplex relay is developed
for high-reliability, low-latency broadcast communication [23].
Zeng et al. propose joint power allocation and UAV trajec-
tory design to enhance user reception rate [24]. In [25], a
resource allocation framework is presented for UAV-assisted
multicast wireless networks. The power allocation and UAV
trajectory design were formulated as non-linear and non-
convex optimization problems for offline and online scenarios.
However, these methods cannot accommodate layered video
delivery.

3) UAV-Group Association Patterns: Associating each
multicast group with a unique UAV can avoid co-channel
interference but fails to exploit UAVs’ flexibility. Allowing
one multicast group to associate with multiple UAVs increases
service flexibility, but the superimposed UAV signals may
negate the spectral reuse gains. Most existing works consider
an unicast service scenario. Zeng et al. study layered caching
at multiple UAVs to minimize access latency through joint
cache placement, UAV deployment, and user association [15].
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Wang et al. design a multi-agent Q-learning algorithm for
uplink transmission in UAV-assisted cellular networks to deter-
mine UAV deployment and association with minimum energy
consumption of users and UAVs [26]. Li et al. aim to maximize
the network energy efficiency by jointly optimizing the UAV-
user association, UAV position, and resource allocation [27].
An energy-constrained coalition game was proposed to solve
the UAV user association problem. These research works did
not consider layered video multicasting.

B. Contributions and Organization

Considering a scenario where multiple UAVs serve as relays
to provide online video multicast services to BS-edge users,
we present a BS-UAV cooperative NOMA framework for
SVC video multicasting to maximize multicast groups’ aggre-
gated video reception quality in BS-edge areas. The main
contributions are three folded:

« A visualizable graph model is constructed to characterize
the coupling between decision variables (for UAV deploy-
ment and multicast group association) and video decoding
(for sequential superposition and SIC). Each clique in
the graph corresponds to a set of decisions meeting the
requirements on superposition coding and SIC.

« Based on the proposed graph model, the multicast video
quality maximization problem is transformed into a
clique-based nonlinear integer programming. Due to the
high computational complexity, the problem is decoupled
into UAV-group association and subchannel allocation
subproblems to facilitate processing.

e The former subproblem is converted into a particu-
lar maximum weight clique problem, and an improved
branch-and-bound algorithm is developed to determine
the UAV placement and UAV-group association. A low-
complexity heuristic matching strategy is designed to
obtain a near-optimal resource allocation scheme for the
latter. Extensive simulation results demonstrate that the
proposed scheme outperforms benchmark approaches in
aggregated peak signal-to-noise ratio (PSNR), spectrum
efficiency, and BS-edge coverage.

The remainder of this paper is organized as follows.
Section II presents the communication and UAV deployment
models and the video reception and decoding framework.
In Section III, the video quality maximization problem for
BS-edge is modeled as a clique-based program. Section IV
decouples the optimization problem and presents the solutions.
Section V designs simulation experiments for performance
evaluation. Section VI summarizes the study and discusses
follow-up works. The main symbols used are listed in Table I.

II. SYSTEM MODEL

In the scenario shown in Fig. 1, multiple UAVs are deployed
at the edge of the BS and serve as relays. There are three
types of links: the BS-to-UAV link (B2U), the BS-to-device
link (B2D), and the UAV-to-device link (U2D). Users request-
ing the same video stream belong to one multicast group. A
multicast group can be associated with one or more UAVs, i.e.,
multiple UAVs can serve one multicast group. In the scenario,
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TABLE I
MAIN NOTATIONS AND VARIABLES

Symbol Definition

bn, Num. of subchannels allocated to group n

B Total num. of subchannels

c/ic Set/Num. of vertices of a clique

e Bandwidth of each subchannel

hi, Horizontal distance between [; ; and user %
him Horizontal distance between the BS and user %

Tn Set/Num. of devices in multicast group n
Set/Num. of devices covered by a UAV at [;

Ziskom in multicast group n
J Set of UAV projection positions in x-y plane
K; Set of candidate UAV flight heights on (z;, y;)
Lk UAV 3D placement coordinate (x;, y;, 2j,k)
NIN Set/Num. of multicast groups
Du/Pm UAV/BS transmit power
0-1 variable indicating association between
AR a UAV at 1, and group n
PSNR; . PSNR of receiving the base layer for group n
PSNR of receiving base and enhancement
PSNRQ,n 1 1 1t
ayers for multicast group n
Rj i Coverage radius of a UAV at [} 5

0-1 variable indicating device ¢ receiving

Ut i /U2, base layer/enhancement layer

@ Num. of available UAVs

NLoS/MNLoS Additional path loss of the D2U LoS/NLoS link

A/ Minimum bitrate for group n to decode
Lin/AZn the base layer and the enhancement layer

syy
N N/ ~|

MEC-enabled
controller

@ Router ,?I Gatewa BS MEC UAV
of controller "@

Base layer Base layer _ _, Enhancement layer
—7 relay distribution > distribution

User in multicast group 1 User in multicast group 2

Fig. 1. UAV-relayed online SVC multicast scenario.

multicast group 1 is associated with UAV 2, and multicast
group 2 is associated with UAVs 1 and 2. By accessing global
information, the MEC-enabled controller determines UAVs’
placement and association patterns with multicast groups and
allocates resources to each group.

Each video is encoded using SVC into a base and enhance-
ment layers. Different orthogonal subchannels are allocated to
each multicast group. For instance, multicast groups 1 and 2
in Fig. 1 are allocated 4 and 5 subchannels, corresponding to
the shaded and unshaded parts in Fig. 2. The former represents
BS’s spectrum resources for sending the base layer to UAVs
over B2U links. The latter represents the spectrum resources
shared by U2D links (UAVs sending base layers to users
through U2D links) and B2D links (BS sending enhancement
layers to users).

Transmit povi/er of UAV 2

T - Transmit power
ransmit power
Power
. of UAV 2 of UAVI
domain -
BS transmit power BS transmit power A
Frequenc
Subchannel 1 Subcl'j;mcl 4 Subchl\nne] 7 d(?mainy

Fig. 2. Superposition in power domain and spectrum partition.

A. Communication Model

Let l; x = (xj,y},zjx) denote a candidate UAV 3D deploy-
ment position, where j € J is the index of projection position
in the x-y plane, k € K; is the height index on (x;, y;), and J
and K; are the index sets. The LoS communication probability
between a UAV at /; ; and ground device i is defined as [28]

1

Pros(hij. zjx) =
° ( R ) 1+aexp( o(arctan( )—a))

ey

where h;; is the horizontal distance between the UAV and
device i. a and o are environment-related parameters. The path
loss model from the UAV to the device is calculated as [29]

de W2+,

@ (hij. zjk) = 201log -

+ Pros (hijis 2.k )MLos + (1 — PLos (hij, 2,k) ) INLos (2)

where c is the carrier frequency, s is the speed of light. nrs
and nNLos represent the additional path loss over the D2U LoS
and NLoS links, respectively.

The azimuth and elevation angles of the directional antenna
equipped on the UAV are denoted as 61 and 6>, respectively.
Assume the antenna’s half-power beamwidth is the same for
both azimuth and elevation. The antenna gain in azimuth angle
(61, 62) is given by [30]

foy =B f0=0 500050 3)
- fo = 0, otherwise
where f] = 30000 ~ 2.2846 and f; denotes the antenna

gain outside the 3dB beamwidth. Since 0 < fy < g—lz in
practice, the antenna gain is simplified as fy = 0 [31].

Based on (2) and (3), the channel gain from a UAV at [; ; to
F@)(j k-hi j)
its covered device i is denoted as gjx,; = 10~ . Let

(Xm» Ym» zm) denote BS coordinates. The channel gain from the
BS to ground device i is calculated as g; ,, = 30435 log(h; m)
using the method described by Ye et al. [32], where h; ,, =

\/ (o — x,')2 + Om — y,')2 is the horizontal distance between
the BS and device i. For a UAV at [;, its effective cover-
age radius relies on LoS probability and free space path-loss,
calculated as [33]

Zjk
tan( 1 ln 1 ;)

denoting the minimum of the two expressions for z;x, where
& is the LoS probability and i represents the free space path-
loss threshold. The first and second terms contained in the

Rjx = min

drce

v 2
SI“QO
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UAV lat/, =
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Fig. 3. Impact of UAV deployment on SIC.

min{} in (4) increase and decrease monotonically with z; s,
respectively. When z; ; is small (large), the first term is less
(larger) than the second term. Accordingly, the effective cov-
erage radius of a DSC at /j ; increases first and decreases as
its flight altitude, z;j x, increases.

B. UAV Deployment Model

Ground devices perform interference cancellation according
to the received signal strength. In Fig. 1, multicast group 1 is
associated with UAVs 1 and 2. When receiving signals from
UAV 1 and the BS, devices under the coverage of UAV 1
suffer interference from UAV 2’s signal. We take the users
covered by UAV 1 as an example to explain how to place
adjacent UAVs to ensure they can correctly and sequentially
decode the signals from UAV 1 and the BS.

1) Constraint for Decoding UAV Signal: Take Fig. 3 as an
example. A is the closest point to the BS at the edge of UAV
I’s coverage. Suppose UAVs 1 and 2 are deployed at /;; and
ly w. The channel gain from UAV 1 (/;;) to point A is the
minimum signal gain to the coverage edge, calculated as

(min) —

1O (R k3 k)
L [

The channel gain from the BS to point A is the maximum
signal gain to the edge of UAV 1’s coverage, calculated as

( (o j,k)zﬁrzn)y
= 10" 10

where hj,, = \/(xj — Xm)? + (yj — ym)? is the horizontal dis-
tance between UAV 1 (/j ;) and the BS, and « is the path loss
exponent. p, and p,, represent the transmit power of UAV and
BS, respectively. If the received signal power from the BS at
point A is lower than that from UAV 1, the received signal
power from BS is lower than that from UAV 1 within UAV 1’s
coverage. Devices covered by UAV 1 can decode/reconstruct
the signal from this UAV and perform interference cancellation
if and only if

Piim < Pugii - 5)

2) Constraint for Decoding BS Signal: Because of
spectrum reuse, users within UAV 1’s coverage suffer
interference from UAV 2’s signal. In Fig. 3, B is the clos-
est to UAV 2 at the edge of UAV 1’s coverage. The channel
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gain from UAV 2 to point B is the maximum channel gain
within UAV 1’s coverage, calculated as

16006 {0y iy )

R kK

(max) __ —
gj/’k/’j’k — 10

where d; ; = \/ (xj —x7)> + (yj — yy)? is the horizontal dis-
tance between the two UAVs. C is the farthest point from
macro BS at the edge of UAV 1’s coverage. The channel gain
from the BS to point C is the minimum channel gain within
UAV 1’s coverage, calculated as

( (hm_j+ijk)2+z%,>V
=107 10 .

If the interference signal power from UAV 2 received at
point B is lower than that from BS received at point C, all
interference signals within UAV 1’s coverage are lower than
the BS signal. Therefore, for the UAVs located at /; ; and [y 4/,
users under UAV 1’s coverage can decode and reconstruct the
signal from BS, if and only if inequality (6) is satisfied.

(max)

Pu8y ke < ng](f,ilj;) (6)

C. Video Layer Reception and Decoding Framework

Constraints (5) and (6) ensure that users covered by a UAV
can receive the base layer from the UAV and the enhancement
layer sent by the BS. The set of users in multicast group n
covered by a UAV at [;; is denoted as Zj ,. 0-1 variable
gjk,n = 1 indicates the association between a UAV at /;  and
multicast group n, 0 otherwise. By receiving signals from the
UAV at [; x, users in Z;  , suffer interference from the BS and
other UAVs associated with multicast group n. Suppose the
bandwidth of each subchannel is ¢, and b, subchannels are
allocated to multicast group n. The achievable rate of user i €
Z; kN to decode the signal from the UAV at [;; is represented
as (7) at the bottom of the next page, a function of b, and
qj.k,n» Where o2 denotes the average background noise power.

Constraint (6) ensures that, except for UAV at [y, the
interference signal strengths from other UAVs are lower than
the signal strength from BS. When decoding the BS signal,
users suffer interference from distant UAV signals. The achiev-
able rate of ground device i € Z;; , to decode the BS signal
is a function of b, and g;j x », i.€.,

rm,n,i(bna Qn)

= byelog, (l +

Pm8m,i
Zj’ej/{j} Zk/ele/{k} 4 & nPugj K i+0?
(3

For the devices in group n, the minimum bitrates to decode
the base layer and the enhancement layer is denoted as A7 and
A5, corresponding to

rj,k,n,i(bn, Qn) > )Ll,n ©)]
and

rm,n,i(bn’ Qn) > )"Z,n- (10)
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X NOMA layer
v [ Signal X;, [ | decoding
Enhancement | 2,1 BS -
Layer X+ X+
11 2,1

(a) Example of multicast group lassociated with UAV 1.

NOMA layer
[swelwer 537000 SICor | [ Signalx
ase layer ; ® ignal X;.
X DA D Signal X, » decoding
Enhancement | 422 ;
Layer - BS v v
X2 Xas

(b) Example of multicast group 2 associated with UAVs 1 and 2.

Fig. 4. Signal superposition and SIC under different associated patterns.

The prerequisite for receiving and reconstructing the enhance-
ment layer is receiving the base layer. Device i can decode the
enhancement layer if (9) and (10) are satisfied simultaneously.

We now explain the superposition coding in the power
domain of UAV and BS signals and the interference cancel-
lation under constraints (5) and (6). Still taking Fig. 1 as
an example, two possible UAV-group association cases are
considered:

1) Each Multicast Group Is Associated With a Unique UAV
(See Fig. 4(a)): Multicast group 1 is only associated with UAV
2. Users under UAV 2’s coverage receive signals from UAV
2 stronger than those from BS. The base layer signal, Xj i,
and enhancement layer signal, X, 1, are propagated through
the transmit power of UAV 2 and the BS, respectively. As
long as the reception rate of ground devices under UAV 2’s
coverage satisfies (5) and (6), Xj,; and X» 1 can be decoded
via interference cancellation.

2) One Multicast Group Is Associated With Multiple UAVs
(See Fig. 4(b)): Multicast group 2 is associated with both
UAVs 1 and 2. Users covered by UAV 1 in group 2 are far from
UAV 2. They receive signals from UAV 1 stronger than those
from BS and suffer interference from UAV 2, weaker than
BS signals. The base layer signal Xj > is propagated through
the transmit power of UAV 1, and the enhancement layer sig-
nal X5, relies on BS. If the reception rates of users covered
by UAV 1 satisfy (5) and (6), they can decode X; 2 and X3 >
through SIC without further interference cancellation.

III. VIDEO QUALITY MAXIMIZATION PROBLEM
A. Graph Model Construction

It is known from Section II-C that UAV deployment and
multicast group association affect superposition coding and
interference cancellation of UAV and BS signals. This sec-
tion constructs a visualizable graph model to characterize the
coupling among different decision variables, assisting UAV
deployment and UAV-group association.

By performing the mean-shift clustering algorithm [34] on
BS-edge users, we obtain a group of candidate UAV loca-
tions, denoted as J. Let G = (V, £) denote an undirected
graph, where each vertex corresponds to a candidate decision
on UAV placement and multicast group association that meets
constraint (5). Thus, the vertex set can be expressed as

V(©G) = {Vj,k,nlpmgﬁj? < pugﬁnn)j €eJ.keKjne N}
(11

where N is the set of multicast groups.

When two UAVs located at /; x and [y p are both associated
with multicast group n, the constraint corresponding to (6) is
re-expressed as

(min)

(max)
{p“gjck’,j,k < Pm8jpm- ik F i, n=n

/

(12)

(max) (min)

Pujjx < Pm&j o m Lk #lyw,n=n
Regardless of the association pattern, a hovering UAV
at (xj,y) can only choose a unique height index &,
corresponding to

lk=lyw.j=J. 13)

An edge exists between vj ., and vy p v if and only if (12)
or (13) holds. Accordingly, the edge set is expressed as

EG) = {(vjkn viww) €V@I2) or 13)}. (14

A clique C C V is a subset of vertices in G where every
two vertices are connected. Each clique can be mapped to a
group of decision variables for UAV deployment and UAV-
group association.

B. Case Analysis

To facilitate an understanding of graph generation and clique
selection, we provide an example with multicast groups 1 and
2. The candidate UAV locations include I1,1, /12, and [ .
Assume the channel gains from the BS to ground devices and
those from candidate UAV locations to ground devices satisfy
the following conditions:

D gy < pugl™s

. (max) (min) ,

(i1) Pm812.m <DPu812 >

es (max) (min) ,

(ii1) Pm83 2 m <Pu82p >

. (max) (min) (max) (min)

(iv) Du835.1,1 < Pm811,m Pu81,1,2,2 < Pm822 m>
11,1(;&1%,2, (min) _(max) (min)

max min max min

) Du835.1,20 = Pm81,2,m> Pu81,22,2 = Pm822 m>

lip #bpo.

Substituting (i), (ii), and (iii) into (11), we generate a vertex
set as

V(@) = {vi,1.1, V1,12, V12,1, V1,22, V22,1, V2,22 )

4j.k,nPu8j k,i

1 ken,i(bn, Qn) = buelogy | 1+

@)
Z qj k' .nPu8j ki - Pm&m,i +o02

JET iy K eKj/ik)
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Fig. 5.
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Graph model example.

(a) Cliques with one vertex.

T tm—————— ==
- ===

& e

(d) Clique of four vertices

Fig. 6. Examples of Cliques with different sizes.

Since condition (iv) satisfies (12), an edge exists between ver-
tices vi,1,2 and v222, vi,1,1 and v22 1. In contrast, vertex
pairs (vi12.2,v222) and (v12,1,v2.2,1) have no edge because
condition (v) does not meet (12). /1,1 and /1> have different
flight heights, violating (13). Thus, vertex pairs (vi 2.1, v1,1,2),
(v1.2,1,v1,1,1)> (V1,2,2,v1,1,1), and (vq2,2, v1,1,2) have no edge.
Accordingly, the edge set in this case is

£G) = {(V1,1,1, vi12)s (v2.2,2:v2.2,1)s (vi21. vi1,2),
(vi.1.2.v222) (v2.2.2,vi.2.1)s (vi11, v2.2.1),
(221, v1.22), (vi.1.2,v2.2.1) (V11,15 v2,2.2) }-

Fig. 5 represents the graph model built based on V and £.
Let C denote the number of vertices of clique C. Next, we
classify the cliques by C, as shown in Fig. 6 to explain the
impact of the number of available UAVs (denoted by «) on
clique selection:

1) Case of C = 1 shown in Fig. 6(a): Clique {v1,1,1} means

one UAV is placed at /1 serving multicast group 1,
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while Clique {v; 22} represents one UAV is placed at
l1 2 serving multicast group 2.

2) Case of C = 2 shown in Fig. 6(b): By observation, some
cliques (e.g., {v1,1.2,v1,1,1} and {v222,v22.1}) contain
a single deployment location, others (e.g., {v2.2.2, vi.1,1}
and {v22,2,v1.2,1}) have two candidate locations. When
a = 1, clique {vi 1,1,v1,1,2} means placing one UAV
at /11 serving both group 1 and 2. If « = 2, option
{vi,1.1,v2,2,2} is placing one UAV at /; 1 for group 1
and another at /> for group 2.

3) Case of C = 3 shown in Fig. 6(c): Since each clique
contains two optional deployment locations (i.e., /1,1 and
I ), this case requires two UAVs. If « = 2 and clique
{vi,1,1,v1,1,2,v2,2,2} is selected, one UAV is placed at
1,1 and associated with groups 1 and 2, and another
UAV is set at [ 5 serving group 2. Similarly, in the case
of « = 2 and clique {v1,12,v22.2,V22,1}, one UAV is
deployed at /1 | and associated with group 2, and another
UAV is set at [ » serving groups 1 and 2.

4) Case of C = 4 shown in Fig. 6(d): Similar to the
previous case, since the clique of four vertices only
contains two deployment positions, up to two UAVs
may be used in this case. If « = 2 and clique
{vi,1,1,v1,1,2,v2,2.2, v2,2.1} is chosen, placing one UAV
at /1,1 associated with groups 1 and 2, and the other
UAV is placed at /> » to serve groups 1 and 2.

From the above examples, the chosen clique determines
available deployment positions. The selection of a clique must
consider available UAVs and optional deployment locations.
The number of UAVs dispatched shall not exceed the number
of optional deployment locations. When the number of UAVs
exceeds the available deployment locations, the corresponding
clique becomes unavailable due to the inability to find enough
UAVs. For instance, the clique in Fig. 6(d) requires two UAVs,
which cannot be selected for o < 2

C. Problem Formulation

The video quality maximization problem is transformed into
a clique-based spectrum partitioning problem, essentially find-
ing a clique to determine the UAV placement, association
patterns, and each multicast group’s subchannel numbers.

Define gj ., to indicate whether v;y , is included in the
selected clique C.

. 1, if Vikn € C
djkn = 0, otherwise

15)

Each clique corresponds to a candidate UAV placement and
UAV-group association plan.

Let 0-1 variables u; ,; and uz , ; represent whether user i
in multicast group n can receive/decode the base layer and
the enhancement layer, respectively. The aggregated PSNR of
videos received by multicast group 7 is expressed as a function
of b, and Q,, = Ujej,kelC Gjkns 1€,

fn(bn» Qn) = Z (ul,n,i - u2,n,i)PSNRl,n
icZ,

+ ) u2niPSNRy .
i€y

(16)
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By applying (16) to all groups in N/, the video quality
maximization problem is modeled as P1.

Pl: max (bn, Q
{bn’Qn}neN Zj\/fn n n)

Gjkn + Gy 0w = LY ks Vi ) € E(G) (17a)

ZjeJ ZkelC Sgn(zne/\/ qj,s,n) =« (170)

Fin,i(Bnys Qn) — St i < Ain, Vn e N,i € Liy, (17¢)

Fmn,i(Bny Qn) + 6 (1 —u1 ni) = Ans

VneN,ieT, (17d)
or Fikon,i(bn, Qn) — Qup pitt) pi < Ao,

YWikn € V(G),i € Likn (17e)

Fidon,i(Bny Qn) + 0 (1 — up U1 pi = Ao p,

YWikn € V(G), i € Lixn (171)

Doy n=B (17g)

Gjkn €10, 1}, Yvjkn € V(G) (17h)

Uani € (0.1}, Vne N ae(1,2).i € Tipn (17i)

Constraint (17a) means that if vertices vjx, and vy
have no edge, they do not belong to the same clique.
Constraint (17b) allows a UAV to serve multiple groups, which
contains an indicative function, sgn(-), calculating the number
of UAVs required by clique C, which should not be larger than
the available UAV number, az. When a UAV placed at [;; is
not associated with any multicast group, sgn(}_,car gjk.n) is
set to 0, otherwise 1. In (17c) and (17d), ¢ is a sufficiently
large constant to ensure

1, rmn,i(bn, Qn) — A1 >0
;= v ’ 18
Ui {07 rm,n,i(bm Qn) - )‘l,n =< 0. ( )
Under u1,; = 1 (u1,,,; = 0), ground device i can (cannot)

receive/decode the base layer. ¢ in (17e) and (17f) is also a
sufficiently large constant to guarantee

1, (rjkn i(bn, Qn) — A2 n)ul ni>0
Uy pi = S ’ o 19
2m1 {07 (rj,k,n,i(bna Qn) - )"Z,n)ul,n,i <0. (19)
When u; ,; = 1, upy; = 1 (u2,,; = 0) means user i can

(cannot) receive and decode the enhancement layer. The sub-
channels allocated to groups should not exceed B available at
BS, ensured by (17g).

Due to the strong coupling among UAV placement, UAV-
group association patterns, and subchannel allocation, solving
C encounters high computational complexity, especially when
|[V(G)| are large. Therefore, problem decoupling and efficient
algorithm design are inevitable.

IV. ALGORITHM DESIGN

P1 is decoupled into 1) the UAV placement and UAV-group
association subproblem and 2) the subchannel allocation sub-
problem. A branch-and-bound-based maximum weight clique
algorithm solves the former, and the latter is solved through a
lightweight matching policy.

Algorithm 1: Search_Clique (G(V, £),V',C,C")
1 if V' = ¢ then

2 L return C;

3 & <~ {(vikm viww) € V'I(12) or (13)};

4 t < get_upper_bound(G(V', £'));

s if Zvj’k,nec Wjkn+1 < ZVJ_“EC, Wjkn then
6 L return C’;

7 while V' # ¢ do
8 J5 K, n* < arg max_ wji .
!

Vj’k’ne
9 if get_drone_num (C U {vjs 4= ,+}) > o then
10 2 V/\{Vj*,k*,n*};
1 Continue;

12 V"'« T e ) NV

13 C" « get_clique(G(V, ), V", CU {vj kx n}, C');
14 if ZVj,k.nGC” Wjk,n > Zvj‘k‘nec/ Wi k,n then

15 | ¢ <

16 V' = V\ e e s

-

7 return C’;

A. Subproblem 1: UAV Placement and UAV-Group
Association

The weight of vertex vj x , is defined as

Wi k.n éfn(l,;n» Qn)9 l;n =1 (20)

to reflect the contribution of vertex v;x , to the aggregated
PSNR of videos received when b, = 1 subchannel is allo-
cated to multicast group n. On this basis, the UAV deployment
and multicast group association subproblem is transformed
into a maximum weight clique problem with vertex number
constraints as follows
P1.1 max Z Gj kW) kon
{Qnlnen Vjkn€V

st. (17a), (17b), (17¢), (17d), (17¢), (17f), (17h), (17i)

As analyzed in Section III-B, the clique selection is con-
strained by the number of available UAVs, without the corre-
spondence with the required number of UAVs, which prevents
the use of maximum clique or maximum weight clique algo-
rithms [35]. Another possibility is the maximum k-clique or
maximum weight-k-clique algorithms [36]. Both algorithms
output cliques of k, while the size of clique C output by
P1.1 is unknown. Considering these specifics, an improved
branch-and-bound-based maximum weight clique algorithm is
developed with details in Algorithm 1, considering the UAV
number constraint.

Initially, C’ and C are set to empty, V' contains all ver-
tices in graph G. Before clique search, G(V',&’) is input
into the bounding procedure, get_upper_bound (), to obtain
the weight value of the maximum weight clique, denoted by
t, which serves as the upper bound of that for subgraphs
(line 4). If the upper bound of V. is not larger than the
current maximum weight clique C’, the recursive search on
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GV, &) terminates and returns C’ (lines 5 and 6). Otherwise,
vertex vj« g+ ,+ with the maximum weight is selected from V.
Function get_drone_num(C U {vj* y »+}) checks the number
of UAVs required by clique C U {vj xx p+}. If it exceeds «,
skip the search at this point; otherwise, add it to C. Then the
adjacent vertices of vj« p+ ,+, obtained by function I" (vj g ,+),
in V' constitute the new candidate set V”. Recursively call
Algorithm 1 on G(V', £’) (lines 12 and 13). If the returned
clique C” from G(V', £’) has larger weight than C’, update C’
as C" and remove vj« g+ ,+ from V' (lines 14-16). Continue the
search for qualified vertices until V'(G) becomes empty, and
return C'.

Combining C’ with (15), we obtain the solution of subprob-
lem P1.1 as Q" = (J,cn Q5. Where QF = Ujej,keIC q;."k’n.
The bounding procedure prunes branches of vertices that vio-
late the upper limit, thus reducing the size of the whole search
tree. Furthermore, observing a clique’s required number of
UAVs avoids unnecessary computations. In the worst case, the
complexity of searching all vertices is O(V(G)[2/V @),

B. Subproblem 2: Subchannel Allocation

Given the output of Algorithm 1, the subchannel allocation
subproblem is formulated as

blﬁfiiv ng\:/fn (b,,, Q::)
s.t. (17¢), (17d), (17e), (17f), (17g), (17i)

P1.2:

The minimum required rates for user i € Z;; , to receive
the base layer and enhancement layer are determined by (21)
and (22), shown at the bottom of the next page, respectively.
When the minimum reception rate requirements for both the
base layer and enhancement layer are met, there is no need
to increase the subchannels further. The maximum number of
subchannels required by multicast group n is determined as

bslmax) — max )‘l,n 7 AZ,n .
kl,n k2,n

To solve P1.2, we design a resource-aware heuristic strat-
egy. Before strategy selection, three possible cases for avail-
able subchannels (B) and multicast groups () are considered:

1) When B < 2N, we sort the PSNRs of multicast groups
(determined by f,(b,, Q))) in descending order, and
assign one subchannel to each of the B — N multicast
groups with the highest PSNR values. The computa-
tional complexity in this case is o).

2) When B > N + Zne N bf,max), all multicast group users
can receive the base and enhancement layers. Multicast
group n € N is allocated bﬁ,mux) subchannels with a
complexity of O(1);

3) When 2N < B < N+ Y, Nb,(lmax), an improved
knapsack algorithm determines subchannel partitioning.
The N multicast groups are seen as N types of items,
each with B items. These items need to be put into a
knapsack of capacity B. For the nth type, the weight
of the b,th item is b,, and its profit is determined
by fu(bn, QF). Let the maximum PSNR of the top n
multicast groups with the remaining b subchannels be

(23)
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TABLE II
DEFAULT PARAMETER SETTINGS

Parameter Value

BS height (z,,) 10m

BS transmit power (p.,) 30W

UAV transmit power (p,,) 2W
Candidate UAV flight heights (2; ) 50m, 80m
Carrier frequency (c) 3.5GHz [37]

LoS threshold (&) 0.5

Free space loss threshold () 89dB

Average noise power Co) -174 dBm/Hz
UAV parameters (a, 0, NLoS, 7NLoS) (9.61, 0.16, 1, 20)
Orthogonal subchannel bandwidth (w) 50 kHz

Number of subchannels (B) 5-12

Number of multicast groups (V) 3-5

Number of users in group n (I,,) 35

F(n,b). If b > bﬁ,m"“), [O, bflmax)] subchannels are allo-

cated to group n. Improper numbers of subchannels can

be filtered according to rule (24) at the bottom of the

next page to reduce unnecessary computations. By recur-

sively solving the maximum PSNRs of the first n groups,

the final subchannel allocation that maximizes the aggre-

gated PSNRs is obtained. For each recursion, traversing

all cases has a computational complexity of O(B). In the

worst case, the complexity of the whole loop is O(NB?).

Simple cases would be complicated without the above clas-

sification, increasing the computation burden. The proposed
policy can obtain near-optimal solutions at low cost.

V. PERFORMANCE EVALUATION

Simulation experiments are designed on the MATLAB plat-
form to validate the effectiveness of the proposed scheme. We
consider a scenario where multiple UAVs collaborate with a
macro BS. A real video trace from [38], composed of 10 stan-
dard video test sequences with different video layers and each
video layer’s average bite rate and PSNR is utilized to make
the simulations close to an actual scene. BS coverage radius
was set to 900m. The video quality improvement of users at
BS-edge (the annular region of 750-900m from BS) of BS
coverage is evaluated. Detailed parameter settings are listed
in Table II.

The proposed methods are categorized into Proposed-1,
Proposed-2, and Proposed-3 as specified in Table III. Three
baselines are chosen for comparison as described in Table IV.

A. Impact of the Available Number of UAVs

In Fig. 7 and Fig. 7, the aggregated PSNR of Proposed-1
proliferates as B increases from 5 to 11 and becomes stable
afterward when B = 11. Due to the UAV deployment and
multicast group association strategy, the proposed scheme can
adapt to insufficient resources with the left turning point. In
Baseline-1, where each multicast group associates with only
one UAV, the potential for performance growth is limited even
with increased B. Proposed-1 controls the interference among
UAVs within an acceptable range so that the gain of resource
reuse is greater than the interference impact. Compared to
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TABLE III
IMPLEMENT OF PROPOSED METHODS

Category UAV deployment & UAV-group association UAV flight height Subchannel allocation
Proposed-1 Proposed graph model and Algorithm 1 Adaptive flight height Strategy in Section IV-B
Proposed-2 Proposed graph model and Algorithm 1 Adaptive flight height Equal partition for each group
Proposed-3 Proposed graph model and Algorithm 1 Static height for max. coverage Strategy in Section IV-B

TABLE IV
IMPLEMENT OF BASELINES
Multiple access Base layer Enhancement . . L
Category technique sender layer sender UAV flight altitude UAV-group association
Baseline-1 [39] NOMA UAV BS Static altitude for max. coverage One UAV per group
Baseline-2 [40] OMA UAV BS Static altitude for max. coverage = Multiple UAVs per group
Baseline-3 [41] OMA UAV UAV Static altitude for max. coverage  Multiple UAVs per group

Baseline-2, the superposition coding of NOMA in Proposed-1
allows the BS to share spectrum with UAVs to transmit signals
without consuming additional spectrum. For all given values
of B, the aggregated PSNR of Proposed-1 is higher than OMA
schemes. In Baseline-3, the BS must send base and enhance-
ment layers to UAVs for forwarding to users. When B < 9,
the aggregated PSNR is 0. Proposed-1 can still provide base
layer video service to some users when B < 8.

The three subfigures in Fig. 7 show the impact of different
numbers of UAVs on the total PSNR received by users. The
more UAVs are dispatched, the more aggregated PSNR the
proposed scheme achieves. In Proposed-1, the UAVs are rela-
tively dispersed, and the interference between UAVs associated
with the same multicast group is slight. Thus, UAV place-
ment can select the height with the maximum coverage radius,
which gives the same deployment decisions as directly select-
ing the maximum coverage height for UAVs in Proposed-3.
From Figs. 7(a) and (b), the aggregated PSNR of the proposed
scheme and Proposed-3 are close. More UAVs help improve
resource utilization but also increase co-channel interference.
Adjustable flight heights contribute to reducing interference
among UAVs.

B. Impact of the Number of Multicast Groups

Fig. 8 shows the effect of the number of multicast groups
on users’ average PSNR. From Fig. 8(a), in the case of five

groups, the average PSNR of the proposed scheme is about
twice that of OMA schemes and 8.4% higher than other
NOMA baselines. In Table V, the total PSNR received by
multicast group 2 using Proposed-1 is approximately 7.9%
higher than Proposed-2. When the number of groups is large,
the advantage of the proposed schemes over other schemes
is more significant. In Table VI, the total PSNR of multicast
group 5 received in Proposed-1 is 3.68 times that in Proposed-
2. The equal spectrum partitioning in Proposed-2 leads to
unsatisfactory video quality for some users in these multicast
groups. Excessive spectrum resources are allocated to other
multicast groups. Proposed-1 can dynamically allocate sub-
channels to match the spectrum demand of each group,
avoiding resource waste.

As shown in Fig. 9, Z-score normalization, a commonly
used data standardization method, analyzes PSNR values in
Tables V and VI to make the data comparable. If a specific
PSNR value equals the average achieved across all multicast
groups, it will be normalized to 0. If it is below (above) the
mean, it will be a negative (positive) number. The standard
deviation of the original PSNR values of all groups determines
the size of a number. All values are between —1.5 and 1.5 on
the y-axis. The projection of the proposed scheme, especially
proposed-1, on the y-axis, is more concentrated than other
methods, indicating that the proposed scheme can improve the
video reception quality while considering fairness.

K™Y — ¢ min log,| 1+ Gkl ek Q1)
b i€ 2 > > q;,k/,npugj’,kai + Pm&m,i + 02
7T/ K ek/{k}
™ — o min log, | 1+ Pm8m,i (22)
2.n i€Zjp 2 > q;,k/,npugj/,k’,i‘f‘az
JeT i K ek/{k}
maxo<p,<p F(1— 1,0 —by) + fu(by, Q%),  if b < by"™™
F(n,b) = s (max) (24)
max,_, _,ma F(n—1,b—by) +f,,(bn, Qn), if b> by,
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TABLE V
AGGREGATE PSNR (DB) RECEIVED BY EACH MULTICAST GROUP (WITHa =4, N =4, AND B = 12)

Method Group 1 Group 2 Group 3  Group 4 Mean Variance
Baseline-1 419.88 394.92 454.44 207.34  369.145 12231.49
Baseline-2 122.69 366 501.59 269.72 315 25483.41
Baseline-3  855.92 579.5 894 503.54 708.24  38264.07
Proposed-1 ~ 909.74 625.29 946.75 503.54 746.33  17799.57
Proposed-2  909.74 579.5 946.75 503.54 734.88  23503.98
Proposed-3  769.78 658.2 719.53 473.92 65535  16712.75

TABLE VI

AGGREGATE PSNR (DB) RECEIVED BY EACH MULTICAST GROUP (WITHa =4, N =5, AND B = 12)

Method Group 1 Group 2 Group 3 Group 4 Group 5 Mean Variance
Baseline-1 419.88 366 454.44 207.34 222.6 334.052  12839.46
Baseline-2 131.68 109.34 537.12 355.44 386.86  304.088  32860.86
Baseline-3 921.76 0 929.76 0 0 370.304  257117.47
Proposed-1 ~ 979.72 671 984.62 592.4 702.66 786.08 33657.2
Proposed-2  979.72 671 984.62 592.4 190.8 683.71 107407
Proposed-3  839.76 701.5 757.4 562.78 731.4 718.56 10230.32
—6—Proposed-1 —*— Baseline-1 —&—Proposed-1 —+— Baseline-1 —6— Proposed-1 —— Baseline-1
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(a) Case of three UAVs (a0 = 3). (b) Case of four UAVs (a = 4). (c) Case of five UAVs (a = 5).
Fig. 7. Aggregated PSNR with varying UAVs in the case of N = 4.
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(a) Case of three multicast groups (N = 3). (b) Case of four multicast groups (N = 4). (c) Case of five multicast groups (N = 5).
Fig. 8. Average PSNR with varying multicast groups in the case of « = 6.

C. Visualization of UAV Deployment

To facilitate the understanding of the proposed clique-based
algorithm, we conduct a visual analysis of UAV deployment
and UAV-group association patterns. Fig. 10(a) shows the
UAV placement in Proposed-3 in the case of N = 5 and
o = 4. When performing Proposed-3, UAVs always select the

height of maximum coverage. If two UAVs serving the same
multicast group are placed close, the superimposed signals
generate interference that negates the benefits of spectral reuse.
UAVs 1 and 6 are associated with different multicast groups
to reduce interference. The relatively distant UAVs 2 and 3
can associate with the same multicast group. The clique in
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Fig. 9. Z-score normalization.
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Fig. 10. UAV deployment and coverage in the case of « = 6 and N = 5.

(a) Clique generated by Proposed-3. (b) Clique generated by Proposed-1.

Fig. 11. UAV deployment and UAV-group association in the form of cliques.

Fig. 11(a) determines the association patterns between UAVs 4. Fig. 10(b) illustrates the UAV placement using Proposed-
1, 6, and multicast groups for Fig. 10(a) in the form of a 1 with N = 5 and o = 4. UAVs associated with the same
clique determined by Algorithm 1, where UAV 1 is associ- multicast group can reduce interference by height adjustment,
ated with groups 1, 2, and 5, and UAV 6 serves groups 3 and which differs from what happens when using Proposed-3.
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Each UAV can serve multiple multicast groups in different
subchannels, as shown in Fig. 11(b) abstracted as a clique.

A vertex in the graph model binds an x-y plane projection
position and a flight height. The graph initialized by Proposed-
1 contains more vertices and edges than Proposed-2 because
the former supports flight height adaptation. The number of
vertices and edges is proportional to the number of optional
flight altitudes. More vertices and edges increase the decision
space of Algorithm 1 for capturing a more matching clique to
decide on UAV deployment and UAV-group association, with
a higher PSNR for video reception than other schemes.

VI. CONCLUSION

In this paper, we have proposed a NOMA-enabled real-
time SVC multicasting framework based on UAV relays. The
goal is to improve the video reception quality of users in
BS-edge areas. A visualizable graph model is constructed to
characterize the coupling among different decision variables.
Based on the graph model, the joint optimization of UAV
deployment, UAV-group association, and subchannel alloca-
tion is modeled as an integer nonlinear programming problem.
A clique-based search algorithm and a heuristic policy are
used in problem-solving. Simulation results have confirmed
the superiority and effectiveness of the proposed scheme. In
addition to providing video multicast, the proposed frame-
work has the potential to be further applied in UAV swarm
deployment and UAV-assisted mobile edge caching. Our future
work will investigate UAV-assisted video multicasting in rate-
splitting multiple access networks and explore improving UAV
services’ security and environmental adaptability based on
blockchain and Al
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