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Abstract

A joint resource-optimization scheme is investigated for nonorthogonal multi-

ple access (NOMA)-enhanced scalable video coding (SVC) multicast in

unmanned aerial vehicle (UAV)-assisted radio-access networks (RANs). This

scheme allows a ground base station and UAVs to simultaneously multicast

successive video layers in SVC with successive interference cancellation in

NOMA. A video quality-maximization problem is formulated as a mixed-

integer nonlinear programming problem to determine the UAV deployment

and association, RAN spectrum allocation for multicast groups, and UAV

transmit power. The optimization problem is decoupled into the UAV

deployment–association, spectrum-partition, and UAV transmit-power–control
subproblems. A heuristic strategy is designed to determine the UAV deploy-

ment and association patterns. An upgraded knapsack algorithm is developed

to solve spectrum partition, followed by fast UAV power fine-tuning to further

boost the performance. The simulation results confirm that the proposed

scheme improves the average peak signal-to-noise ratio, aggregate video-

reception rate, and spectrum utilization over various baselines.

KEYWORD S
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1 | INTRODUCTION

High-definition video services have become the main
driver for the rapid deployment of fifth-generation
(5G) radio-access networks (RANs) [1], but the surge in
video traffic results in a shortage of network resources.
Video multicast uses the broadcast characteristics of
wireless media to improve the transmission efficiency.
Multicast can use the same wireless spectrum resources

to send data from one data source to multiple target end
devices (EDs). However, the ED with the worst channel
quality in a multicast group acts as a bottleneck of the
multicast rate, so the reception rates of each ED in the
group must be ensured to achieve the required video
quality.

Wireless video multicast using scalable video coding
(SVC) can alleviate the bottleneck caused by EDs
experiencing poor channel conditions [2,3]. SVC
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separates a video stream into one basic video layer
(BL) and multiple enhancement video layers (ELs). The
EDs can decode different video layers depending on the
channel conditions and decoding capabilities. Because of
its robust error resistance, the absence of ELs cannot
affect the BL’s decoding and playback. Even if the EL is
lost, the ED can decode the BL to watch the full video,
albeit at lower definition. In the conventional SVC multi-
cast confined to orthogonal multiple access (OMA), each
video layer is transmitted over different orthogonal chan-
nels with reduced spectrum-utilization efficiency. Non-
orthogonal multiple access (NOMA) can serve multiple
EDs on the same channel through multiplexing in the
power domain [4]. A transmitter can allocate different
powers to each video layer, where the signal power arriv-
ing at each receiver is different. The receivers demodulate
signals via successive interference cancellations (SICs)
[5]. In this case, the video quality and resource efficiency
achieved by NOMA outperform those by OMA, especially
under diverse channel conditions [6].

The unmanned aerial vehicle (UAV)-assisted RAN
architecture has excellent potential to enhance the
quality and flexibility of SVC video multicasting. First,
video multicast inherently suffers from the low resource
utilization and video quality for EDs at the BS’s coverage
edge. For example, in large events, such as major sports
events or concerts, off-site audiences and users with lim-
ited viewing angles usually watch live online. BSs in
these areas inevitably become overloaded. In this case,
UAVs can be temporarily deployed as air support to
improve video services. Second, because they are more
likely to establish line-of-sight (LoS) communication
links, UAVs help reduce resource consumption during
video transmission [7]. Third, UAVs can adjust their
positions to enhance video reception in hotspot areas [8]
and improve resource utilization by adjusting transmit
power.

The above considerations motivate the development
of a UAV-assisted SVC multicast scheme for NOMA-
enabled cellular networks. However, SVC video multicast
support in NOMA-enhanced networks faces significant
challenges in determining the UAV deployment and
transmit power, association patterns between UAVs and
multicast groups, and resource allocation among multi-
cast groups. First, the optimal multicast group association
largely depends on UAV placement and resource alloca-
tion. Second, the UAV’s transmit power significantly
influences the sequential superposition of video layers
and resource division among different multicast groups
[9]. Third, owing to the unique channel model [10], each
UAV has an effective coverage area determined by its
altitude. Therefore, resource allocation must consider
both the UAV locations and effective coverage.

1.1 | Related works

Most previous works studied resource management for
SVC multicast in terrestrial networks, for which the opti-
mization of power allocation is a research hotspot. Zhu
and others explored multigroup resource allocation and
intragroup power allocation [3]. Wu and others investi-
gated the NOMA downlink relay transmission adapting
vertical decomposition, and a layered power-allocation
algorithm was proposed to maximize the throughput
[11]. Liu and others proposed cooperative NOMA broad-
casting/multicasting for vehicle-to-everything system to
improve service and fairness. The formulated problem is
transformed into a sequence of convex feasibility prob-
lems and solved by a bisection-based power-allocation
algorithm [12]. Ahn and others investigated a cross-layer
collaboration between SVC and layered-division multi-
plexing to enhance the reliability gain in broadcast/
broadband cooperation [13].

Another line of research focuses on user grouping.
Zhou and others designed cell range expansion and
almost-blank subframe schemes to address the joint opti-
mization of resource allocation and user association for
SVC multicast [14]. Araniti and others studied the simul-
taneous transmission of the same content within multi-
ple cells and designed a dynamic area-formation
algorithm to increase the aggregate data rate [15].
Jiang and others proposed a novel user-grouping strategy
in a quality-driven scalable video-transmission frame-
work with cross-layer support for multiuser NOMA [16].
By analyzing the reliability and quality gains achieved by
a broadcast–unicast convergent platform, Ahn and
others proposed an optimal broadcast content-selection
strategy to maximize transmission rates [17].

UAV-assisted resource provisioning has attracted aca-
demic attention, but little of the literature has considered
integration with NOMA technology. By optimizing user
scheduling and the UAV’s trajectory, Pang and others
present a UAV-assisted NOMA network to maximize the
sum rate of UAV-served EDs [18]. A millimeter wave
(mmWave)-enabled NOMA-UAV network was presented
in Tang and others [19] to maximize energy efficiency by
optimizing the UAV placement, hybrid precoding, and
power allocation. Nguyen and others studied the iterative
optimization of trajectory control and subchannel assign-
ment for UAV-enabled wireless networks to maximize
the minimum rate of EDs [20]. A joint height-optimiza-
tion, channel-allocation, and power-allocation scheme
for UAVs was developed to maximize the total rate of
cell-edge EDs under UAV coverage [21]. Amin and
others studied UAV-assisted backscatter networks, where
a UAV acts as both a mobile power transmitter and an
information collector. The tradeoff among UAV altitude,
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number of backscatter devices, and backscatter coeffi-
cients was identified to maximize the number of decoded
bits while minimizing UAV flight duration [22]. A UAV-
aided NOMA scheme was explored in Wang and others
[23] to achieve simultaneous wireless information and
power transfer while guaranteeing secure transmission
with passive ground receivers.

It remains open to debate whether UAV can boost
NOMA-enabled SVC multicast, and it is necessary to
investigate adaptive resource management and transmit-
power adjustment (TPA). This paper explores the joint
optimization for NOMA-enhanced SVC multicast in
UAV-assisted RANs and identifies key factors that influ-
ence video quality.

1.2 | Contributions and organization

Considering BS–UAV cooperation, we study a resource-
management problem for SVC multicast in NOMA-
enhanced RANs to maximize the overall video quality at
EDs in multicast groups. The main contributions are as
follows:

1. A NOMA-enabled SVC video multicast scheme is
proposed where a BS and UAVs transmit different
video-layer signals in the power domain on the same
channel. The joint optimization of UAV deployment,
association pattern, spectrum division, and UAV TPA
is formulated as a mixed-integer nonlinear program-
ming (MINLP) problem considering video traffic sta-
tistics and environmental factors.

2. The proposed optimization problem is decoupled into
UAV deployment-association (UDA), spectrum-
partition (SP), and UAV TPA subproblems. A
k-means-based heuristic method is adopted to deter-
mine the UAV deployment and association patterns
for the UDA subproblem. An upgraded multiple-
choice knapsack is then designed for the SP subprob-
lem to determine the number of subchannels for
each multicast group, along with fast power fine-
tuning for the TPA subproblem to boost performance
further.

3. Simulations demonstrate that the proposed scheme
outperforms various baseline methods by significantly
reducing complexity with little sacrifice in perfor-
mance. The average peak signal-to-noise ratio (PSNR)
of our method is at most 0.7% lower than that of the
optimal solution and is equal in most cases.

The rest of the paper is organized as follows. In
Section 2, we introduce the network model. Then, the
joint optimization and solution are proposed in Sections 3

and 4, respectively. In Section 5, extensive simulation
results are provided to evaluate the performance of our
proposed protocol and algorithm. Finally, we conclude
our paper in Section 6. The main symbols are listed in
Table 1.

2 | SYSTEM MODEL

Consider a UAV-assisted RAN, where multiple UAVs are
placed within the communication coverage of a BS, as
shown in Figure 1. It is assumed that UAVs have high-

TABL E 1 Important symbols

Symbols Definition

aj,n Association indicator for group n to UAV j

bn Number of subchannels allocated to the nth
group

B Total number of subchannels

ej,s Indicator for transmit power s selected by
UAV j

gm,i Channel gain from the BS to ED i

gj,i Channel gain from UAV j to ED i

hm,i Horizontal distance between the BS and ED i

hi,j Horizontal distance between ED i and UAV j

In=In Set/number of EDs in multicast group n

I j,n=Ij,n Set/number of EDs in In covered by UAV j

J =J Set/number of UAV IDs

N =N Set/number of multicast groups

pj,s Transmit power s selected by UAV j

pm Transmit power of the BS

PSNR1,n PSNR of the BL received by group n

PSNR2,n PSNR of the EL and the EL received by
group n

Rj Effective coverage radius of UAV j

Sj=Sj Set/number of transmit-power indexes
for UAV j

u1,n,i=u2,n,i BL/EL reception indicator for ED i� In

vj UAV deployment position ðxj, yj, zjÞ
w Bandwidth of each subchannel

zðminÞ=zðmax Þ Lower/upper bound of UAV altitude

λl,n Bit rate of the lth video layer requested by
group n

ηLoS=ηNLoS Additional path loss of the U2E link for
LoS/NLoS

ξ LoS probability threshold

ψ Free-space path-loss threshold
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capacity fronthaul links through free-space optics or
mmWave to communicate with the BS to obtain video
content [24]. When necessary, UAVs can harvest power
from the BS via wireless power transfer [25]. All EDs are
distributed randomly within the BS coverage. EDs
requesting the same video stream belong to one multicast
group.

2.1 | Layered video streams

SVC separates video streams into multiple video layers
consisting of a BL and multiple ELs with different
quality-level resolutions. In the system, the BS sends the
BL to all the EDs, whereas UAVs send one EL to the EDs
located at hot spots. The BL (EL) is referred to as the first
(second) video layer. λl,n is the bit rate of the lth video
layer requested by multicast group n, which represents
the minimum rate for normal video decoding. The video
reception should reach the minimum rate at which the
video can be played. Multiple video layers can be recon-
structed into a complete video. The EL can be decoded if
and only if the BL is completely received.

2.2 | UAV coverage model

There exist two types of communication links in video
delivery: BS-to-ED link (B2E) and UAV-to-ED (U2E).
Unlike the B2E channel, the U2E channel quality is
influenced by factors such as UAV flight altitude, eleva-
tion angle, and probabilities of LoS or non-line-of-sight
(NLoS) communications. The location coordinates of ED
i are denoted as ðxi, yi, 0Þ. Let vj ¼ðxj, yj, zjÞ represent the
deployment position of UAV j. The LoS probability
between UAV j and ED i is defined as [26]

PLoSðhi,j, zjÞ¼ 1

1þo1 exp �o2 arctan zj
hi,j

� �
�o1

� �� � , ð1Þ

where hi,j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi�xj
� �2þ yi� yj

� �2r
represents the horizontal

distance between ED i and UAV j. o1 and o2 are constants
determined by environmental factors. The average path
loss is given by [26]

ϕðhi,j, zjÞ¼ 20 log10

4πc1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2i,jþ z2j

q
c2

0@ 1AþPLoS hi,j, zj
� �

ηLoS

þ 1�PLoSðhi,j, zjÞ
� �

ηNLoS,

ð2Þ

where c1 is the carrier frequency and c2 is the speed of
light. ηLoS and ηNloS represent the additional path loss of
the U2E link for LoS and NLoS, respectively. The chan-
nel gain from UAV j to ED i is calculated as
gj,i ¼ 10�ϕðhi,j,zjÞ=10. The effective coverage radius of UAV j
depends mainly on the LoS probability and free-space
path loss, determined as [7,27]

Rj ¼ min
zj

tan o1� 1
o2
ln 1�ξ

o1ξ

� � ,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c210

ψ
20

4πc1

� �2

� z2j

s8<:
9=;, ð3Þ

where ξ represents the LoS probability for each UAV and
ψ represents the threshold of free-space path loss.
Figure 2 shows the impact of zj on Rj in this scenario
with ξ = 89 dB, ψ = 0.5, o1 = 9.61, and o2 = 0.16. The
UAV’s altitude ranges from the lower bound of zðminÞ ¼
10m to the upper bound of zðmax Þ ¼ 190m. Note that
there is no simple linear relationship between zj and Rj.

F I GURE 1 Unmanned aerial vehicle (UAV)-assisted scalable

video coding (SVC) video multicast for multiple groups F I GURE 2 Effective unmanned aerial vehicle (UAV) coverage

radius
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Rj increases monotonically at first and then decreases
with increasing zj. When a UAV is flying at a height of
78 m, the effective coverage radius reaches its maximum
of 175.7m.

2.3 | UAV-assisted NOMA video
multicast

Assume that B orthogonal subchannels can be allocated
to N multicast groups, and the bandwidth of each sub-
channel is w. The number of subchannels allocated to
multicast group n is denoted as bn. Each multicast group
is allocated different orthogonal subchannels and
associated with at most one UAV, as shown in Figure 1.
If transmit power s (denoted by pj,s) is chosen by UAV j,
the indication variable ej,s is set to 1; otherwise, it is
set to 0. If multicast group n is associated with UAV j,
indication variable aj,n is set to 1; otherwise, set to
0. The transmit power of the BS is denoted as pm.
Figure 3 provides an example to explain the cooperation
between the BS and UAV j for multicast group n. The
BS propagates the BL through the first NOMA layer
using transmit power pm, whereas UAV j transmits
the EL via the second NOMA layer using transmit
power pj,s. These signals can be superimposed and
coded in the power domain. Let Sj with set cardinality Sj
denote the index set of optional transmit power for
UAV j. Denote J as the ID set of available UAVs. The
transmit power for subchannels allocated to multicast
group n is

pmþ
X
j � J

X
s � Sj

aj,nej,spj,s:

The receivers at the EDs can conduct SIC decoding.
Let ðxm, ym, zmÞ denote the location coordinates of the

BS. The set of EDs in multicast group n and its set

cardinality are denoted as In and In, respectively.
When multicast group n receives signals from the BL,
the B2E channel gain from the BS to the ED i� In

is calculated as gm,i ¼ 10�
ffiffiffiffiffiffiffiffiffiffiffiffi
h2m,iþz2m

p� �γ
=10, where

hm,i¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi� xmð Þ2þ yi� ymð Þ2

q
represents the horizontal distance

between the BS and ED i and γ is the path-loss exponent.
Because the BL’s signals from the BS receive interference
from the EL from UAV j with pj,s, the achievable rate of
decoding the BL’s signals at ED i� In is expressed as a
function of An ¼

S
j � J aj,n, bn and E ¼S j � J ,s � Sj

ej,s.

rm,n,iðAn, bn, EÞ

¼ bnw log2 1þ pmgm,iP
j � J

P
s � Sj

aj,nej,spj,sgj,iþσ2

0B@
1CA,

ð4Þ

where σ2 is the average background noise power. The
constraint of ED i� In to successfully receive/decode the
BL can be expressed as

rm,n,iðAn, bn, EÞ≥ λ1,n: ð5Þ

Let I j,n be the set of EDs in In covered by UAV j. The
ID of the ED in I j,n with maximum channel gain is
expressed as

i ∗j,n ¼ arg max
i � I j,n

gj,i: ð6Þ

As the constraint of SIC and video-layer reconstruction,
the signal strength of the BL received by ED i ∗j,n must be
greater than that of the EL, and the decision variable ej,s
must satisfy

X
s � Sj

ej,spj,sgj,i ∗j,n < τpmgm,i ∗j,n
, ð7Þ

where τ� ð0, 1Þ is a parameter to adapt to the environ-
ment. It can also be expressed as

X
s � Sj

ej,spj,s� τpm
gm,i ∗j,n

gj,i ∗j,n
≤ 0: ð8Þ

ED i� I j,n can receive the EL’s signal. Because there
is no NOMA layer superimposed on the EL, the EL signal
from UAV j with pj,s has no interference. The achievable
rate of decoding the EL’s signals at ED i� I j,n is
expressed as a function of An, bn, and E:

F I GURE 3 BS-unmanned aerial vehicle (UAV) cooperative

multicast in nonorthogonal multiple access (NOMA)
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rj,n,iðAn, bn, EÞ¼ bnw log2 1þ

P
j � J

P
s � Sj

aj,nej,spj,sgj,i

σ2

0B@
1CA:

ð9Þ

If both (5) and (10) are satisfied, the EL required by ED
i� I j,n can be received/decoded successfully.

rj,n,iðAn, bn, EÞ≥ λ2,n ð10Þ

Figure 4 illustrates an example of SIC decoding. The
BL is propagated through signal X1,n with the BS’s trans-
mit power, and the EL is propagated through signal X2,n

with the UAV’s transmit power. X1,n and X2,n are sent
simultaneously. EDs in I j,n can decode X1,n and X2,n with
the BL and EL. EDs in In ∖ I j,n can decode X1,n with the
BL without SIC.

3 | PROBLEM FORMULATION

In the proposed UAV-assisted SVC video-multicast
framework, a challenging issue is determining how to
deploy UAVs, selecting their transmit power and associa-
tion patterns, and determining how many subchannels
should be allocated to each multicast group.

Let u1,n,i be 1 if (5) is met and 0 otherwise. Let u2,n,i be
1 if both u1,n,i ¼ 1 and (10) are satisfied and 0 otherwise.
The number of EDs that receive both the BL and EL in
In is calculated by

P
i � In

u2,n,i, and the number of EDs
that only receive the BL in In isP

i � In
u1,n,i�

P
i � In

u2,n,i. We use PSNR1,n to denote the
PSNR of the BL received by multicast group n and
PSNR2,n to represent the PSNR when both the BL and
EL can be obtained. The PSNR of the video layers
received by multicast group n with bn subchannels is
the sum of the two parts multiplied by PSNR2,n and
PSNR1,n. This can be expressed as a function of
V ¼S j � J vj,An, bn, and E:

f nðV,An, bn, EÞ¼
P

i � In

u2,n,iPSNR2,n

þ P
i � In

u1,n,i�
P

i � In

u2,n,i

 !
PSNR1,n:

ð11Þ

The set of multicast groups and its set cardinality are
denoted as N and N , respectively. Based on (11), the
aggregate PSNR for all multicast groups is expressed as a
function of V,A¼Sn �NAn, B¼Sn �N bn, and E.

f ðV,A,B, EÞ¼
X
n �N

f nðV,An, bn, EÞ: ð12Þ

The corresponding aggregate video-receiving rate of all
EDs is calculated asX

l � f1, 2g

X
n �N

X
i � In

ul,n,iλl,n:

The joint optimization of UAV deployment, association
patterns, SP, and UAV transmit-power control to maxi-
mize (12) is formulated below.

P1 : max
V,A,B, E

: f ðV,A,B, EÞ

In (13a) and (13b), ς is a sufficiently large constant to
guarantee

F I GURE 4 Interference cancellation in nonorthogonal

multiple access (NOMA)
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u1,n,i ¼
1, rm,n,iðAn, bn, EÞ�λ1,n >0

0, rm,n,iðAn, bn, EÞ�λ1,n ≤ 0:

	
ð14Þ

In (13c) and (13d), ϑ is a large enough constant to
ensure

u2,n,i ¼
1, ðrj,n,iðAn, bn, EÞ� λ2,nÞu1,n,i >0

0, ðrj,n,iðAn, bn, EÞ� λ2,nÞu1,n,i ≤ 0:

	
ð15Þ

Constraint (13e) is derived from (8). Constraint (13f)
ensures that each UAV can only select one transmit
power. Constraint (13g) states that each UAV’s x–y-axis
position must be within the BS’s coverage radius, denoted
as Rm. Constraint (13h) is the altitude scope,
[zðminÞ, zðmax Þ], as in Figure 2, of each UAV.
Constraint (13i) prevents the resource allocation across
all multicast groups from exceeding the total number of
subchannels. Under (13j), each multicast group can only
associate with one UAV.

It is noted that (P1) contains integer variables
ej,s, bn, aj,n and continuous variable(s) vjðxj, yj, zjÞ. The
nonlinear combinatorial transformation of the integer
variables and the transformation of the continuous vari-
ables are conditioned by the objective and constraints.
Thus, (P1) belongs to a class of MINLP problems, which
are generally NP-hard; thus, efficient algorithms must be
designed to obtain a suboptimal solution.

4 | SOLUTIONS

(P1) is decomposed to the UDA, SP, and TPA subprob-
lems to make it tractable and handleable. Problem solv-
ing consists of three sequential steps, as illustrated in
Figure 5. (i) The UAV deployment positions, V ∗ , and
association patterns, A ∗ , are obtained by the UDA sub-
problem. (ii) Given V ∗ and A ∗ , the SP subproblem is
solved to obtain the SP scheme, B ∗ . (iii) Based on
A ∗ , V ∗ , and B ∗ , the optimal UAV transmit-power
scheme, E ∗ , is obtained by solving the TPA subproblem.
We discuss the implementation details next.

4.1 | Solution to the UDA Subproblem

According to the UAV coverage model in Section 2.2, the
number of EDs served by UAVs mainly depends on the
altitude, given UAV deployment positions on the x–y
plane. Therefore, we first determine the positions against
hotspot areas on the x–y plane via k-means [28] and then
adjust the UAVs’ height.

The UDA subproblem aims to maximize the number
of EDs under UAV coverage while optimizing their trans-
mission performance by adjusting the UAVs’ altitudes.
Under the condition that the number of EDs served by
UAV j (i.e.,

P
n �N Ij,n) remains unchanged, UAV j

should reduce its altitude zj to improve the transmission
quality. For this purpose, the UAV altitude is determined
as

z ∗
j ¼ arg min

zj � ½zðminÞ, zðmax Þ�

X
n �N

Ij,nþRj

α

 !
, 8j�J , ð16Þ

where α is a constant that guarantees Rj=α� ð0, 1Þ. Com-
bining (16), the UDA subproblem is formulated as
(P1:1).

P1:1 : max
V,A

X
j � J

X
n �N

aj,nIj,n

s:t: ð13gÞ ð13hÞ ð13jÞ ð16Þ: ð17Þ

The locations of all EDs and the number of UAVs are
fed into k-means for clustering. The centroids in the out-
put correspond to UAVs’ deployment positions on the x–
y plane, denoted by

S
j � J ðx ∗

j , y
∗
j Þ. By combining

ðx ∗
j , y

∗
j Þ with z ∗

j in (16), UAV j is determined to be
located at v ∗j ¼ðx ∗

j , y
∗
j , z

∗
j Þ, and the set of UAV deploy-

ment positions, V ∗ ¼S j � J v
∗
j , is obtained. The ID of the

UAV associated with multicast group n is expressed as

j ∗n ¼ arg max
j � J

Ij,n: ð18Þ

Based on (18), the association pattern between multicast
group n and UAV j is

a ∗
j,n ¼

1, if j¼ j ∗n
0, otherwise

	
, ð19Þ

which maximizes the number of EDs in the group
(i.e., In) under the coverage of UAV j. Then, the associa-
tion scheme, A ∗ ¼Sn �N ,j � J a

∗
j,n, is obtained.

F I GURE 5 Problem-solving framework
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4.2 | Solution to the SP Subproblem

The spectrum partitioning relies on the UAV transmit
power. Note that a UAV may be associated with multiple
multicast groups. For each multicast group that associ-
ates with UAV j, the transmit power of the UAV needs to
satisfy (13e). Thus, the transmit power of UAV j is initial-
ized as

ŝj ¼ argmin
n �N

max
s � Sj

aj,n pj,s� τpm
gm,i ∗j,n

gj,i ∗j,n

 ! !
: ð20Þ

The corresponding decision variable is determined by

êj,s ¼
1, if s¼bsj
0, otherwise:

	
ð21Þ

By substituting V ∗ ,A ∗ , and Ê ¼S j � J ,s � Sêj,s into
(P1), (P1) is reformulated as (P1:2) with reduced
variables.

P1:2 : max
B

: f ðV ∗ ,A ∗ ,B, ÊÞ

s:t:ð13aÞ ð13bÞ ð13cÞ ð13dÞ ð13iÞ ð13lÞ: ð22Þ

We now derive the upper bound of the number of sub-
channels allocated to multicast group n. Based on (4), (9),
(18), and (21), in the case of bn ¼ 1, the minimum receiv-
ing rates for BL and EL at ED i� In are calculated as

k1,n ¼wmin
i � In

log2 1þ pmgm,iP
j � J

P
s � Sj

a ∗
j,nêj,spj,sgj,iþσ2

0B@
1CA ð23Þ

and

k2,n ¼wmin
i � I j,n

log2 1þ

P
j � J

P
s � Sj

a ∗
j,nêj,spj,sgj,i

σ2

0B@
1CA: ð24Þ

According to (23) and (24), the upper bound of the
number of subchannels allocated to multicast group n for
a video layer is approximated as

bðmax Þ
n ¼ max

λ1,n
k1,n


 �
,

λ2,n
k2,n


 �	 �
: ð25Þ

For the remaining b subchannels, the maximum
PSNR of the first n multicast groups is denoted as Fðn, bÞ.
If b≥ bðmax Þ

n , we only consider allocating ½0, bðmax Þ
n � sub-

channels to multicast group n.
Based on recursion for (26), Algorithm 1 is

designed to find the optimal solution for SP. The
algorithm belongs to an upgraded knapsack via
dynamic programming. N multicast groups can be
regarded as N types of items, where each type has B
items. These items need to be placed in a knapsack with
a capacity of B. The bnth item in the nth class has a profit
(determined by f nðV ∗ ,A ∗

n , bn, ÊÞ) and a weight (i.e., bn).
Essentially, one item is selected from each type to maxi-
mize the total profit while the total weight does not
exceed the capacity. Fðn, bÞ is computed recursively from
n¼ 1 and b¼ 1, which relies on the maximum total
PSNR of the first n�1 multicast group(s) and
f nðV ∗ ,A ∗

n , bn, ÊÞ. Inappropriate subchannel numbers are
filtered based on (26) to reduce unnecessary calculations.
After NB iterations, the optimal total PSNR (FðN ,BÞ) and
the spectrum-allocation scheme (i.e., B ∗ ¼Sn �N b ∗

n ) can
be obtained.

F n, bð Þ¼
max0≤ bn ≤ bF n�1, b�bnð Þþ f n V ∗ ,A ∗

n , bn, Ê
� �

, ifb< b maxð Þ
n

max
0≤ bn ≤ b maxð Þ

n
F n�1, b�bnð Þþ f n V ∗ ,A ∗

n , bn, Ê
� �

, if b≥ b maxð Þ
n :

8><>:
ð26Þ
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4.3 | Solution to the TPA Subproblem

Because the resource utilization is confined to the initial-
ized UAV transmit power determined by (21), it is neces-
sary to fine-tune the power to boost performance. Given
V ∗ ,A ∗ and B ∗ , the TPA subproblem is formulated as

P1:3 : max
E

: f ðV ∗A ∗ ;B ∗ ;EÞ

s:t: ð13aÞ ð13bÞ ð13cÞ ð13dÞ ð13eÞ ð13f Þ ð13kÞ ð13lÞ: ð27Þ

Because there is no coupling among the decision vari-
ables in E, (P1:3) can be transformed to maximize the
aggregate PSNR of the multicast groups associated with
UAV j: X

n �N
a ∗
j,nf nðV ∗ ,A ∗

n , b
∗
n , EÞ:

A fast search policy is developed in Algorithm 2 to opti-
mize the transmit power of each UAV. Assume that all
indexes are sorted in order of increasing UAV transmit
power. The algorithm searches downwards starting from
the initialized power (line 3), ŝj, to speed up the search.
In other words, the strategic space of transmit power for
UAV j is reduced to

bSj ¼fs�Sjjpj,s ≤ pj,ŝjg: ð28Þ

4.4 | Computational complexity analysis

In (P1:1), the complexity of k-means is O
P

n �N In
� �

, and
association pattern calculations need to search for all
1≤n≤N and 1≤ j≤ J , with a complexity of OðNJÞ. For

(P1:2), the PSNR for multicast group n with bn subchan-

nels (determined by f nðV ∗ ,A ∗
n , bn, ÊÞ) should be com-

puted over all 1≤n≤N and 1≤ b≤B. Every iteration has
a maximum complexity of O Bð Þ. Thus, the worst-case
complexity is OðNB2Þ. Based on (28), the complexity of

Algorithm 2 to solve (P1:3) is O
P

j � J Ŝj
� �

, where Ŝj is the

cardinality of Ŝj. The accumulative computational com-

plexity reaches O
P

n � N InþNJþNB2þPj � J Ŝj
� �

, which is

lower than complexity of (P1). We later verify whether
the proposed scheme can approach the optimal solution
or directly achieve it.

5 | PERFORMANCE EVALUATION

5.1 | Experiment design

Extensive numerical simulations are conducted in
MATLAB to verify the effectiveness and superiority of
the proposed solution. A real video trace from Lee and
others [29], consisting of 10 standard video test sequences
with different video layers, along with the average bite
rate and PSNR of each video layer, is utilized to make the
simulations more realistic. The detailed parameters are
listed in Table 2.

To evaluate the performance of the proposed strategy,
we compare it with the optimal solution and the follow-
ing four other baseline schemes:

TABL E 2 Parameter settings

Parameters Values

Altitude of the BS (zm) 10 m

Coverage radius of the BS (Rm) 800 m

BS transmit power (pm) 10000 mW

Optional UAV transmit power (pj,s) {1, 2, …, 8} mW

Scope of UAV altitude (½zðminÞ, zðmax Þ�) [10 m,190 m]

Parameters of UAV (o1=o2=ηLoS=ηNLoS) 9.61/0.16/1/20

Carrier frequency (c1) 3.5 GHz [30]

LoS probability threshold (ξ) 0.5

Free-space path-loss threshold (ψ) 89 dB

Average background noise power (σ2) –174 dBm

Power parameter (τ) 0.8

Subchannel bandwidth (w) 180 kHz

Number of subchannels (B) 8–16

Number of multicast groups (N) 7

Number of EDs for multicast group n (In) 35
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• Optimal solution, which relies on exhaustion to find
the optimal solution to observe how the proposed
method approaches the upper bound of performance.

• OMA + Alg-1, in which the BS and UAV multicast
the BL and EL to a multicast group over orthogonal
channels with fixed transmit power.

• NOMA + Alg-1 + power fixed (PF) [21], which
focuses on optimizing the spectrum resource allocation
without considering UAV transmit power.

• NOMA + Resource Averaging (RA) + Alg-2,
which adjusts the UAV transmit power via Algorithm
2 and equally allocates subchannels among N multi-
cast groups.

5.2 | Result analysis

5.2.1 | Impact of the number of available
subchannels

Figure 6 shows the average PSNR for each ED as the num-
ber of subchannels varies from 8 to 16. Three subfigures
are generated to observe the effect of the number of UAVs
in more detail. With the increase in bn that can support

the transmission of more video layers, the average PSNR
for each scheme increases, then tends to remain
unchanged when B is large enough. First, the proposed
plan consumes fewer spectrum resources than the OMA-
based solution. Second, the proposed scheme can achieve
a greater average PSNR than OMA + Alg-1, even with
few spectrum resources. Because the proposed UAV
transmit power-adaptation scheme mitigates the interfer-
ence of EL signals with BL signals, our proposed method
is improved by 0.5 dB over the NOMA + Alg-1 + PF when
J ¼ 4 and B¼ 8. Third, the proposed SP outperforms the
RA strategy of NOMA + RA + Alg-2. Figure 7 shows the
aggregate video-receiving rate with the same parameters
as Figure 6. Compared with OMA + Alg-1, our scheme’s
aggregate video-receiving rate has increased by 15% when
J ¼ 4 and B¼ 8. The proposed scheme achieves the high-
est PSNR and aggregate video-receiving rate and approxi-
mates or directly obtains the optimal solution.

5.2.2 | Impact of the number of UAVs

Figure 8 depicts the average PSNR and aggregate video-
receiving rate as the number of UAVs varies from 1 to 4

F I GURE 7 Aggregate video-receiving rate with varying subchannels: (A) 2 unmanned aerial vehicles (UAVs), (B) 3 UAVs, and

(C) 4 UAVs

F I GURE 6 Average peak signal-to-noise ratio (PSNR) for each end device (ED) with varying subchannels: (A) 2 unmanned aerial

vehicles (UAVs), (B) 3 UAVs, and (C) 4 UAVs
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with B fixed to 8. The increase in the number of UAVs
enables more EDs to be covered, which boosts the aver-
age PSNR and aggregate video-receiving rate. In OMA +

Alg-1, the resources used to transmit the BL are
insufficient. Even with more available UAVs, it is diffi-
cult to increase the average PSNR. The closer the EDs’
hotspot is to the edge of the BS coverage, the worse the
channel conditions. In NOMA + Alg-1 + PF, the UAVs’
transmit power fails to adapt to heterogeneous channel
conditions. Owing to the efficient resource utilization in
NOMA and transmit-power adaptation, the proposed
scheme is superior to the other three schemes. In particu-
lar, when resources are scarce, the video service in hot-
spot areas can be prioritized to boost overall
performance. Differences in the number of UAVs lead to
different UAV placements obtained via k-means cluster-
ing and association patterns. From Figure 8C, an increase
in the number of UAVs improves the received video qual-
ity in most cases.

6 | CONCLUSION

We have presented a NOMA-enhanced SVC multicast
scheme for UAV-assisted RANs. Resource management
is studied to maximize the aggregate PSNR received by
all the EDs. Because this joint optimization problem of
UAV deployment, association patterns between UAVs
and multicast groups, spectrum allocation, and UAV
transmit-power selection is an MINLP problem, it is
decoupled into three subproblems to facilitate its solu-
tion. Low-complexity heuristic algorithms are devised to
determine UAV deployment, association patterns, spec-
trum allocation, and UAV transmit power. Simulation
results with real-trace confirm that the proposed scheme
improves significantly upon previous schemes over other
benchmarks. In ongoing work, we plan to develop a

dynamic cooperative deployment mechanism for UAVs
to adapt to complex video-service scenarios.
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