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The explosive growth of data leads to that the traditional wireless networks cannot enable various quality of service (QoS)
communication for cellular-connected multi-UAV (unmanned aerial vehicle) networks. To overcome this obstacle, we solve
the joint optimization problem of channel allocation and power control for uplink NOMA-assisted multi-UAV networks.
Firstly, we design a mixed integer nonlinear programming framework, where the channel gains are characterized with integral
form in time interval and sorted in nondescending order as the priority index of the decoded signal. In order to propose a
feasible algorithm, the initial power levels of UAVs are obtained and integrated into the original problem which is reduced to
integer programming problem. Then, the UAVs whose channel gain differences satisfy the constraints will be divided into a
group to share the same channel, while the initial power levels of UAVs are adjusted to get a more satisfactory initial solution
for power control. Combining the solution of channel allocation and the initial power levels, we solve power control problem
with asynchronous update mechanism until the power levels of UAVs remain unchanged. Finally, we propose a channel
allocation algorithm and a power control algorithm with the asynchronous optimization mechanism, respectively. Simulation
results show that the proposed algorithms can effectively improve the network performance in terms of the aggregated rate.

1. Introduction

Unmanned aerial vehicle (UAV) systems have been widely
used in different scenarios because of its flexibility, especially
in civilian applications, such as for aerial surveillance, mov-
ing target tracking, environment monitoring, and communi-
cation relaying [1]. However, most UAV systems controlled
by handle manipulator are limited by their simple functions
and limited coverage; so, it cannot be extended to more
applications. Fortunately, cellular-connected UAV [2] can
break restrictions faced by traditional UAV systems, where
UAVs are integrated into the cellular networks as new aerial
users. In addition, the explosive growth of data collected by
UAVs increases the complexity of application environment.
Therefore, the traditional cellular technique (e.g., 3G/4G)
cannot provide real-time communication services. As a
promising candidate for 5G communications [3], Non-
Orthogonal Multiple Access (NOMA) [4] can provide
higher spectral efficiency, ultra reliable/low latency commu-

nication, and network throughput compared to Orthogonal
Multiple Access (OMA) technique. As a consequence, apply-
ing NOMA technique to cellular-connected UAV networks
can effectively improve the channel capacity and ensure
the timeliness of the data transmission.

In the multichannel uplink NOMA-assisted communica-
tion, the system needs to allocate the corresponding channel
resources for each terminal equipment and decrease the inter-
ference level between signals by controlling the power level of
the terminal equipments to maximize the network through-
put. However, the high mobility of UAV causes the channel
state to change rapidly between UAV and ground base (GB)
[5], which increases the complexity to design the channel allo-
cation and power control algorithm. Although the traditional
channel allocation and power control methods for cellular net-
works [6] meet the requirements of the small-scale data trans-
mission, these proposed methods would enconuter poor
performances in terms of bandwidth resources with the
increasing number of UAVs. An alternative is to integrate
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power-domain NOMA technique into cellular network [7],
which allows the terminal equipments to transmit signals con-
currently on the same channel with the channel gain differ-
ences. The successive interference cancellation (SIC)
technology is used to decode superimposed signals at GB to
improve bandwidth utilization and effective network through-
put. Therefore, it is of great significance to study the channel
allocation and power control algorithm in NOMA-assisted
multi-UAV network.

This work is aimed at maximizing the channel capacity
by allocating the channel resources and controlling the
power levels of UAVs. Because the channel capacity is a
nonlinear function with the power as parameter, hence we
design a mixed integer nonlinear programming framework
to mathematically represent the channel allocation and
power control problem and propose a distributed algorithm
to meet the QoS requirements. Firstly, we get the initial
power levels of the UAVs when the channel capacity con-
straint holds. The initial power levels of the UAVs are inte-
grated into the original problem which is reduced to integer
programming problem (namely channel allocation prob-
lem). Then, the average channel gains are sorted in nondes-
cending order as the priority index of the decoded signal at
GB. Next, we divide the UAVs whose channel gain differ-
ences satisfy the constraints into a group, in which the group
number should be no more than the upper bound served by
each channel. When each UAV is associated with a specific
channel, we adjust the power levels of UAVs with asynchro-
nous update [8] mechanism until the power levels of UAVs
remain unchanged. Finally, we propose a channel allocation
algorithm and a power control algorithm, which consider
the effects of UAVs’ fast mobility and the initialization
parameters on the optimization performance. Our contribu-
tions are twofold as follows:

(i) We design a mixed integer nonlinear programming
framework as the mathematical form for the uplink
channel allocation and power control problem. To
enable the corresponding optimization process to
be applied in the dynamic scenario, the channel gain
is characterized with integral form instead of the
instantaneous form and sorted in nondescending
order as the priority index of the decoded signal at
GB. As the joint optimization problem is difficult
to solve, a distributed method with low computa-
tional and time complexity is proposed. To this
end, we calculate the initial power levels of UAVs
and integrate them into the original problem to get
the solution of integer programming. Then, we com-
bine the asynchronous update mechanism and suc-
cessive convex approximation to obtain the optimal
power levels of UAVs

(ii) We propose a channel allocation algorithm and a
power control algorithm with asynchronous optimi-
zation mechanism. In the channel allocation process,
the initial power levels of UAVs are adjusted after each
UAV is assigned to a specific channel, which enables
the initial solution for the power control issue to meet

the requirements of the different constraints in the
feasible region. The asynchronous optimization
method considered in power control algorithm allows
GB to update the distinct power parameters with out-
dated messages, which can well adapt to the unreli-
ability of the wireless communication

The remainder of this paper is organized as follows. In
Section 2, we introduce some previous work. In Section 3,
we present some preliminary concepts used in the proposed
method. In Section 4, we introduce the specific implementa-
tion process of the proposed channel allocation and power
control algorithm. And in Section 5, we show some simula-
tion results for the proposed algorithm. Finally, we conclude
the paper and discuss future work in Section 6.

2. Related Work

As one of the key techniques of 5G, NOMA has been studied
a lot [9] and gradually applied in real world. In addition, the
combination of NOMA with other emerging technologies
(such as massive MIMO and visible light communications)
also has been considered to further increase scalability, spec-
tral efficiency, reliability, and greenness of future communi-
cation networks [10]. The existing works have mainly
studied the performances of downlink and uplink in 5G
and beyond 5G networks from different views and scenarios,
such as channel knowledge [11], boadcast/unicast conver-
gence [12], and full-duplex heterogeneous networks [13].

Some research have studied the related issues on uplink
communication, and Liu et al. [14] developed an analytical
framework for multicell uplink NOMA systems based on
stochastic geometry and derived the Laplace transform of
the intercell interference with considering uplink power con-
trol. Zeng et al. [15] studied an energy efficiency maximiza-
tion problem by jointly optimizing the user clustering,
channel assignment, and power allocation for an uplink
hybrid system with the integration of NOMA and OMA.
Chen et al. [16] developed user selection and power alloca-
tion methods for NOMA systems equipped with multian-
tenna to enhance the sum capacity of the uplink. And they
derived a user set selection algorithm and a suboptimal
power control algorithm to mitigate the interference effect
and to maximize the sum capacity. Jointly considering the
heavy computation workload raised by the sizable network-
ing systems and the difficulty in estimating instantaneous
Channel State Information (CSI), Zhao et al. [17] solved a
joint power control and channel allocation problems based
on reinforcement learning algorithm combining with statis-
tical CSI. Rashid et al. [18] investigated MC-NOMA tech-
nology for enhancing system energy efficiency (EE) by
formulating a joint user clustering, subchannel allocation,
and power allocation problem for EE maximization in
uplink MC-NOMA scenario. To solve the optimization
problem of the user grouping, decoding order and power
control in an uplink NOMA system, Zhang et al. [19] for-
mulated a joint optimization problem as combinatorial inte-
ger programming framework to maximize the achievable
sum rate of the multiple users with the minimum rate
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requirement. Zamani et al. [20] investigated weighted sum
EE in uplink and downlink of a multiuser NOMA system
and formulated the signal processing power as a linear func-
tion of transmit power.

Applying NOMA technique to UAV-enabled communi-
cation has become a research hotspot, where UAVs are used
as flying base stations to provide ubiquitous connections for
mobile devices in over-crowded areas. Lu et al. [21] investi-
gated the UAV enabled uplink NOMA network to overcome
the inherent latency in multi-UAV networks with orthogo-
nal multiple access. They jointly optimized the UAV deploy-
ment position and the power control to maximize the sum
rate of all users and to meet the QoS requirement. Because
the secure transmission of NOMA-UAV networks remains
a great challenge, Chen et al. [22] summarized several poten-
tial solutions to mitigate adversarial eavesdropping toward
aerial-ground transmission and propose three effective secu-
rity schemes. To overcome the combinatorial nature and
nonconvexity of the joint placement design, admission con-
trol, and power allocation in NOMA-based UAV systems,
Tang et al. [23] proposed a low complexity mechanism
based on the penalty function method and the successive
convex approximation to maximize the number of users
with satisfied QoS experience.

The studies in [21–23] mainly use the UAV as the flying
base stations; however, some researches take UAVs as aerial
users to design communication architecture in cellular-
enabled networks. Zhang et al. [24] considered two main
research paradigms in cellular-enabled UAV communica-
tion and UAV-assisted cellular communication. The former
regarded UAVs as new aerial users served by GB, and the
later took UAVs as new aerial communication platforms
serving the terrestrial users. To maximize the sum rate of
uplink from UAV to BSs in a specific band, Pang et al.
[25] investigated the uplink transmission in a cellular net-
work from a UAV and ground users to base stations via
optimizing the precoding vectors. Senadhira et al. [26] stud-
ied an emerging cellular-connected UAV architecture for
surveillance or monitoring applications, where a cellular-
connected aerial user equipment moves along a given trajec-
tory and uses a given data rate to transmit messages in
uplink periodically. New et al. [27] considered a downlink
wireless communication system with the coexistence of
ground user (GU) and mobile aerial user (AU) and investi-
gated the maximum achievable GU rate that satisfied the
AU QoS requirement with perfect and partial CSI.

The solutions presented above do not consider both the
changes in channel states and the impact of the constant ini-
tial power levels on the power control issue. In addition, the
existing NOMA-based access schemes are mostly used in
cellular networks and rarely applied to multi-UAV net-
works; hence, the presented solutions cannot be used
directly for the joint channel allocation and power control
problem in NOMA-assisted multi-UAV networks. Different
from previous ideas, in order to adapt the proposed method
to the dynamic channel states better, the channel gain in our
work is characterized with average form instead of instanta-
neous form. And the initial power levels of UAVs are
adjusted while the channel allocation algorithm is imple-

mented, which aims to get the feasible solution for the power
control issue.

3. System Model

3.1. Network Model. The network mainly consists of a single
GB that serves as the destination of data flows and multiple
UAVs which are independently and uniformly distributed in
the deployed area. Assume that the coordination of GB is
unchangeable, all the UAVs communicate with GB in
single-hop mode, as shown in Figure 1. In this paper, we
focus on the uplink data transmission, where the bandwidth
W at GB is divided into the orthogonal channels. UAVs
transmit the messages to GB via a single channel at any time,
and NOMA technique allows the superposed signals from
multiple UAVs to be transmitted simultaneously through
the same channel. Assume that UAVm and UAVm + 1 are
assigned to the same channel, these two UAVs are allowed
to send signals (e.g., temperature, humidity, and wind speed)
simultaneously to GB with the uplink from UAVs to GB. To
avoid the channel overloading, the maximum number of
UAVs that each channel can serve should be no more than
K . We use C to denote a set including all channels, and ∣C
∣ and cn denote the identifier of nth channel and the num-
ber of the channels, respectively. The set of UAVs is denoted
by the notation M, the size of M is M, and the set of UAVs
assigned to channel cn is denoted as Mn. The power level pm
used by UAVm is limited in the range ½pmin, pmax�. The def-
initions of notations or parameters can be found in Table 1.

3.2. Channel Model. Due to the mobility, the distance
between UAVs and GB changes with time elapse which
results in the variable channel states. Fortunately, the chan-
nel state prediction method proposed in [28] can capture
this dynamic nature and estimate the channel gain value
for each UAV after Δt time. Assume that the current time
is t0, the future time is t after Δt. The quantity hðt ∣ t0Þ rep-
resents the channel gain prediction at t based on the infor-
mation available at t0; hence, it is a random variable due to
the uncertainty in mobility over the time duration from t0
to t. If t0 = t, the quantity hðt ∣ t0Þ is equal to the instanta-
neous channel gain value [29] at t.

Assume that all the UAVs follow the same mobility
model, let f yðyÞ (the detailed form refers to the expressions
(20)-(21) in the reference [29]) represents the probability
density function of distance y at current time, and gðyÞ
(the detailed form can refer to the Rican model [30]) denotes
the path fading gain of links between UAVs and GB. Let y
ðt0Þ denote a function of distance between UAVs and GB
at t0; so, the expected channel gain for each UAV can be
expressed as an integral form

E h t ∣ t0ð Þ½ � =
ðt
t0

g y tð Þð Þ · f y y tð Þð Þdt: ð1Þ

Expression (1) quotes the definition (24) in reference
[29], and the slight difference lies in the different objects of
integration. The expected channel gain in (1) can reflect
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the link quality well; however, the fast changing channel
state would result in the outdated message used by GB in a
specific duration ½t0, t�. The channel gain calculated by (1)
only reflect the channel states at a destined point in the
future, and it is necessary to find a way which can reflect
the channel states in the duration ½t0, t� accurately and assist
the GB to optimize the network performance. Hence, the
average channel gain denoted by �h is introduced to represent
the link quality in time interval Δt, and the mathematical
expression is listed as below.

�h = 1
Δt

〠
t

x=t0

ðx
t0

g y tð Þð Þ · f y y tð Þð Þdt, ð2Þ

where x is a transition variable. The use of NOMA technique
depends on the channel gain differences between UAVs, bet-
ter communication performance for the whole network ben-
efits from larger channel gain differences. Therefore, we

divide UAVs with larger channel gain differences into a
group to share the same spectrum resource. Before that, we
need to get the nonascending order of the UAVs’ channel
gains, namely, �h1 ≥ �h2 ⋯≥�hM , where the subscripts are
regarded as the identifier of UAVs.

4. Problem Formulation and Solution

4.1. Problem Formulation. This work mainly focuses on the
channel allocation and power control for NOMA-assisted
multi-UAVs networks. In order to identify which channel
a single UAV is assigned to, a binary variable is defined as
anm, where the superscript n and subscript m indicate the
channel cn and mth UAV, respectively. If the mth UAV is
assigned to the channel cn, then anm = 1; otherwise, anm = 0.

anm =
1, if UAVm is assigned to the channel cn:
0, otherwise:

(
ð3Þ

Because the NOMA technique decodes the massages
according to the strength of the signal, the weaker signals
will be considered as interference of the priority decoded sig-
nals in the same channel Mn. Assume that the signal from
UAVm currently is decoded, the sum of the weaker signals
from the other UAVs in Mn is the interference of UAVm,

namely, ∑ i∈Mn�hi≤�hm

ani pi�h
2
i . To evaluate the network perfor-

mance more intuitively, we optimize the channel capacity
of each UAV, and which is given as below:

Rm = log 1 + pm�h
2
m

∑ i∈Mn�hi≤�hm

ani pi�h
2
i + σ2

0
BBB@

1
CCCA, ð4Þ

where σ2 is the additive white Gaussian noise. For the ease of

UAVm UAVm+1

UAVm+2

UAVm+3

UAVm+5
UAVm+4

GB

Figure 1: Multi-UAV network model.

Table 1: Simulation parameters.

Parameter Value

Area size 1000m × 1000m × 80m
The number of UAVs [10, 50]

Transmission radius 1000m

The number of subchannels 10

Maximum power level 1W

Noise -36 dBm

Mobility model Random way point

Channel model Rican model

Bandwidth W 5MHz

Subchannel size 0.5MHz

Transmission rate threshold [0.1Mbps, 0.7Mbps]

Path loss coefficient 2.65

4 Wireless Communications and Mobile Computing



expression, we define a normalized channel gain for the mth

UAV as gm = �h
2
m/σ2; so, the formula (4) can be rewritten as

Rm = log 1 + pmgm

∑ i∈Mn�hi≤�hm

ani pigi + 1

0
BB@

1
CCA: ð5Þ

The capacity of the last component decoded on the channel
cn is Rf = log ð1 + pf gf Þ.

Based on the binary variable and link capacity calculated
in (5), we define the problem in a mathematical form with
aggregated channel capacity of UAVs as the objective func-
tion, the detailed form is expressed as follows:

max 〠
n∈C

〠
M

m=1
anmRm, ð6Þ

s:t:Rm ≥ Rth
m ,∀m ∈M, ð7Þ

pmgm − 〠
n∈C

〠
i∈M
�hi≤�hm

ani pigi ≥ pth,∀m ∈M,
ð8Þ

pmin ≤ pm ≤ pmax,∀m ∈M, ð9Þ

〠
M

m=1
anm ≤ 1,∀n ∈ C, ð10Þ

〠
n∈C

anm ≤ K ,∀m ∈M, ð11Þ

anm ∈ 0, 1f g,∀m ∈M,∀n ∈ C: ð12Þ
Optimization objective (6) maximizes the sum of all

UAVs’ channel capacity. Constraint (7) ensures that the
channel capacity used by the UAVs is no smaller than the
given threshold to meet the requirement of correct decoding.
Constraint (8) represents SIC requirement for correct
decoding of superimposed signals at GB, and (9) limits the
maximum power levels of UAVs. Constraint (10) means that
any UAV can only transmit signals on one channel at a spe-
cific time. On the premise of ensuring the decoding rate, (11)
limits the number of concurrent signals in a single channel.

M ≤ ∣C ∣ , namely, the number of channels, is not less
than the number of UAVs, such that each UAV can occupy
a channel independently due to the orthogonality between
different channels. In this situation, a single UAV selects
the maximum power level to transmit signals to improve
network performance. We mainly discuss how to allocate
channels and adjust power level to maximize network
throughput when 2 ∣ C ∣ ≤M ≤ K∣C∣. The optimization prob-
lem defined in (6)–(12) is a mixed integer nonlinear pro-
gramming (MINLP) problem [31], which has been proved
to be NP-hard. Therefore, it is necessary to find a distributed
solution which not only achieves the optimization goals for
joint channel allocation and power control issues, but also
maximizes the network throughput.

4.2. Distributed Solution. Because it is difficult to get the
optimal solution of MINLP problem defined above, so an
approximate solution is necessary for the improvement of
communication performances. The best effect of optimiza-
tion is to make the final solution as close to the optimality
as possible; hence, the initial feasible parameters are impor-
tant to get the optimal solution. On this basis, we calculate
the initial power levels of UAVs by only considering the
environmental noise σ2 when the equality relation of the
constraint (7) holds, namely,

log 1 + pinim gm
� �

= Rth
m ,∀m ∈M: ð13Þ

The initial feasible power level of the mth UAVs can be
obtained by mathematical calculation,

pinim = 2Rth
m − 1
gm

,∀m ∈M, ð14Þ

and we set the initial power level of each UAV to pinimax, where
pmin ≤ pinimax ≤ pmax and pinimax = max fpinim ∣∀m ∈Mg.
4.2.1. Channel Allocation. To this end, we use the power level
pinimax and equation (5) to obtain the initial rate Rini

m = log ð1
+ pinimaxgmÞ which is substituted into the optimization prob-
lem (6)–(12) to get an integer programming form (channel
allocation) P1 as below:

P1 : max 〠
n∈C

〠
M

m=1
anmR

ini
m ,

s:t: 7ð Þ, 79ð Þ − 7911ð Þ:
ð15Þ

Based on the number of channels ∣C ∣ , the maximum
number of UAVs assigned to the same channel can be calcu-
lated as dM/∣C ∣ e ≤ K , let U = dM/∣C ∣ e. A cluster set is
defined by M = fM1,⋯,Mn,⋯,MNg, and all components in
M are empty in initialization phase. Next, UAVs are divided
into U subsets based on the order of channel gains,
½UAV1,⋯,UAV ∣C∣�|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

S1

½UAV ∣C∣+1,⋯,UAV2∣C∣�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
S2

⋯½UAVM−∣C∣+1,⋯,UAVM�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
SU

,

and each subset Sn consists of at least ∣C ∣ components.
According to the feature of NOMA technique, the later
decoded signals will interfere with the previous decoded
signals. Therefore, we choose one component from each
subset in reverse order and group these components into
one cluster to share the same channel. The detailed pro-
cess is as follows, the component UAVM−∣C∣+1 extracted
from set SU is added to subset M1, and we choose the
component of the corresponding sequence from the subse-
quent subset, such as UAV ∣C∣+1 in set S2. Before continu-
ing this process, it needs to judge whether the constraint
(8) holds, if not, adjust the power level of corresponding
UAV to meet the condition. After determining the compo-
nent in S1, it ends the current grouping process, and the
components included in subset M1 is denoted as ½UAV1,
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UAV ∣C∣+1⋯,UAVM−∣C∣+1�. When all the subsets in M are
empty, the channel allocation algorithm is terminated.
The detailed implementation process of channel allocation
is presented in algorithm 1.

Algorithm 1 shows two advantages when compared with
other similar works on channel allocation. One is that Algo-
rithm 1 characterizes the channel gain with average form in
interval Δt (Step 4.2.1 in Algorithm 1), which can well adapt
to the mobility without declining the communication perfor-
mance. Other works (such as [32]) consider only instanta-
neous channel gain. The other advantage is that we adjust
the initial power levels of UAVs (Step 4.2.1 in Algorithm 1)
to get a more satisfactory initial solution for power control
while the channel allocation algorithm is implemented. The
main purpose is to make the initial solution for power control
satisfy different constraints in the feasible region.

4.2.2. Power Control. The results obtained from Algorithm 1
are substituted to optimization (6)–(12), and a mathematical
form of power control problem can be expressed as below:

max 〠
M

m=1
Rm,

s:t:  6ð Þ, 68ð Þ,
pmgm − 〠

i∈Mn�hi≤�hm

pigi ≥ pth,∀m ∈Mn,∀Mn ∈M:

ð16Þ

Due to the orthogonality between different channels,
there is no loss of optimality to consider only one single
channel for power allocation, and the others use the same
method to achieve the goal of power control. Therefore, we
choose a channel cn including K UAVs as a typical optimiza-
tion object and use a new sequence number 1,⋯, K to
replace the original marks of all the UAVs in subset Mn.
Hence, the power control problem can be redefined as

P2 : max 〠
k∈Mn

Rk, ð17Þ

s:t: 6ð Þ, 68ð Þ, ð18Þ

pkgk − 〠
i∈Mn�hi≤�hk

pigi ≥ pth,∀k ∈Mn: ð19Þ

The scale of P2 is smaller compared with original prob-
lem, and the former is easier to get the optimal power levels
for all the UAVs in subset Mn. However, the nonconvexity
of the capacity function (4) combined with constraints (7),
(9), and (19) increases the complexity of obtaining the opti-
mal power levels. To overcome this obstacle, we use succes-
sive convex approximation techniques [33] to convert

function (5) into a convex form:

Rk ≈ αk log pkgkð Þ − log 1 + 〠
i∈Mn

pigi

 !" #
+ βk, ð20Þ

where αk and βk are assistant variables, the detailed forms of
which can be found in [34].

Assume that the power levels of UAVs are located in
convex domain, hence P2 is a convex optimization problem
due to the linearity of constraints. To this end, we introduce
three dual vectors to assist the optimization process, denoted
by γ, ξ, and ζ, respectively. The dual form of P2 can be pre-
sented as follows:

L p, γ, ξ, ζð Þ =max 〠
k∈Mn

Rk + 〠
k∈Mn

γk pkgk − 2Rth
m − 1

� �
1 + 〠

i∈Mn

pigi

 ! !" #

+ 〠
k∈Mn

ξk pkgk − 〠
i∈Mn

pigi − pth

 !
+ 〠

k∈Mn

ζk pmax − pkð Þ:

ð21Þ

Although the average channel gain can effectively
improve the communication performance, the unpredictable
wireless environment will cause that a part of request
packets cannot be decoded correctly at GB. Fortunately,
the asynchronous optimization can be considered as an
alternative solution to solve the above problem. In order to
update the parameters asynchronously, we define the nota-
tion n as the number of iterations and τni as the index of
the Lagrange multiplier used in the ith minimization and 1
< τni < n. Consider asynchronous optimization, the update
process of three dual vectors can expressed as

γk t + 1ð Þ = γk tð Þ − β1
∂L τnið Þ
∂γk

� �+
, ð22Þ

ξk t + 1ð Þ = ξk tð Þ − β2
∂L τnið Þ
∂ξk

� �+
, ð23Þ

ζk t + 1ð Þ = ζk tð Þ − β3
∂L τnið Þ
∂ζk

� �+
, ð24Þ

where ½·�+ denotes the projection onto the nonnegative
quadrant, and β1, β2, and β3 are step size. In addition, the
values of β1, β2, and β3 are constants to speed the conver-
gence of the update process. Jointly consider (22), (23),
(24), and one-order derivative of power level pk, let ∂Lðp, γ
ðt + 1Þ, ξðt + 1Þ, ζðt + 1ÞÞ/∂Pk = 0, we can obtain the optimal
power level of each UAV in subset Mn at iteration t + 1, and
this process is terminated until the dual vectors no longer
change. The detailed process can be found in Algorithm 2.

4.3. Algorithm Analysis. Assume that the notation T denotes
the maximum iterations which can meet the requirement of
step 8 in the Algorithm 2, we can get the following conclusion.

Proposition 1. If T ≤M, the total time complexity of two
algorithm is OðM2Þ; otherwise, OðMTÞ.

6 Wireless Communications and Mobile Computing



Proof. To obtain the total time complexity of the proposed
two algorithms, assume that the cost for exchanging the bea-
con information among any a pair of nodes is Oð1Þ, we first
analyze the time complexity of Algorithm 1; in initialization
phase, each UAV exchanges the beacon information with
GB, and the time complexity can be denoted as OðMÞ. The
step 2 is the sorting process, and the time complexity of this
operation is equal to the time complexity of the sorting algo-
rithm in the worst case OðM2Þ. Steps 5-11 are the sequential
grouping process and the adjustment operations of the
power levels, and the total time complexity is OðMÞ; hence,
the total time complexity of Algorithm 1 is OðM2Þ. For
Algorithm 2, the time complexity of the initial process is O
ð3MÞ. The steps 3-7 aim to get the optimal power levels,
and the time complexity is OðMTÞ. To conclude the above
results, if T ≤M, the total time complexity of two Algorithm
is OðM2Þ; otherwise, OðMTÞ.☐

To analyze the proposed algorithms, we provide some
auxiliary parameters to illustrate the presented results. Let
gðpkÞ = fð2Rth

m − 1Þð1 +∑i∈Mn
pigiÞ − pkgk,∑i∈Mn

pigi + pth −
pkgk, pk − pmaxg denote a set including different constraints
and k·k be Euclidean norm. We use a constant stepsize β
instead of β1, β2, and β3. Two vector notations χ and φ
are used to denote the primal variable set and dual variable
set, respectively, χ = fpk∣∀k ∈Mg and φ = fγ, ξ, ζg. To sim-

plify the symbolic representations, the joint optimization
problem P can be rewritten in a more general form,

P : max F χð Þ,
s:t:g χð Þ ≤ 0:

ð25Þ

1://initialization: each UAV sends a request packet (coordination, speed, channel state, etc.) to GB, n=∣C ∣ ;
2: Get the nonascending order of channel gains, �h1 ≥ �h2 ⋯≥�hM ;
3: Mark the UAV with channel gain �hm as m;
4: Obtain the sets {S1,S2,⋯, SU };
5: for each subset Mn, do
6: for i=U ; i ≥ 1; i—do
7: if the set Si is not empty, then
8: Add the nth component in set Si to subset Mn;
9: Judge whether the components in subset Mn meet constraint (8);
10: If not, adjust the power level of corresponding component in Si;
11: end if
12: end for
13: n=n-1;
14: end for
15: If all UAVs are assigned to the special channels, the algorithm is terminated;
16: return M.

Algorithm 1: Channel allocation algorithm.

1: GB uses the results of channel allocation calculated by algorithm 1 and the optimized initial power levels;
2: Initialize the dual vector γð0Þ, ξð0Þ, ζð0Þ;
3: for each channel cn of GB do
4: Use (20) to obtain the capacity expression Rk;
5: Calculate optimal power level based on three dual vectors and one order derivative;
6: Use (22), (23), and (24) to update dual vectors;
7: Return to step 5;
8: The algorithm will be terminated until the dual vectors no longer change.
9: end for

Algorithm 2: Power control.
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Figure 2: The iterations of each subchannel with two users under
different outage rates.
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Therefore, the dual iterations (22)-(24) can be rewritten
in the following form:

φ n + 1ð Þ = φ nð Þ + β · g χ τnið Þð Þ½ �+: ð26Þ

Assume that the dual form of P is denoted as DðφÞ, the
following two conditions are adopted for problem P and
iterations (22)–(24).

C1. Set Ψ is convex, closed, and bounded. Combined
objective function of problem P and constraint set gðχÞ are
convex and continuous over their domain. Assume that

there is one set fχ ∈Ψg that makes (7), (8), and (9) hold
as strict inequalities.

C2. There exists an integer Dmax, so that n − τni ≤Dmax
and n = 1, 2,⋯.

The first condition asserts the boundedness of the sub-
gradients, and there is a finite bound set Gmax that for all χ
∈Ψ the following inequality holds:

g χð Þk k ≤Gmax: ð27Þ

Proposition 2. According to condition C1 and the strict con-
vexity of the optimization problem P2 considering equation
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(20), it is noted that if the Slater’s condition holds, then the
duality gap is exactly zero, i.e., Pðχ∗Þ =Dðφ∗Þ.

The second condition states that the delay n − τni is
upper bounded by a finite number. Note that Dmax = 0 yields
the corresponding results for the synchronous algorithm.

We use the pertinent definitions considered in [35] to
obtain the following result. Under the condition C1, it holds
for all ε ≥ 0 and n = 1, 2,⋯ that

g χ τnið Þð Þ ε − φ nð Þð Þ ≤D εð Þ −D φ nð Þð Þ + o nð Þ, ð28Þ

where oðnÞ = 2β ·G2
maxDmax. The interested readers can refer

to the detailed Proof in [35]. Moreover, we propose the fol-
lowing proposition to deal with convergence of Lagrange
multiplier that iterates with different stepsizes.

Proposition 3. Under C1 and C2, the average dual solution
DðφÞ and the optimal dual solution Pðχ∗Þ satisfy the follow-
ing relation:

D φð Þ ≤ P χ∗ð Þ + 1
2
βGmax + 2βG2

maxDmax: ð29Þ
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Proof. Let φ∗ denote the optimal solution of D. We have the
form for all ε ≥ 0:

φ n + 1ð Þ − εk k2 = φ nð Þ + βg χ τnið Þð Þ½ �+ − ε
		 		2: ð30Þ

Due to the nonexpansive property of the projection, (30)
satisfies the following relation

φ n + 1ð Þ − εk k2 ≤ φ nð Þ + βg χ τnið Þð Þ − εk k2
≤ φ nð Þ − εk k2 + βg χ τnið Þð Þk k2

+ 2βg χ τnið Þð Þ φ nð Þ − εð Þ:
ð31Þ

Introducing (27) and (28) into (31), we can get a new
form

φ n + 1ð Þ − εk k2 ≤ φ nð Þ − εk k2 + β2G2
max

+ 2β D εð Þ −D φ nð Þð Þ½ � + 4β2G2
maxDmax:

ð32Þ

Summing the later for n = 1, 2,⋯,N , it follows that

φ n + 1ð Þ − εk k2 ≤ φ 1ð Þ − εk k2 +Nβ2G2
max

+ 2β ND εð Þ − 〠
N

n=1
D φ nð Þð Þ

" #

+ 4β2G2
maxDmax:

ð33Þ

Let the left-hand side of (33) be 0, rearrange the inequal-
ity, and divide it by 2Nβ, we obtain

1
N
〠
N

n=1
D φ nð Þð Þ ≤ φ 1ð Þ − εk k2

2Nβ
+ 1
2βG

2
max

+D εð Þ + 2βG2
maxDmax:

ð34Þ

☐

Let ε = φ∗ and 1/N∑N
n=1DðφðnÞÞ =DðφðnÞÞ. We have

minN⟶∞φð1Þ − φ∗/2Nβ⟶ 0 due to the infinite value of
φ∗. Thus, taking the limit as N ⟶∞ in (34) and combin-
ing the result of Proposition 2 yields the result of Proposi-
tion 3.

Therefore, the suboptimality in the asynchronous sub-
gradient over the synchronous version is bounded by a con-
stant proportional to Dmax. Note that if the dual method
would like to reach a given distance from the optimal, the
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asynchronous subgradient might need a smaller stepsize β
which requires more iterations.

5. Simulation Results

In this paper, we use OMNET++5.0 to simulate the network
scenario and collect relevant results. The UAVs spread ran-
domly and uniformly in an area of 1000m × 1000m × 80m
and move following a random way-point mobility model
[36]. In addition, we use the Rican channel model and rate
threshold method to estimate the link quality. For conve-
nience, we assume that there is only one GB with fixed coor-
dinate, and UAVs can move randomly with a certain speed
in the specified region. Each UAV transmits messages with
different power levels in ð0, 1W�, and final decisions can be
made by solving the problem (19). The value of three step-
sizes are set to 0.01 and Δt = 1 s. The detailed values of other
parameters refer to the definitions in reference [37] and dis-
played in Table 1. To get more accurate results, we perform
the experiment five times for each parameter under the same
system configuration, and the final results are collected by
computing the mean values based on the five groups of
results.

To better demonstrate the advantages of the proposed
method, we first analyze the performance of our algorithm
and then compare it with OMA and synchronization opti-
mization mechanism under different indicators. Because
the wireless network is prone to be interfered by other sig-
nals, the outage rate is used as an important index to evalu-
ate the performance of our algorithm. If each channel is
assigned to two UAVs, the iterations increase with the out-
age rate, as shown in Figure 2. When UAVs send messages
to GB over the unreliable uplink, some messages cannot be
received by GB, which requires more iterations at GB to
achieve the optimal network performance. When the outage

rate is set to 0, Figure 3 shows the trends of the transmission
rates of two UAVs in the same channel and their aggregated
rate with the increase of iterations.

One of the main advantages of NOMA is that it allows
multiple users to send messages on the same channel simul-
taneously. GB uses successive interference cancellation tech-
nique to decode superimposed signals. However, with the
increasing number of nodes, the probability of GB that cor-
rectly receives all the messages decreases with the probability
theory; hence, more iterations are required at GB to achieve
the optimization goal, as shown in Figure 4. From Figure 5
we can see, the aggregated rate of single subchannel with
more UAVs is larger; however, the existence of outage rate
results in the decline of aggregated rate. The rate threshold
characterizes the minimum transmission rate used by each
UAV that GB can correctly decode the superimposed sig-
nals. Figure 6 represents the trend of aggregated rate with
different rate thresholds, when there are four UAVs in a sin-
gle channel. However, faster mobility will result in poor
communication quality and decrease the aggregated rate of
the single channel with two UAVs, as shown in Figure 7.

So far, we evaluate the performance of the proposed
algorithm under different indicators, and the results are
shown in Figures 2–7. However, we are more eager to know
the performance of our algorithm compared with both
OMA and synchronous method [19], and the details can
be found in Figures 8 and 9. When the rate threshold is set
to 0.5Mbps, the UAVs move at a speed of 5m/s, and the
number of UAVs served each channel is no more than 2;
from Figure 8, we can see that the aggregated rate of the sin-
gle channel increases with the number of UAVs. The mobil-
ity of UAV leads to the variable channel state which brings
unpredictable outage events, which declines the overall net-
work performances. In order to reduce the impact of UAV
mobility on communication quality, we use the expected
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channel gain to characterize the channel state in a specific
time interval, which can be adapted to the dynamic channel
well. Furthermore, the asynchronous optimization technique
is used to optimize the network performance, and when
some messages cannot be decoded correctly by GB, the algo-
rithm will continue. OMA technique requires that each
channel can only serve one single UAV at a specific instant,
and the aggregated rate in our simulation is the throughput
per second of the single channel. Hence, as the number of
UAVs increases, the aggregated rate of the single channel
maintains unchanged. Based on this, it is obvious that our
algorithm has better performance than OMA and synchro-
nous method as shown in Figures 8 and 9.

The interference prone property of the wireless channel
increases the outage rate of multi-UAV networks, which
would decrease the size of the aggregated rate of each chan-
nel. Different from synchronous methods, the asynchronous
method updates the network parameters with the outdated
channel gains of UAVs, where the outdated messages refer
to the parameters used in previous iteration but the new
ones have not yet received by GB in current iterations due
to the poor channel states. Therefore, the presence of outage
rate results in the decline of aggregated rate as shown in
Figure 10. The rate threshold characterizes the minimum
transmission rate used by each UAV that GB can correctly
decode the superimposed signals. The increasing of the rate
threshold requires the higher power levels to ensure the cor-
rect decoding at GB, the growth trend of the rate threshold
would cause the channel capacity calculated with the opti-
mal power level not to meet the constraint, and the detailed
results are displayed in Figure 11.

6. Conclusion

This work presents channel allocation and power control
algorithms for uplink NOMA-assisted multi-UAV networks

by jointly using the Lagrange dual method, successive con-
vex approximation, and asynchronous optimization method,
which can improve network throughput, and reduce
cochannel interference. Specifically, the original optimiza-
tion problem is formulated as a mixed integer nonlinear pro-
gramming framework. According to the differences between
channel gain with nondescending order, each UAV is
assigned to one specific channel. Combining the solution
of channel allocation and adjusted initial power levels, the
transmission power of UAVs is optimized with asynchro-
nous update mechanism. Simulation results demonstrate
that the proposed algorithm significantly improves aggre-
gated rate about 5%-10% on average compared with similar
works and OMA. Note that some open issues still exist, such
as the security problem and QoS-aware (such as link reliabil-
ity, delay bound) communication problem. In the future,
more effort will be made to consider these problems and rel-
evant techniques in optimization strategy.

Notations

W: Bandwidth
K : The maximum number of UAVs served by each

channel
C: A set including all channels
cn: An identifier of n-th channel
∣C ∣ : The total number of the channels
M: A set composed of all UAVs
M: The total number of UAVs in the network
Mn: The set of UAVs assigned to channel cn
pm: The power level used by UAVm to transmit message
pmin: Minimum power level
pmax: Maximum power level
y: The distance between UAV and GB
�h: Average channel gain

The variance of additive white Gaussian noise
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σ2:
gm: The normalized channel gain of mth UAV.
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