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The status information of complex status update applications (e.g., real-time environmental monitoring in disaster areas) can only
be obtained after data processing. Therefore, the impact of data processing on age of information (AoI) cannot be ignored in
complex status update applications. In this paper, complex status updates in emergency scenario are investigated, where some
multiantenna unmanned aerial vehicles (UAVs) help resource-limited user devices (UDs) complete complex status updates
which involve computing processes. To reduce average AoI, UDs’ energy consumptions, and UAVs’ energy consumptions in a
balanced manner, the weighted sum of the three metrics is aimed to be minimized. Scheduling strategies (i.e., data
transmission and computing start moments, service period, and flight radius) and power (i.e., data and pilot transmit power)
allocation strategies are jointly optimized to reduce the weighted sum. The original problem is NP-hard. Thus, it is decoupled
into some subproblems. Then, the near-optimal solution or stationary point of each subproblem is obtained by analyzing the
characteristics of the subproblems. Finally, an iterative algorithm is proposed to alternately optimize the scheduling and power
allocation strategies to obtain the suboptimal solution of the original problem. Simulation results show that the proposed
algorithm can effectively reduce the average AoI and the energy consumptions of UDs and UAVs in a balanced way.

1. Introduction

The steady development of Internet of Things (IoT) has pro-
moted the demand for real-time status update applications.
In these applications, the user device (UD) (e.g., IoT device)
sends sensing data to the control terminal for subsequent
control processes [1]. The work [2] first proposed the age
of information (AoI) to characterize the freshness of infor-
mation during status updates. Recently, some works studied
optimizations for AoI [2–6]. These works pay attention to
the impact of simple data transmission on AoI. However,
the impact of computing on AoI cannot be ignored in some
complex status update applications. For example, in intelli-
gent driving, the environmental information sensed by vehi-
cles needs to be transformed into status information by
complex computing. During the complex status update pro-

cess, the computing delay affects AoI, which is different from
the traditional status update process.

Resource-limited UDs may not afford the energy con-
sumptions caused by the complex computing. Computing
offloading technology allows UDs to offload computing tasks
to computing servers, which is an effective solution to the
problem above. It is worth noting that compared to tasks
in conventional computing offloading, we adopt AoI instead
of task delay to evaluate the tasks in complex state updates.
Some works studied the AoI in cloud computing or fog com-
puting scenarios [7–11]. More recently, some works ana-
lyzed and optimized AoI in multiaccess edge computing
(MEC) systems [12–17]. The works above studied the AoI
in MEC systems where the computing servers are fixed.
However, fixed servers cannot adapt to emergency scenarios
such as disaster rescue.

Hindawi
Wireless Communications and Mobile Computing
Volume 2022, Article ID 8117391, 20 pages
https://doi.org/10.1155/2022/8117391

https://orcid.org/0000-0001-9971-0309
https://orcid.org/0000-0002-0159-5945
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8117391


Owing to the high mobility, unmanned aerial vehicles
(UAVs) [18–20] can be used to assist or serve UDs in some
emergency scenarios. Specifically, UAVs can be used as data
repeaters to assist UDs during status updates [21–23]. Fur-
thermore, UAVs can be used as temporary servers to pro-
vide computing services for UDs [24–27]. Therefore,
multiple UAVs can help UDs complete complex status
updates in emergency scenarios. Moreover, since multiple
antennas [28–30] can effectively reduce the transmission
energy consumption without increasing the power and
bandwidth, it is a basic physical layer technology in 5G
and even in B5G/6G. Therefore, UAVs can be equipped with
multiple antennas in the millimeter wave band [31] to pro-
vide higher quality services to UDs.

In this paper, we focus on the complex status updates in
a multiantenna UAV-assisted MEC system. During one ser-
vice period, each UD offloads its computing task to an UAV.
Next, the UAV completes the task and then transmits the
status information back to the UD. Since average AoI can
reflect the average information freshness of complex status
updates, it is an important performance metric. Further-
more, the energy consumptions of energy-limited UDs and
UAVs should be considered for extending the UDs’ and
UAVs’ endurance. Therefore, we aim to reduce the average
AoI and the energy consumptions of UDs and UAVs simul-
taneously. However, there are complex correlations between
the three performance metrics. Thus, independent optimiza-
tions for one of the performance metrics cannot achieve the
global optimization. To this end, we aim to minimize the
weighted sum of the average AoI and the energy consump-
tions of UDs and UAVs, which aims to optimize the three
performance metrics in a balanced way.

During the status updates, reaping the minimization of
the weighted sum requires taking into account the following
key issues. Firstly, the transmission and computing start
moments affect average AoI. Furthermore, the transmission
start moments can affect the UAVs’ positions of receiving
tasks and then further influence the UDs’ energy consump-
tions. Secondly, pilot and data transmit powers affects
UDs’ energy consumptions significantly. Thirdly, service
period and flight radius affect the average AoI and the
energy consumptions of UDs and UAVs. Therefore, the six
types of variables above should be jointly optimized.

However, the joint optimization problem has the follow-
ing challenges. Firstly, compared to the existing works where
servers are fixed, the UAVs’ positions of receiving tasks
decide UDs’ transmission rates and further affect the average
AoI and the energy consumptions of UDs, which increases
the difficulty of the optimization. Secondly, transmission
start moments of the adjacent status updates are coupled
with each other, which greatly increases the complexity of
the problem. The discussion above also applies to the com-
puting start moments. Thirdly, since we model the channels
between the UAVs and UDs as Rician channels under
imperfect channel state information, the transmission rate
is a complex and nonconvex function with respect to the
pilot and data transmit powers, service period, and flight
radius. Although the joint optimization problem has the
challenges above, we obtain the suboptimal solution by ana-

lyzing the problem and proposing an iterative algorithm.
Moreover, a large rotor UAV at a higher altitude, as a central
controller [32], collect UDs’ positions and task information
and release the optimized scheduling and power allocation
strategies to UDs and UAVs. The main contributions of this
paper are summarized as follows.

(1) Complex status updates in an emergency scenario
are investigated. In the scenario, multiantenna
UAVs, as air computing servers, provide computing
services for UDs so that they can update their sta-
tuses timely. Moreover, the Rician channel and the
nonideal channel state information are both consid-
ered, which are realistic

(2) We adopt the zero-wait principle for the computing
offloading process, which aims to avoid the increase
of average AoI caused by data accumulations. More-
over, the weighted sum of the average AoI and the
energy consumptions of UDs and UAVs is reduced
by jointly optimizing scheduling and power alloca-
tion strategies, which improves the efficiency of sta-
tus update with low energy consumption

(3) The NP-hard problem is decoupled into five sub-
problems, and we obtain the near-optimal solutions
or stationary points of the subproblems by analyzing
their characteristics. Specially, we propose a search
algorithm based on greedy rules to obtain the near-
optimal solution of the transmission and computing
start moment subproblem. Subsequently, we trans-
form the pilot and data transmit power subproblems
into convex problems and propose search algorithms
based on the successive convex approximation to
obtain their stationary points

The rest of this paper is organized as follows. In Section
II, we introduce the system model and formulate the opti-
mization problem. In Section III, the five subproblems are
solved one by one and an iterative algorithm is proposed
to solve the optimization problem. Section IV presents
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Figure 1: The multiantenna UAV-assisted multiaccess edge
computing system.
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the numerical results. Finally, we conclude the paper in
Section V.

2. System Model and Problem Formulation

In a system without infrastructures, UDs have percep-
tion and communication capabilities. They obtain perceived
data by sensing physical processes in the real world. Spe-
cially, the perceived data needs to be calculated and trans-
formed into status information for subsequent operations.
Since the energy of each UD is limited, multiple UAVs
equipped with multiple antennas fly over the target area
and provide UDs with computing services.

As shown in Figure 1, we consider a multiantenna UAV-
assisted MEC system, where M fixed-wing UAVs equipped
with L antennas provide computing services to K single-
antenna UDs. The system adopts the millimeter wave fre-
quency band, which allows the deployment of multiple
antennas on UAVs [33, 34]. The UDs are randomly distrib-
uted in the circular area with radius rud, and the circular area
is uniformly divided into M sector areas. For convenience,
we denote the set of sector areas as M = f1,⋯,Mg, and
the set of all UDs belonging to the sector area m is Km = f
1,⋯, jKmjg, where jKmj is the number of UDs in the sector
area m. All UAVs fly with the same altitude H and on the
same circular trajectory of radius ruav. Moreover, all UAVs
make uniform circular motions and the flight period of each
UAV is T . In particular, since UAVs perform services during
the flight process, the service period is equivalent to the
flight period. At the initial moment of a service period, M
UAVs start flying from the angular bisector of M sector
areas, respectively. Therefore, in any sector area, there is
always one UAV over the area at any moment t within the
period T . It is worth noting that since each UAV makes a
uniform circular motion and its initial position is known,
the position of each UAV at any moment can be obtained
by calculations. Moreover, a three dimensional Cartesian
coordinate system is adopted, where the coordinate of UD
k in the sector area m is um,k = ½uxm,k, uym,k, 0�T , ∀k ∈K .

The coordinate of the UAV m at moment t is qm,t =
½qxm,t , qym,t ,H�T , ∀m ∈M, where qxm,t = ruav cos ðð2πt/TÞ
+ ζmÞ and qym,t = ruav sin ðð2πt/TÞ + ζmÞ, where ζm repre-
sents the initial azimuth of UAV m. Each UD needs to com-
plete N status updates during a service period. Define
N = f1,⋯,Ng as the set of the number of status updates.
During each status update, the perceived data of UD k in
the sector area m is the input data of a computation-
intensive task Am,kΔ = ðDm,k, Cm,kÞ, which adopts the binary

offloading model where the task has to be executed as a whole
at one equipment. Dm,k represents the amount of computing
task for the UD k in the sector area m, and Cm,k is the CPU
cycles required to complete Am,k.

All UDs in sector area m utilize the same time-frequency
resource to offload perceived data to the UAV over the sec-
tor area. Due to the strong line-of-sight (LoS) link and some
NLoS links, the channels between UAVs and UDs can be
modeled as Rician channels [35]. In order to facilitate the
decoding of multiuser signals, UAVs need to perform uplink
channel estimation based on the UDs’ uplink pilot signals
before the data transmission. Specifically, all UDs in sector
area m send uplink pilots with symbol sequences of length
τ to the UAV over the sector area m, where τ is smaller than
the channel coherence interval Tc. Moreover, the pilots of all
UDs in a sector area are designed pair-wise orthogonally,
i.e., there is no pilot pollution. The UAVs adopt the mini-
mum mean-square-error (MMSE) estimation approach
and the maximal ratio combining (MRC) detection method.
Based on the work [36], at moment tn, the achievable uplink
rate of the UD k in the sector aream is shown in formula (1),
where tn is the generation moment and the transmission
start moment of the perceived data during the n-th status
update, i.e., the perceived data are sent immediately when
they are generated. It is worth noting that the transmission
start moments of all UDs are the same. In addition, B =W
/M represents the bandwidth allocated to each sector area,
and W represents the total system bandwidth. Moreover,
some parameters in formula (1) are defined as

gm,k,n =
g0

uxm,k − qxm,tn

� �2 + uym,k − qym,tn

� �2
+H2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
d2m,k,n

,

ð2aÞ

ϕm,k,i,n =
sin Lπ/2ð Þ sin θm,k,nð Þ − sin θm,i,nð Þ½ �ð Þ
sin π/2ð Þ sin θm,k,nð Þ − sin θm,i,nð Þ½ �ð Þ , ð2bÞ

Δm,k,i,n =
Km,k,nKm,i,nϕ

2
m,k,i,n + L ηm,k,nKm,i,n + ηm,k,n + Km,k,n

� �
Km,i,n + 1

,

ð2cÞ

Rm,k,n = B log2 1 +
pm,ngm,k,n L2K2

m,k,n + 2LKm,k,n + 2L2Km,k,n
� �

ηm,k,n + L + L2
� �

η2m,k,n
� �

pm,n Km,k,n + 1ð Þ∑Kmj j
i=1,
i≠k

gm,i,nΔm,k,i,n + Lpm,ngm,k,n Km,k,n + ηm,k,n/1 + gm,k,np
p
m,n

� �
+N0BL Km,k,n + 1ð Þ Km,k,n + ηm,k,n

� �
0
BBBB@

1
CCCCA,

ð1Þ
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where ppm,n and pm,n represent the pilot transmit power
and data transmit power of all UDs in sector area m during
the n-th status update, respectively. gm,k,n represents the
deterministic channel gain between UD k in the sector area
m and the UAV over the area m during the n-th status
update. Moreover, g0 and dm,k,n represent the channel power
gain at the reference distance d0 = 1 m and the distance
between the UD k and the UAV over the sector area m dur-
ing the n-th status update, respectively. Based on the work
[35], the Rician factor can be modeled by the exponential
function of the elevation angle θm,k,n = arcsin ðH/dm,k,nÞ,
and its expression is Km,k,n = C1e

C2θm,k,n , where C1 and C2
are constant coefficients determined by the specific environ-
ment. Moreover, ηm,k,n = ppm:ngm,k,n/1 + ppm:ngm,k,n.

During the n-th status update, the transmission delay,
computing delay, and energy consumption of the UD k in
the sector area m can be given as follows:

Tm,k,n =
TcDm,k

Tc − τð ÞRm,k,n
, ð3aÞ

TCm,k,n =
Cm,k
f m,k

, ð3bÞ

Em,k,n =
τppm,nDm,k/ Tc − τð Þ + pm,nDm,k
� �

Rm,k,n
, ð3cÞ

where f m,k is the computing rate assigned to the UD k in
the sector area m. We define that the total computing rate of
any UAV is F, and each UAV equally distributes its comput-
ing rate to all UDs connected to it. In other words, f m,k =
F/jKmj. Moreover, the transmission delay includes the pilot
transmission delay and data transmission delay. The data
transmission delay has proportional relationships with the
transmission delay and pilot transmission delay. Therefore,
in formulas (3a) and (3c), the transmission delay and the
pilot transmission delay can be obtained by multiplying the
data transmission delay with scale factors.

We adopt the zero-wait principle for the communication
process and the specific principle is given as follows. To
avoid the communication queuing, the transmission start
moment of the ðn + 1Þ-th status update should not be less
than the transmission termination moment of the n-th sta-
tus update, and the constraint is given as follows:

tn+1 ≥ tn + Ttr
n ,∀n ∈N \N , ð4aÞ

where Ttr
n represents the maximal transmission delay

during the n-th status update, and its expression is Ttr
n =

max
m,k

fTm,k,ng.
Moreover, the positions of all UAVs are considered to be

stationary during each status update. Therefore, the maximal
transmission delay of each status update needs to satisfy the
following constraint:

Ttr
n ≤ TF ,∀n ∈N , ð4bÞ

where TF represents a time threshold. Specifically, if the
maximal transmission delay of the n-th status update is
smaller than the threshold, UAVs are approximately
regarded as stationary.

To keep UDs from spending large idle time on the com-
munication, the transmission start moment of the ðn + 1Þ-th
status update should not be greater than the termination
moment of the n-th status update. The constraint is given
as follows:

tn+1 ≤ tn + Ttr
n + Tcom

n ,∀n ∈N \N , ð4cÞ

where Tcom
n represents the maximal computing delay of

the n-th status update, and its expression is Tcom
n =max

m,k
fT

Cm,k,ng. tn + Ttr
n + Tcom

n represents the termination moment
of the n-th status update. Since the amount of status infor-
mation is small, the download time of status information
can be ignored.

Since the status update is continuous and time-sensitive,
the AoI is introduced to characterize the freshness of the sta-
tus information. The change rules of the AoI are given as fol-
lows. During the n-th status update, if the computation-
intensive task Am,k of UD k in the sector area m does not
be completed, the UD k does not receive new status informa-
tion. Thus, its AoI increases linearly with time t. Otherwise,
the AoI of UD k in the sector area m can be given as follows:

Δm,k tð Þ = t − tn: ð5Þ

Furthermore, the average AoI of UD k in the sector area
m can be given as follows:

�Δm,k =
ðT
0
Δm,k tð Þdt: ð6Þ

In Figure 2, a schematic of the AoI of UD k in the sector
area m is depicted. The initial AoI of the UD k in the sector
area m is Δ0

m,k. Its average AoI can be calculated by the areas
of N isosceles trapezoids fP1,⋯, PNg and the area of an
isosceles triangle AN . The expression can be given as follows:

�Δm,k =
1
T

ðT
0
Δm,k tð Þdt = 1

2T
c1 + TCm,k,1 + Δ0

m,k
� �2 − c1 + TCm,k,1 − t1ð Þ2
h i�

+ 〠
N

n=2
cn + TCm,k,n − tn−1ð Þ2 − cn + TCm,k,n − tnð Þ2� �

+ T − tNð Þ2 − Δ0
m,k

� �2!,
ð7Þ

where cn is the computing start moment of the n-th sta-
tus update. Since there are multiple sector areas in the sys-
tem, all UAVs start to perform computing tasks
simultaneously for the facilitate management.

Moreover, UAVs have flight energy consumptions and
computing energy consumptions during the service period.
Since computing energy consumptions are much smaller
than flight energy consumptions, we mainly consider flight
energy consumptions of UAVs. Similar to work [18], the
flight energy consumption of UAV m that flies on a circle
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is given as follows:

Ef ly
m = c1 +

c2
r2uav

	 

8π3r3uav
T2 + c2T

2

2πruav
, ð8Þ

where c1 and c2 are parameters related to UAV weight,
wing area, air density, and gravitational acceleration, etc.

In order to improve the efficiency of status update with
low energy consumption, we aim to minimize the weighted
sum of the average AoI and the energy consumptions of
UDs and UAVs by jointly optimizing the scheduling and
power allocation strategies, where the scheduling strategies
include the transmission and computing start moments, ser-
vice period, and flight radius. The power includes the pilot
and data transmit power. The optimization problem is given
as follows:

OP : min
Ζ

ωA 〠
M

m=1
〠
Kmj j

k=1

�Δm,k + ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1
Em,k,n + ωU 〠

M

m=1
Ef ly
m ,

ð9aÞ

Ttr
n ≤ TF ,∀n ∈N , ð9bÞ

t1 ≥ 0, ð9cÞ
tn ≥ tn−1 + Ttr

n−1,∀n ∈N \ 1, ð9dÞ
tn ≤ tn−1 + Ttr

n−1 + Tcom
n−1,∀n ∈N \ 1, ð9eÞ

cn ≥ tn + Ttr
n ,∀n ∈N , ð9fÞ

cn ≥ cn−1 + Tcom
n−1,∀n ∈N \ 1, ð9gÞ

cN + Tcom
N ≤ T , ð9hÞ

0 < pm,n ≤ Pmax,∀m ∈M, n ∈N , ð9iÞ
0 < ppm,n ≤ Pmax,∀m ∈M, n ∈N , ð9jÞ

dmin
2 sin π/Mð Þ ≤ ruav ≤ rud, ð9kÞ

2πruav
Vmax

≤ T ≤
2πruav
Vmin

, ð9lÞ

where Z = fftng, fcng, fppm,ng, fpm,ng, T , ruavg. ωA, ωE,

and ωU are the weighted factors of average AoI, UDs’ energy
consumptions, and UAVs’ energy consumptions, respec-
tively. The main function of weighted factors is to optimize
the average AoI and the energy consumptions of UDs and
UAVs in a blanced way. The values of the weighted factors
can be determined by comparing the average AoI and the
energy consumptions of UDs and UAVs under an initial
solution.

Here, constraint (9b) ensures that all UAVs are consider
to be stationary during any status update. Constraint (9c)
requires that the transmission start moment of the 1-st sta-
tus update must be nonnegative. Constraint (9d) ensures
the realization of the zero-wait principles in communication
process. Constraint (9e) avoids long-term idleness in com-
munications. Constraint (9f) indicates that the computing
start moment should not be less than the transmission ter-
mination moment during any status update. Constraint
(9g) means that the computing start moment of the n-th sta-
tus update cannot be less than the termination moment of
the ðn − 1Þ-th status update. The reason is that the comput-
ing tasks of the n-th status update should be started at the
same time, and the computing tasks of the n-th status update
cannot be executed when the computing tasks of the ðn − 1
Þ − th status update are being executed. Constraint (9h) indi-
cates that the termination moment of the N-th status update
should not be greater than the service period T . Constraints
(9i) and (9j) represent that the pilot and data transmit pow-
ers must be in the feasible power ranges. Constraint (9k)
indicates that the flight radius of UAVs should ensure the
UAV minimum safe distance dmin and do not exceed the
radius of the UDs’ area. Constraint (9l) means that the ser-
vice period of UAVs should satisfy the flight constraints of
UAVs, where Vmax and Vmin are the maximal and minimal
flight speed of each UAV. Since the objective function and
the constraints (9b) and (9d)–(9f) are nonconvex, the prob-
lem is a nonconvex optimization problem and cannot be
directly solved by the convex optimization techniques.

3. Algorithm Design

In this section, we first transform the original problem into
multiple subproblems based on the correlations between
variables. Specifically, there are constraints between trans-
mission and computing start moments, and they are inde-
pendent of other variables. Therefore, we formulate a sub-
problem related with transmission and computing start
moments. Since the other variables are independent of each
other, we formulate the corresponding subproblem for each
variable. Then, we solve subproblems according to their
characteristics. Finally, an iterative algorithm is proposed
to obtain the suboptimal solutions of the original problem.

3.1. Transmission and Computing Start Moment
Optimization. Since the transmission start moment and the
computing start moment are tightly coupled, the subprob-
lem SP1 jointly optimizes the two types of variables. With
given ffppm,ng, fpm,ng, T , ruavg, the transmission and com-
puting start moment optimization problem can be

...

Δm,k (t)

Δm,k

P1 PN

t1 tN−1

TCm, k, 1 TCm, k, 2 TCm, k, N

tNc1t2 c2 cN T t

AN

P2
0

−Δm,k

0

+ + +

Figure 2: A schematic of AoI of UD k in the sector area m.
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formulated as follows:

SP1 : min
tnf g, cnf g

ωA 〠
M

m=1
〠
Kmj j

k=1

�Δm,k + ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1
Em,k,n, ð10aÞ

Ttr
n ≤ TF ,∀n ∈N , ð10bÞ

t1 ≥ 0, ð10cÞ
tn ≥ tn−1 + Ttr

n−1,∀n ∈N \ 1, ð10dÞ
tn ≤ tn−1 + Ttr

n−1 + Tcom
n−1,∀n ∈N \ 1, ð10eÞ

cn ≥ tn + Ttr
n ,∀n ∈N , ð10fÞ

cn ≥ cn−1 + Tcom
n−1,∀n ∈N \ 1, ð10gÞ

cN + Tcom
N ≤ T: ð10hÞ

Although there is a strong coupling relationship between
cn and tn, we can simplify the SP1 by analyzing the objective
function. Specifically, we obtain the partial derivative of the
objective function with respect to cn as

ωA∂∑
M
m=1∑

Kmj j
k=1

�Δm,k
∂c1

=
ωA

T
〠
M

m=1
〠
Kmj j

k=1
〠
N

n=1
t1 + Δ0

m,k
� �

, ð11aÞ

ωA∂∑
M
m=1∑

Kmj j
k=1

�Δm,k
∂cn

=
ωA

T
〠
M

m=1
〠
Kmj j

k=1
〠
N

n=1
tn − tn−1ð Þ,∀n ∈N \ 1:

ð11bÞ
It can be seen that the objective function is a linear

expression of cn. Since t1 + Δ0
m,k ≥ 0, ∀m ∈M, k ∈Km and

tn − tn−1 ≥ Ttr
n−1 > 0, ∀n ∈N \ 1, the objective function is

monotonically increasing with respect to fcng. Therefore, if
cn does not take the minimum value within its feasible
region, a smaller cn can always be found to make the objec-
tive function smaller. In summary, when the objective func-
tion is optimal, the

formulascn =
tn + Ttr

n , n = 1

max ftn + Ttr
n , cn−1 + Tcom

n−1g, 1 < n ≤N

(

always hold. Therefore, the transmission and computing
start moment optimization problem can be equivalently
transformed as follows:

SP1:1 : min
tnf g

ωA 〠
M

m=1
〠
Kmj j

k=1

�Δm,k + ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1
Em,k,n, ð12aÞ

Ttr
n ≤ TF ,∀n ∈N , ð12bÞ

t1 ≥ 0, ð12cÞ
tn ≥ tn−1 + Ttr

n−1,∀n ∈N \ 1, ð12dÞ
tn ≤ tn−1 + Ttr

n−1 + Tcom
n−1,∀n ∈N \ 1, ð12eÞ

tN + Ttr
N + Tcom

N ≤ T: ð12fÞ

Since the objective function of the SP1.1 is still a non-
convex function of tn, it is difficult to solve it by convex opti-
mization techniques. In addition, both Ttr

n and Em,k,n are
complex functions of tn. It is intractable to analyze tn in
the objective function of the SP1.1. Therefore, search algo-
rithms are more suitable for solving the SP1.1. However,
the number of variables in the SP1.1 is N , and the adjacent
variables tn and tn+1 are coupled. If the exhaustive search
algorithm is performed for all variables, the computational
complexity of the exhaustive search algorithm is highly
exponential. Therefore, the exhaustive search algorithm is
not suitable for solving the SP1.1.

In order to obtain an approximately optimal solution
with lower complexity, we further analyze the SP1.1. When
t1 is fixed, there is a optimal set of ftn,∀n ∈N \ 1g to mini-
mize the objective function. Moreover, the constraints (12d)
and (12e) indicate the Markov properties of the transmission
start moments, i.e., tn+1 is only related to tn. In other words,
the SP1.1 can be divided into multiple subproblems step by
step. For example, when t1 is fixed, the subproblem of t2
can be solved. When t2 is fixed, the subproblem of t3 can
be solved and so on. Based on the characteristics above,
the greedy rule can be used to solve each sub-problem above.
Specifically, when tn is fixed, we only choose tn+1 that mini-
mizes the current weighted sum as the solution of tn+1. The
current weighted sum is shown in formulas (13) and (14),
where �cn =max ftn + Ttr

n , cn−1 + Tcom
n−1g. The specific steps of

the algorithm are shown in Algorithm 1, where N1 is the
number of sampling points of t1, and tmax

1 is the maximum
feasible value of t1 and can be obtained by search algorithms.
Specially, T n is a set of tn which are generated from N2 sam-
pling points and satisfies constraints tn ≥ tn−1 + Ttr

n−1, tn ≤
tn−1 + Ttr

n−1 + Tcom
n−1 , and Ttr

n ≤ TF within the interval ½tn−1 +
Ttr
n−1, tn−1 + Ttr

n−1 + Tcom
n−1 �. Moreover, T N is a set of tN which

are generated from N2 sampling points and satisfies con-
straints tN ≥ tN−1 + Ttr

N−1, tN ≤ tN−1 + Ttr
N−1 + Tcom

N−1, tN + Ttr
N

+ Tcom
N ≤ T , and Ttr

N ≤ TF within the interval ½tN−1 + Ttr
N−1,

tN−1 + Ttr
N−1 + Tcom

N−1�.

cwsn =
ωA

2T
〠
M

m=1
〠
Kmj j

k=1
tn − tn−1ð Þ 2 �cn + TCm,k,nð Þ − tn − tn−1ð Þð Þ

+ ωE 〠
M

m=1
〠
Kmj j

k=1
Em,k,n,∀n ∈N \ 1,Nf g,

ð13Þ

cwsN =
ωA

2T
〠
M

m=1
〠
Kmj j

k=1
tN − tN−1ð Þ 2 �cN + TCm,k,Nð Þ − tN − tN−1ð Þð

+ T − tNð Þ2� + ωE 〠
M

m=1
〠
Kmj j

k=1
Em,k,N :

ð14Þ

3.2. Pilot Transmit Power Optimization. With given fftng,
fcng, fpm,ng, T , ruavg, the pilot transmit power optimization
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problem can be formulated as follows:

SP2 : min
ppm,nf g

ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1

τppm,nDm,k/ Tc − τð Þ + pm,nDm,k
� �

Rm,k,n
,

ð15aÞ

Ttr
n ≤ TF ,∀n ∈N , ð15bÞ

Ttr
n ≤ tn+1 − tn,∀n ∈N \N , ð15cÞ

Ttr
n ≥ tn+1 − tn − Tcom

n ,∀n ∈N \N , ð15dÞ

Ttr
n ≤ cn − tn,∀n ∈N , ð15eÞ

0 < ppm,n ≤ Pmax,∀m ∈M, n ∈N : ð15fÞ
It can be seen that the objective function of the SP2 only

includes UDs’ energy consumptions. Moreover, ppm,n does
not affect the energy consumptions of UDs in different sta-
tus updates and in different sector areas. Therefore, the
SP2 can be equivalently transformed into a problem of min-
imizing energy consumptions of UDs in sector area m and
during status update n. Specifically, the equivalent problem

SP2.1 can be given as follows:

SP2:1 : min
ppm,n

ωE 〠
Kmj j

k=1

τppm,nDm,k/ Tc − τð Þ + pm,nDm,k
� �

Rm,k,n
,

ð16aÞ

s:t: Ttr
n ≤ Tmax

n , ð16bÞ
Ttr
n ≥ Tmin

n , ð16cÞ
0 < ppm,n ≤ Pmax, ð16dÞ

where

Tmax
n =

min TF , tn+1 − tn, cn − tnf g, 1 ≤ n ≤N − 1,

min TF , cn − tnf g, n =N:

(
ð16eÞ

Tmin
n = tn+1 − tn − Tcom

n ,∀n ∈N \N: ð16fÞ
It can be seen that the objective function of the SP2.1 is

nonconvex, and constraints (16b)-(16c) need to be further
processed. Thus, we convert the SP2.1 into an approximate
convex problem and utilize successive convex

1: ξ = tmax
1 /N1 and o = 1

2: repeat
3: Set to1 = ðo − 1Þξ and n = 1.
4: Calculate Ttr

n based on formula (3a).
5: if Ttr

n > TFthen
6: o = o + 1.
7: else
8: n = n + 1.
9: repeat
10: if2 ≤ n ≤N − 1then
11: Find the set T n of tn.
12: if T n =∅then
13: o = o + 1.
14: break.
15: else
16: Choose tn′ in the T n that minimizes cwsn as ton and set n = n + 1.
17: end if
18: end if
19: ifn =Nthen
20: Find the set T N of tN .
21: ifTN =∅then
22: o = o + 1.
23: break.
24: else
25: Choose tN′ in the set T N that minimizes cwsN as toN and set n = n + 1.
26: end if
27: end if321
28: untiln =N + 1
29: end if
30: untilto1 ≥ tmax

1
31: Choose the set ftong with the smallest objective function as ft∗ng.
32: Output: ft∗ng.

Algorithm 1: Obtaining the near-optimal solutions of SP1.1.
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approximation (SCA) to obtain the stationary point of the
SP2.1. First, we deal with the objective function of the
SP2.1. The auxiliary variables fφm,k,ng are introduced, which
satisfy constraints Rm,k,n ≥ e−φm,k,n , ∀k ∈Km. Then, we further
deal with the constraints above.

Firstly, the transmission rate can be equivalently written
as

Rm,k,n = B log2 1 +
zm,k,n + ym,k,np

p
m,n + xm,k,n ppm,n

� �2
~zm,k,n + ~ym,k,np

p
m,n + ~xm,k,n ppm,n

� �2
 !

,

ð17Þ

where the expressions of zm,k,n, ~zm,k,n, ym,k,n, ~ym,k,n, xm,k,n,
and ~xm,k,n are shown in formulas (18–23). Therefore, the
constraints Rm,k,n ≥ e−φm,k,n ,∀k ∈Km can be equivalently
expressed as formula (24):

zm,k,n = L2K2
m,k,npm,ngm,k,n, ð18Þ

~zm,k,n = pm,n Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

gm,i,n Km,k,nKm,i,nϕ
2
m,k,i,n + LKm,k,n

� �
Km,i,n + 1ð Þ

+ Lpm,ngm,k,nKm,k,n +N0BL Km,k,n + 1ð ÞKm,k,n,

ð19Þ
ym,k,n = 2pm,ng

2
m,k,nL

2K2
m,k,n + pm,n 2LKm,k,n + 2L2Km,k,n

� �
g2m,k,n,

ð20Þ

~ym,k,n = 2pm,n Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

gm,k,ngm,i,n Km,k,nKm,i,nϕ
2
m,k,i,n + LKm,k,n

� �
Km,i,n + 1ð Þ

+ pm,n Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

Lgm,i,ngm,k,n + Lpm,ngm,k,n Km,k,ngm,k,n + gm,k,n
� �

+N0BL Km,k,n + 1ð Þ 2Km,k,ngm,k,n + gm,k,n
� �

,

ð21Þ
xm,k,n = pm,ng

3
m,k,nL

2K2
m,k,n + pm,ng

3
m,k,n 2LKm,k,n + 2L2Km,k,n

� �
+ pm,n L + L2

� �
g3m,k,n,

ð22Þ

~xm,k,n = pm,n Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

gm,i,ng
2
m,k,n Km,k,nKm,i,nϕ

2
m,k,i,n + LKm,k,n

� �
Km,i,n + 1ð Þ

+ pm,n Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

Lgm,i,ng
2
m,k,n +N0BLg

2
m,k,n Km,k,n + 1ð Þ2,

ð23Þ

ln
�zm,k,n + �ym,k,np

p
m,n + �xm,k,n ppm,n

� �2
~zm,k,n + ~ym,k,np

p
m,n + ~xm,k,n ppm,n

� �2
 !

≥
e−φm,k,n ln 2

B
,∀k ∈Km,

ð24Þ

where �zm,k,n = zm,k,n + ~zm,k,n, �ym,k,n = ym,k,n + ~ym,k,n, �xm,k,n =
xm,k,n + ~xm,k,n.

We set Xm,k,n = �zm,k,n + �ym,k,np
p
m,n + �xm,k,nðppm,nÞ2/~zm,k,n +

~ym,k,np
p
m,n + ~xm,k,nðppm,nÞ2 > 0. Since ln Xm,k,n is a concave

function with respect to Xm,k,n, we obtain the first-order

Taylor expansion of ln Xm,k,n at the feasible point X local
m,k,n =

�zm,k,n + �ym,k,np
p,local
m,n + �xm,k,nðpp,localm,n Þ2/~zm,k,n + ~ym,k,np

p,local
m,n +

~xm,k,nðpp,localm,n Þ2. Then, the constraint (24) can be written
approximately as follows:

ln X local
m,k,n

� �
+

�zm,k,n + �ym,k,np
p
m,n + �xm,k,n ppm,n

� �2
X local

m,k,n ~zm,k,n + ~ym,k,np
p
m,n + ~xm,k,n ppm,n

� �2� � − 1

≥
e−φm,k,n ln 2

B
,∀k ∈ 1,⋯, Kmj jf g:

ð25Þ

It is worth noting that constraint (25) does not guarantee
the validity of constraint (24), namely, it cannot ensure that
we can obtain the upper bound of the objective function of
SP2.1 for minimization. However, the effectiveness of con-
straint (25) can be seen from the simulation section. There-
fore, constraint (25) is acceptable. Next, we introduce
variables ψm,n and set eψm,n = ppm,n. Then, constraint (25)
can be equivalently written as follows:

z
_
m,k,n + y_m,k,ne

ψm,n + x_m,k,ne
2ψm,n +

e−φm,k,n ln 2
B

� z
_

m,k,n + y_m,k,ne
ψm,n + x_m,k,ne

2ψm,n

� �
≤ 0, ∀k ∈Km,

ð26Þ

where x_m,k,n = ~xm,k,n − ~xm,k,n ln ðX local
m,k,nÞ − �xm,k,n/X local

m,k,n,

y_m,k,n = ~ym,k,n − ~ym,k,n ln ðX local
m,k,nÞ − ym,k,n/X

local
m,k,n, and z

_
m,k,n

= ~zm,k,n − ~zm,k,n ln ðX local
m,k,nÞ − �zm,k,n/X local

m,k,n. Moreover, we

define a function f ðψm,nÞ = y_m,k,ne
ψm,n + x_m,k,ne

2ψm,n .

Lemma 1. f ðψm,nÞ is a concave function with respect to ψm,n.

Proof. The function f ðψm,nÞ can be written equivalently as

f ψm,n
� �

= ~ym,k,n − ~ym,k,n ln X local
m,k,n

� �
−

�ym,k,n

X local
m,k,n

 !
eψm,n

+ ~xm,k,n − ~xm,k,n ln X local
m,k,n

� �
−

�xm,k,n

X local
m,k,n

 !
e2ψm,n :

ð27Þ
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Further, formula (27) can be written as

f 1 ψm,n
� �

= ~ym,k,n f 2 X local
m,k,n

� �
−

ym,k,n

X local
m,k,n

 !
eψm,n + ~xm,k,n f 2 X local

m,k,n

� �
−

xm,k,n

X local
m,k,n

 !
e2ψm,n ,

ð28Þ

where f2ðX local
m,k,nÞ = 1 − ln ðX local

m,k,nÞ − 1/X local
m,k,n.

Since ln x + ð1/xÞ takes the minimal value of 1 when x
= 1 and X local

m,k,n ≠ 1, then the inequality 1 − ln ðX local
m,k,nÞ − 1/

X local
m,k,n < 0 holds. Moreover, because xm,k,n, ~xm,k,n, ym,k,n,

~ym,k,n, and X local
m,k,n are all positive, both ~xm,k,n f2ðX local

m,k,nÞ −
xm,k,n/X local

m,k,n and ~ym,k,n f2ðX local
m,k,nÞ − ym,k,n/X

local
m,k,n are less than

0. In summary, since eψm,n and e2ψm,n are convex function
with respect to ψm,n, f ðψm,nÞ is a concave function with
respect to ψm,n.

It can be seen that constraint (26) is nonconvex. Thus,
we perform first-order Taylor expansions of eψm,n and e2ψm,n

at the feasible point ψlocal
m,n = ln pp,localm,n . Next, constraint (26)

can be approximately written as

z
_

m,k,n + y_m,k,nTL1m,n + x_m,k,nTL2m,n +
e − φm,k,n ln 2

B
� ~zm,k,n + ~ym,k,ne

ψm,n + ~xm,k,ne
2ψm,n

� �
≤ 0, ∀k ∈Km,

ð29Þ

where the first-order Taylor expansions of eψm,n and
e2ψm,n are TL1m,n = eψ

local
m,n + eψ

local
m,n ðψm,n − ψlocal

m,n Þ and TL2m,n =
e2ψ

local
m,n + 2e2ψlocal

m,n ðψm,n − ψlocal
m,n Þ, respectively. Moreover, TL

1m,n and TL2m,n need to be greater than zero to approximate
eψm,n and e2ψm,n , respectively. Obviously, constraint (29) is
convex. Moreover, the objective function of SP2.1 can be

transformed into ωE∑
jKmj
k=1 ððτDm,k/Tc − τÞeψm,n + pm,nDm,kÞ

eϕm,k,n based on the φm,k,n and ψm,n.
Next, we process constraints (16b) and (16c). Firstly,

constraint (16b) can equivalently be written as

ẑm,k,n + ŷm,k,ne
ψm,n + x̂m,k,ne

2ψm,n ≤ 0,∀k ∈Km, ð30aÞ

where

x̂m,k,n = υm,k,n~xm,k,n − xm,k,n, ð30bÞ

ŷm,k,n = υm,k,n~ym,k,n − ym,k,n, ð30cÞ

ẑm,k,n = υm,k,n~zm,k,n − zm,k,n, ð30dÞ

υm,k,n = eTcDm,k ln 2/ B Tc−τð ÞTmax
nð Þ − 1: ð30eÞ

Based on analyses of different situations of x̂m,k,n, we

rewrite the constraint (30a) as follows:

ψm,n ⩽ ln −ẑm,k,n/ŷm,k,n
� �

, x̂m,k,n = 0, ŷm,k,n > 0,

ψm,n ⩾ ln −ẑm,k,n/ŷm,k,n
� �

, x̂m,k,n = 0, ŷm,k,n < 0,

ψm,n ∈ℝ, x̂m,k,n = 0, ŷm,k,n = 0,

ln slm,k,nð Þ ⩽ ψm,n ⩽ ln shm,k,nð Þ, x̂m,k,n > 0,

ψm,n ⩽ ln slm,k,nð Þ, ψm,n ⩾ ln shm,k,nð Þ, x̂m,k,n < 0,

8>>>>>>>><
>>>>>>>>:

,∀k ∈Km,

ð31Þ

where slm,k,n = −ŷm,k,n −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŷ2m,k,n − 4x̂m,k,nẑm,k,n

q
/2x̂m,k,n, s

hm,k,n = −ŷm,k,n +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŷ2m,k,n − 4x̂m,k,nẑm,k,n

q
/2x̂m,k,n. Moreover, ℝ

represents the set of real numbers.
For the constraint (16c), we choose sector area m for

analyses. If UD k in the sector area m satisfies constraint
Tm,k,n ≥ Tmin

n , the constraint can be equivalently written as
follows:

_zm,k,n + _ym,k,ne
ψm,n + _xm,k,ne

2ψm,n ≤ 0, ð32aÞ

where

_xm,k,n = xm,k,n − νm,k,n~xm,k,n, ð32bÞ

_ym,k,n = ym,k,n − νm,k,n~ym,k,n, ð32cÞ
_zm,k,n = zm,k,n − νm,k,n~zm,k,n, ð32dÞ

νm,k,n = eTcDm,k ln 2/ B Tc−τð ÞTmin
nð Þ − 1: ð32eÞ

Define that the UD k̂ in the sector area m̂ during the n-th
status update satisfies constraint (32a). Since the constraint
(32a) is similar to the constraint (30a), the constraints after
processing are shown as follows.

ψm̂,n ≤ ln −
_zm̂,k̂,n
_ym̂,k̂,n

	 

, _xm̂,k̂,n = 0, _ym̂,k̂,n > 0,

ψm̂,n ≥ ln −
_zm̂,k̂,n
_ym̂,k̂,n

	 

, _xm̂,k̂,n = 0, _ym̂,k̂,n < 0,

ln slm̂,k̂,n
� �

≤ ψm̂,n ≤ ln shm̂,k̂,n
� �

, _xm̂,k̂,n > 0,

ψm̂,n ≤ ln slm̂,k̂,n
� �

, _xm̂,k̂,n < 0,

ψm̂,n ≥ ln shm̂,k̂,n
� �

, _xm̂,k̂,n < 0:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð33Þ

In summary, the SP2.1 can be written approximately as
follows:

SP2:1:1 : min
ψm,n ,
φm,k,n

�  ωE 〠
Kmj j

k=1

τDm,k
Tc − τ

eψm,n + pm,nDm,k

	 

eφm,k,n ,

ð34aÞ
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s:t: Constraints 24ð Þ, 26ð Þ, 28ð Þ, ð34bÞ

TL1m,k,n > 0, TL2m,k,n > 0,∀k ∈Km, ð34cÞ

ln Pmin < ψm,n ≤ ln Pmax, ð34dÞ

where Pmin = 10−8, and it is to obtain a certain lower
bound of ψm,n for subsequent processing.

Obviously, the SP2.1.1 is convex. However, due to a large
number of variables and the high complexity of SP2.1.1, it is
difficult to utilize the CVX toolkit for solving the problem.
Therefore, we further analyze the problem and propose a
search algorithm. Firstly, based on the Lemma 1, x_m,k,n,

y_m,k,n, and z
_

m,k,n are negative. In addition, TL1m,n and TL

2m,n are positive. Thus, z
_

m,k,n + y_m,k,nTL1m,n + x_m,k,nTL2m,n
< 0. Moreover, since ~xm,k,n, ~ym,k,n, and ~zm,k,n are positive,
~zm,k,n + ~ym,k,ne

ψm,n + ~xm,k,ne
2ψm,n > 0. In summary, constraint

(29) can be equivalently expressed as

eφm,k,n ≥ −
~zm,k,n + ~ym,k,ne

ψm,n + ~xm,k,ne
2ψm,n

� �
ln 2

B z
_
m,k,n + y_m,k,nTL1m,n + x_m,k,nTL2m,n

� � , ∀k ∈Km:

ð35Þ

When the objective function of SP2.1.1 is optimal, the
equality in the constraint (35) always holds. Thus, the objec-
tive function of SP2.1.1 is a function with respect to ψm,n. In
other words, a one-dimensional search algorithm is pro-
posed for obtaining the optimal solutions of SP2.1.1. In par-
ticular, since the proposed search algorithm is based on the
analysis of SP2.1.1, its computational complexity is lower
than that of general search algorithms. Finally, we can obtain
the stationary point of SP2.1 by iteratively optimizing
SP2.1.1. The detailed solution process of obtaining the opti-
mal solution of SP2.1.1 is shown in Algorithm 2. In the algo-
rithm, if there is no UD that satisfy constraint (33) in sector
area m, then m ∈M1. Otherwise, m ∈M2. Moreover, mo

M2

represents the area number of the o-th element in the set
M2, and jM2j represents the number of all elements in the
set M2. Moreover, the feasible region of ψm,n of each UD k
in the sector area mo

M2
can be obtained based on constraints

(31), (33), (34c), and (34d). If the feasible region is not

empty, k ∈KF . In addition, ðppmo
M2

,nÞ
∗
is the ðpp,kmo

M2
,nÞ

∗
that

minimizes ∑k∈mo
M2
Emo

M2
,k,n.

3.3. Data Transmit Power Optimization. The data transmit
power optimization problem can be formulated with given
fftng, fcng, fppm,ng, T , ruavg, since pm,n has no effect on the
energy consumptions of UDs in the sector area ~m ∈M \m
during any status update and has no effect on the energy
consumptions of UDs in the sector area m during other sta-
tus updates. Therefore, the data transmit power optimiza-
tion problem can be investigated with given status update
n and sector area m. Specifically, the simplified optimization

problem can be given as follows:

SP3 : min
pm,n

ωE 〠
M

m=1
〠
Kmj j

k=1

τppm,nDm,k/ Tc − τð Þ + pm,nDm,k
� �

Rm,k,n
,

ð36aÞ

s:t: Ttr
n ≤ Tmax

n , ð36bÞ

Ttr
n ≥ Tmin

n , ð36cÞ

0 < pm,n ≤ Pmax, ð36dÞ

where

Tmax
n =

min TF , tn+1 − tn, cn − tnf g, 1 ≤ n ≤N − 1,

min TF , cn − tnf g, n =N ,

(
ð36eÞ

Tmin
n = tn+1 − tn − Tcom

n ,∀n ∈N \N: ð36fÞ

Since the objective function of SP3 is nonconvex, we
introduce the auxiliary variables fϖm,k,ng which satisfy con-
straints Rm,k,n ≥ e−ϖm,k,n ,∀k ∈Km. In addition, we define that
eμm,n = pm,n, and the constraints above can be rewritten as fol-
lows:

ln eμm,n am,k,n + bm,k,nð Þ + cm,k,nð Þ ≥ e−ϖm,k,n1n2
B

+ ln eμm,nbm,k,n + cm,k,nð Þ,∀k ∈Km,
ð37aÞ

where

am,k,n = 2LKm,k,n + 2L2Km,k,n
� �

gm,k,nηm,k,n + gm,k,nL
2K2

m,k,n + L + L2
� �

gm,k,nη
2
m,k,n,

ð37bÞ

bm,k,n = Km,k,n + 1ð Þ 〠
Kmj j

i=1,
i≠k

gm,i,nΔm,k,i,n +
Lgm,k,n Km,k,n + ηm,k,n

� �
1 + gm,k,np

p
m,n

,

ð37cÞ

cm,k,n =N0BL Km,k,n + 1ð Þ Km,k,n + ηm,k,n
� �

: ð37dÞ

The function ln ðeμm,nðam,k,n + bm,k,nÞ + cm,k,nÞ in con-
straint (37a) is a convex function with respect to μm,n. More-
over, e−ϖm,k,n1n2/B and ln ðeμm,nbm,k,n + cm,k,nÞ in constraint
(37a) are convex functions with respect to ϖm,k,n and μm,n,
respectively. In order to transform the nonconvex constraint
(37a) into a convex constraint, we obtain the first-order Tay-
lor expansion of the function ln ðeμm,nðam,k,n + bm,k,nÞ + cm,k,nÞ
at the feasible point μlocalm,n = ln plocalm,n . Then, constraint (37a)
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can be written approximately as

ln eμ
local
m,n am,k,n + bm,k,nð Þ + cm,k,n

� �
+
eμ

local
m,n am,k,n + bm,k,nð Þ μm,n − μlocalm,n

� �
am,k,n + bm,k,nð Þeμlocalm,n + cm,k,n

≥
e−ϖm,k,n1n2

B
+ ln eμm,nbm,k,n + cm,k,nð Þ,∀k ∈Km:

ð38Þ

Since ln ðeμm,nbm,k,n + cm,k,nÞ and e−ϖm,k,n are convex func-
tions of μm,n and ϖm,k,n, constraint (38) is convex. It is worth
noting that the first-order Taylor expansion in constraint
(38) has to be greater than zero. Moreover, constraint
(37b) can be rewritten as follows:

pm,n ≥max
k

cm,k,n eTcDm,k ln 2/B Tc−τð ÞTmax
n − 1

� �
am,k,n − bm,k,n eTcDm,k ln 2/B Tc−τð ÞTmax

n − 1
� � ,∀k ∈Km:

ð39Þ

In constraint (36c), if UD k in the sector area m satisfies
constraint (36c), the UD k’s data transmit power satisfies the
following constraint.

pkm,n ≤
cm,k,n eTcDm,k ln 2/B Tc−τð ÞTmin

n − 1
� �

am,k,n − bm,k,n eTcDm,k ln 2/B Tc−τð ÞTmin
n − 1

� � : ð40Þ

We set pm,n ≤max
k

ðcm,k,nðeTcDm,k ln 2/BðTc−τÞTmin
n − 1Þ/am,k,n

− bm,k,nðeTcDm,k ln 2/BðTc−τÞTmin
n − 1ÞÞ based on constraint (35).

In summary, we denote that

pmin
m,n =max max

k

cm,k,n eTcDm,k ln 2/B Tc−τð ÞTmax
n − 1

� �
am,k,n − bm,k,n eTcDm,k ln 2/B Tc−τð ÞTmax

n − 1
� � , Pmin

 !
,

ð41aÞ

pmax
m,n =min max

k

cm,k,n eTcDm,k ln 2/B Tc−τð ÞTmin
n − 1

� �
am,k,n − bm,k,n eTcDm,k ln 2/B Tc−τð ÞTmin

n − 1
� � , Pmax

0
@

1
A,

ð41bÞ

where the Pmin is the same as the Pmin in the constraint
(34d).

If there is no UD that satisfies constraint (36c) in the sec-
tor area m, then m ∈M3. Otherwise, m ∈M4. Then, the fol-
lowing constraints hold based on the eμm,n = pm,n.

ln pmin
m,n ≤ μm,n ≤ ln Pmax,∀m ∈M3,

ln pmin
m,n ≤ μm,n ≤ ln pmax

m,n ,∀m ∈M4:

(
ð42Þ

In summary, the problem SP3 can be approximately
expressed as follows:

SP3:1 : min
μm,n ,
ϖm,k,nf g

ωE 〠
Kmj j

k=1
τDm,k/ Tc − τð Þ + eμm,nDm,kð Þeϖm,k,n ,

ð43aÞ

s:t: Constraints 33ð Þ, 37ð Þ: ð43bÞ

Since eϖm,k,n and eμm,n+ϖm,k,n are convex functions, the
objective function is convex. Therefore, SP3.1 is a convex
problem. However, the CVX toolkit is difficult to solve
SP3.1 because of the high complexity of the problem. Next,
we further analyze the problem and propose a search algo-
rithm to solve it. Firstly, constraint (38) can be rewritten as
follows:

eϖm,k,n ≥
1n2

B Ym,k,n +Wm,k,n μm,n − μlocalm,n
� �

− ln eμm,nbm,k,n + cm,k,nð Þ� � ,
ð44aÞ

1: Obtain M1 =∅ and M2 =∅ based on analyses for all sector areas.
2: For all sector areas in M1, search ðppm,nÞ∗ based on constraints (31) and (34c)-(34d).
3: Set o = 1.
4: repeat

5: Obtain fðppm,nÞ∗go, ∀m ∈M2 \ fmo
M2

g by the one-dimensional search method based on constraints (31), (34c), and (34d).

6: For all UDs belonging to the set KF , search ðpp,kmo
M2

,nÞ
∗
based on constraints (31), (33), (34c), and (34d)) and further obtain

ðppmo
M2

,nÞ
∗
.

7: Calculate Emo
M2

= ωE∑m∈M2
∑jKm j

k=1 Em,k,n based on the power setffðppm,nÞ∗go, ðppmo
M2

,nÞ
∗g.

8: o = o + 1.
9: until o > jM2j
10: Choose the set ffðppm,nÞ∗go, ðppmo

M2
,nÞ

∗g with the minimal Emo
M2

as the optimal pilot transmit powers of all sector areas inM2.

11: Output: fðppm,nÞ∗g.

Algorithm 2: Obtaining the optimal solutions of SP2.1.1.
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Ym,k,n +Wm,k,n μm,n − μlocalm,n

� �
− ln eμm,nbm,k,n + cm,k,nð Þ > 0,

ð44bÞ

where Wm,k,n = ðam,k,n + bm,k,nÞeμ
local
m,n /ðam,k,n + bm,k,nÞeμ

local
m,n

+ cm,k,n and Ym,k,n = ln ðeμlocalm,n ðam,k,n + bm,k,nÞ + cm,k,nÞ.
It can be seen that when the minimal objective function

of SP3.1 is obtained, the equation in constraint (44a) holds.
Therefore, we only need to perform one-dimensional search
within the feasible interval of μm,n to obtain the optimal
solution of SP3.1. Specially, we further analyze the problem
to reduce the number of searches. Finally, we can adopt
SCA to iteratively optimize SP3.1 for obtaining the station-
ary point of SP3. The detailed process of obtaining the opti-
mal solution of the SP3.1 is shown in Algorithm 3, where
mo

M4
represents the area number of the o-th element in the

set M4, and jM4j represents the number of all elements in
the set M4.

3.4. Service Period Optimization. The service period optimi-
zation problem can be formulated as follows:

SP4 : min
T

ωA 〠
M

m=1
〠
Kmj j

k=1

�Δm,k + ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1
Em,k,n + ωU 〠

M

m=1
Ef ly
m ,

ð45aÞ

s:t: Constraints9 bð Þ, 9 dð Þ − 9 fð Þ, 9 lð Þ: ð45bÞ

The coordinate of the UAV m at moment t is qm,t =
½qxm,t , qym,t ,H�T , ∀m ∈ , where qxm,t = ruav cos ðð2πt/TÞ +
ζmÞ and qym,t = ruav sin ðð2πt/TÞ + ζmÞ. Obviously, the
UAV’s location is a complex function with respect to the ser-
vice period. Therefore, the UD’s transmission energy con-
sumption Em,k,n and the maximal transmission delay of the
n-th status update Ttr

n are complex functions with respect
to the service period. Function analysis method and SCA
method are difficult to be used for the objective function
and constraints of SP4. Therefore, we adopt a one-
dimensional search algorithm to obtain the near-optimal
solution of SP4.

3.5. Flight Radius Optimization. The flight radius optimiza-
tion problem can be formulated as follows:

SP5 : min
ruav

ωE 〠
N

n=1
〠
M

m=1
〠
Kmj j

k=1
Em,k,n + ωU 〠

M

m=1
Ef ly
m , ð46aÞ

s:t: Constraints9 bð Þ, 9 dð Þ − 9 fð Þ, 9 kð Þ: ð46bÞ
Similarly, the UAV’s location is a complex function with

respect to the flight radius. Therefore, the UD’s transmission
energy consumption Em,k,n and the maximal transmission
delay of the n-th status update Ttr

n are complex functions
with respect to the flight radius. Function analysis method
and SCA method are difficult to be used for the objective
function and constraints of SP5. Therefore, we adopt a
one-dimensional search algorithm to obtain the near-
optimal solution of SP5.

3.6. The Iterative Algorithm and Analysis. Finally, we pro-
pose an iterative algorithm for joint scheduling and power
optimization (JSPO). The JSPO is shown in Algorithm 4.
Next, we analyze the convergence of the JSPO. Although
the loop in the JSPO is comprised of five nonconvex sub-
problems, we utilize greedy, SCA, and one-dimensional
search methods to obtain their near-optimal solutions or

stationary points, respectively. Define OBJ = ωA∑
M
m=1∑

jKmj
k=1

�Δm,k + ωE∑
N
n=1∑

M
m=1∑

jKmj
k=1 Em,k,n + ωU∑

M
m=1E

f ly
m . In each itera-

tion, since the near-optimal solution or stationary point of
each subproblem can be obtained with given other variables,
the weighted sum OBJ is monotonically nonincreasing.
Moreover, the optimal solution of the OP is a lower bound
of the solution obtained by the JSPO. In summary, the JSPO
can converge.

Moreover, the computational complexity of the JSPO
depends mainly on the five decomposed subproblems in
the loop. First, the computational complexity of solving
SP1.1 mainly comes from Algorithm 1. In Algorithm 1, we
first select N1 sampling points for t1. Then, for each t1, we
use the greedy method to select each subsequent transmis-
sion start moment under the N2 sampling points. Therefore,
the computational complexity of Algorithm 1 is OðN1N2ð

1: Obtain M3 and M4.
2: For all sector areas in M3, search μ∗m,n and further obtain p∗m,n.
3: Set o = 1.
4: repeat
5: For all areas m ∈M4 \ fmo

M4
g, search μ∗m,n within the interval ½ln pmin

m,n , ln Pmax� and further obtain fp∗m,ngo.
6: Search μ∗mo

M4
,n within the interval ½ln pmin

m,n , ln pmax
m,n � and further obtain p∗mo

M4
,n.

7: Calculate Emo
M4

= ωE∑m∈M4
∑jKm j

k=1 Em,k,n based on the power set ffp∗m,ngo, p∗mo
M4

,ng.
8: o = o + 1.
9: untilo > jM4j
10: Choose the set ffp∗m,ngo, p∗mo

M4
,ng with the minimal Emo

M2
as the optimal data transmit powers of all sector areas in M4.

11: Output: fp∗m,ng.

Algorithm 3: Obtaining the optimal solutions of SP3.1.
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N − 1ÞÞ. Second, the computational complexity of solving S
P2:1:1 mainly comes from the loop in Algorithm 2. In the
worst case, Algorithm 2 requires M iterations. In each itera-
tion, a one-dimensional search with N3 sample points is
conducted for M − 1 sector areas, and kmean one-
dimensional searches with N3 sample points are conducted
for a sector area, where kmean represents the average number
of UDs in a sector area. Therefore, the computational com-
plexity of Algorithm 2 is OðMððM − 1ÞN3 + kmeanN3ÞÞ.
Third, the computational complexity of solving SP3:1
mainly comes from the loop in Algorithm 3. In the worst
case, Algorithm 3 requires M iterations. In each iteration, a
one-dimensional search with N4 sample points is conducted
for M sector areas. Therefore, the computational complexity
of Algorithm 3 is OðM2N4Þ. SP4 and SP5 are both solved by
the one-dimensional search algorithm, and the number of
samples is N5 and N6, respectively. In summary, the compu-
tational complexity of the JSPO is OðI1ðN1N2ðN − 1Þ + I2ð
MððM − 1ÞN3 + kmeanN3ÞÞ + I3M

2N4 +N5 +N6ÞÞ, where I1,
I2, and I3 are the number of iterations of the JSPO, Algo-
rithm 2, and Algorithm 3, respectively.

4. Simulation Results

In this section, simulation results are presented to evaluate
the performance of the JSPO. Multiple UDs randomly

deploys in a cell with a radius of rud = 50 m. The Rician
channel model is considered in the system. Moreover, based
on the typical settings in [18, 37], we set other related system
parameters as K = 30, M = 4, L = 64, B = 20 MHz, H = 50 m,
C1 = 0 dB, C2 = 30 dB, Tc = 200, TF = 0:2 s, F = 3:1 GHz,
Pmax = 10 dBm, Dm,k = 0:1 Mbits, ∀m ∈M, k ∈K , N1 =N2
=N3 =N4 = 103, N5 =N6 = 105, and N0 = −174 dBm/Hz.
In order to narrow the numerical gap between the average
AoI and the energy consumptions of UDs andUAVs, we design
weighted factors ωA, ωE, and ωU based on the initial values of
the average AoI and the energy consumptions of UDs and
UAVs. Specifically, ωA = 0:1, ωE = 103, and ωU = 10−6.

To evaluate the performance of the JSPO, we compare it
with other algorithms. Specifically, the comparison algo-
rithms are shown as follows.

(i) “OnlyT”. In this algorithm, only the transmission
and computing start moments are optimized

(ii) “OnlyPP”. In this algorithm, only the pilot transmit
power is optimized

(iii) “OnlyDP”. In this algorithm, only the data transmit
power is optimized

(iv) “OnlySP”. In this algorithm, only the service period
is optimized

1: Initialize Z0 = fftng, fcng, fppm,ng, fpm,ng, T , ruavg
0
, and calculate the weighted sum OBJ0 based on Z0.

2: Set the iteration number l = 0, and the tolerance error ε = 10−5.
3: repeat
4: l = l + 1.
5: Obtain ftngl and fcngl with given ffppm,ngfpm,ng, T , ruavg

l−1
by the Algorithm 1 and SCA.

6: Set o = 0, fpp,localm,n g = fppm,ngl−1 and fpp,∗m,ng0 = fppm,ngl−1.
7: repeat
8: Set o = o + 1.
9: Obtain the stationary points of pilot transmit powers fpp,∗m,ngo based on the Algorithm 2 and feasible point fpp,localm,n g and with

given fftngl , fcngl , fpm,ngl−1, Tl−1, rl−1uavg.
10: Set fpp,localm,n g = fpp,∗m,ngo.
11: until∑N

n=1∑
M
m=1jðpp,∗m,nÞo − ðpp,∗m,nÞo−1j ≤ ε

12: Set fppm,ngl = fpp,∗m,ngo.
13: Set o = 0, fplocalm,n g = fpm,ngl−1 and fp∗m,ng0 = fpm,ngl−1.
14: repeat
15: Set o = o + 1.
16: Obtain the stationary points of data transmit powers fp∗m,ngo based on Algorithm 3 and feasible point fplocalm,n g and with given

fftngl , fcngl , fppm,ngl , Tl−1, rl−1uavg.
17: Set fplocalm,n g = fp∗m,ngo.
18: until∑N

n=1∑
M
m=1jðp∗m,nÞo − ðp∗m,nÞo−1j ≤ ε

19: Set fpm,ngl = fp∗m,ngo.
20: Utilize one-dimensional search algorithm to obtain Tl with given fftngl , fcngl , fppm,ngl , fpm,ngl , rl−1uavg.
21: Utilize one-dimensional search algorithm to obtain Rl with given fftngl , fcngl , fppm,ngl , fpm,ngl , Tlg.
22: Obtain the weighted sum OBJl based on Zl .
23: untilOBJl−1 −OBJl ≤ ε
24: Output:Zl .

Algorithm 4: Joint Scheduling and Power Optimization.
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(v) “OnlyR”. In this algorithm, only the flight radius is
optimized

(vi) “RLB”. In this algorithm, we modify the objective
function of the original problem, thus transforming
it into a relaxed lower bound (RLB) problem, and
then obtain the optimal solution of the RLB prob-
lem. Specifically, we first set each variable in for-
mula (3c) to its maximal or minimal value to
obtain the lower bound of UDs’ energy consump-
tions. Subsequently, we obtain the minimal average
AoI of each UD based on the method of work [38]
without considering constraints. Moreover, we uti-
lize the function analysis method to obtain the min-
imal energy consumptions of UAVs without
considering constraints. Finally, the RLB of the orig-
inal problem is obtained by adding the minimal
average AoIs and minimal energy consumptions of
the UDs and UAVs. It is worth noting that the solu-
tion of the RLB is the relaxed lower bound of the
optimal solution of the original problem, and it
can be compared with the solution of the proposed
algorithm

In Figure 3, we plot the convergence performance of the
JSPO under different initial service periods and flight radi-
uses. The JSPO can converge within a finite number of iter-
ations, thus showing convergence performances. Moreover,
the convergence value of the weighted sum shows an obvi-
ous change with the change of the initial service period
and flight radius. This shows that the convergence value of
the weighted sum is related to the initial service period and
flight radius. In addition, the weighted sum first decreases
and then increases with the increase of the initial service
period. This is because average AoI is a monotonically

increasing function with respect to the service period, and
the energy consumptions of UAVs are a convex function
with respect to the service period.

The weighted sum versus the number of antennas under
different algorithms is presented in Figure 4. It can be seen
from Figure 4(a) that the weighted sum obtained by the
JSPO is significantly lower than that obtained by the
OnlyPP, OnlySP, and OnlyR, thus indicating the superiority
of the JSPO. Moreover, the gap between the weighted sum
obtained by the JSPO and that obtained by the RLB is not
large, which further proves the superiority of the JSPO. In
Figure 4(a), the curve of the weighted sum obtained by the
JSPO has two inflection points, which shows that the num-
ber of antennas should be appropriate. In order to analyze
this phenomenon, we observe the relationship between aver-
age AoI/UDs’ energy consumptions/UAVs’ energy con-
sumptions and the number of antennas by adjusting the
weighted factors.

It can be seen from Figure 4(b) that when average AoI
has a larger weight than the energy consumptions of UDs
and UAVs, the weighted sum obtained by the JSPO first
decreases and then increases as the number of antennas
increases, which shows that the increase of the number of
antennas has both advantages and disadvantages for average
AoI. This is because the number of antennas has a complex
impact on the maximal transmission delay, and average AoI
is a complex function with respect to the maximal transmis-
sion delay. Moreover, the optimization effect of the OnlyT is
better than that of the JSPO. This is because the OnlyT only
optimizes the variables that affect average AoI, while the
JSPO takes into account the variables that affect the entire
objective function. Therefore, when focusing on optimizing
average AoI, the OnlyT can be adopted. However, the per-
formance of the OnlyT is quite different from that of the
RLB. There are two main reasons. First, since the solution
obtained by the RLB is the relaxed lower bound of the orig-
inal problem, its performance is better than the optimal
solution of the original problem. Second, average AoI is also
related to the service period; however, the OnlyT does not
optimize the service period.

It can be seen from Figure 4(c) that when the energy
consumptions of UDs have a larger weight, the weighted
sum obtained by the JSPO decreases as the number of anten-
nas increases. This is because that the increase of the number
of antennas can reduce the transmission delay of most UDs,
thereby reducing the sum of UDs’ energy consumptions. In
addition, the performance of the JSPO is not much different
from that of the RLB, thereby indicating that the JSPO can
obtain near-optimal performance when focusing on opti-
mizing the energy consumptions of UDs. It can be seen from
Figure 4(d) that when the energy consumptions of UAVs
have a larger weight, the weighted sum obtained by the JSPO
hardly changes with the increase of the number of antennas.
The reason is that the number of antennas does not change
the service period and flight radius, thereby having little
impact on the energy consumptions of UAVs.

Figure 5 shows that the weighted sum versus the number
of UAVs under different algorithms. It can be seen from
Figure 5(a) that the weighted sum obtained by the JSPO is
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Figure 3: Convergence performance of the JSPO under different
initial service periods and flight radiuses.
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significantly lower than that obtained by the OnlyPP,
OnlySP, and OnlyR, thereby indicating the superiority of
the JSPO. Moreover, the gap between the weighted sum
obtained by the JSPO and that obtained by the RLB is not
large, which further proves the superiority of the JSPO.
Moreover, when the communication bandwidth of the sys-
tem is determined, the increase of the number of UAVs
mainly brings the following three effects. The first is that

the amount of bandwidth divided into each sector area is
reduced, thereby increasing the transmission delay and
energy consumptions of UDs. The second is that the average
number of UDs in each sector area is reduced, which reduces
the interference among UDs in same sector area, thereby
reducing the transmission delay and energy consumptions
of UDs. Thus, the increase of the number of UAVs brings
both benefits and disadvantages for the transmission delay
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Figure 4: (a) The weighted sum versus the number of antennas under different algorithms, with ωA = 0:1, ωE = 103, and ωU = 10−6. (b) The
weighted sum versus the number of antennas under different algorithms, with ωA = 0:1, ωE = 1, and ωU = 10−9. (c) The weighted sum versus
the number of antennas under different algorithms, with ωA = 10−7, ωE = 103, and ωU = 10−9. (d) The weighted sum versus the number of
antennas under different algorithms, with ωA = 10−4, ωE = 1, and ωU = 10−6.
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and energy consumptions of UDs. Moreover, the transmis-
sion delays of UDs are related to the maximal transmission
delay Ttr

n , thereby affects average AoI. Therefore, when we
focus on optimizing average AoI or energy consumptions
of UDs, there may be some inflection points. The third is

that the increase of the number of UAVs increases the total
energy consumptions of UAVs.

It can be seen from Figures 5(b) and 5(c) that when
focusing on optimizing the average AoI and the energy con-
sumptions of UDs, the performance curve of the JSPO
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Figure 5: (a) The weighted sum versus the number of UAVs under different algorithms, with ωA = 0:1, ωE = 103, and ωU = 10−6. (b) The
weighted sum versus the number of UAVs under different algorithms, with ωA = 0:1, ωE = 1, and ωU = 10−9. (c) The weighted sum
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shows one or more performance inflection points as the
number of UAVs increases, thus verifying the correctness
of the conclusion above. In Figure 5(b), since the perfor-
mance of the OnlyT outperforms that of the JSPO, the
OnlyT can be adopted when focusing on optimizing average
AoI. In Figure 5(d), the weighted sum obtained by the JSPO

increases with the increase of the number of UAVs, which
verifies the conclusion mentioned above. Moreover, com-
bined with all subfigures of Figure 5, since the system can
obtain favorable performance with a low economic cost, a
small number of UAVs is more worthy of being selected.
However, due to the delay limitation in constraint (9b), the
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Figure 6: (a) The weighted sum versus the number of status updates under different algorithms, with ωA = 0:1, ωE = 103, and ωU = 10−6. (b)
The weighted sum versus the number of status updates under different algorithms, with ωA = 0:1, ωE = 1, and ωU = 10−9. (c) The weighted
sum versus the number of status updates under different algorithms, with ωA = 10−7, ωE = 103, and ωU = 10−9. (d) The weighted sum versus
the number of status updates under different algorithms, with ωA = 10−4, ωE = 1, and ωU = 10−6.
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number of UAVs cannot be reduced indefinitely. Therefore,
we should choose the minimal number of UAVs that meets
constraint (9b).

Figure 6 shows that the weighted sum versus the number
of status updates under different algorithms. It can be seen
from Figure 6(a) that the weighted sum obtained by the
JSPO is significantly lower than that obtained by the

OnlyPP, OnlySP, and OnlyR under different numbers of sta-
tus updates, indicating the superiority of the JSPO. It can be
seen from Figure 6(b) that when average AoI is mainly opti-
mized, the weighted sum decreases as the number of status
updates increases. This shows that increasing the number
of status updates can effectively reduce average AoI. This is
because under the condition of a fixed service period,
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Figure 7: (a) The weighted sum versus the number of antennas under different algorithms, with ωA = 0:1, ωE = 103, and ωU = 10−6. (b) The
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the number of status updates under different algorithms, with ωA = 0:1, ωE = 103, and ωU = 10−6.

18 Wireless Communications and Mobile Computing



increasing the number of status updates can effectively
reduce the area enclosed by the curve of the AoI and the
time axis, thereby reducing average AoI. In Figure 6(c), the
weighted sum increases as the number of status updates
increases when the energy consumptions of UDs are mainly
optimized. The reason is that increasing the number of sta-
tus updates increases the number of transmissions, thereby
increasing the energy consumptions of UDs. In
Figure 6(d), the energy consumptions of UAVs do not
change with the number of status updates, which reflects
that the number of status updates have no affect on the
energy consumptions of UAVs. Moreover, we can observe
that the weighted sum obtained by the JSPO gradually
decreases as the number of state updates increases in
Figure 6(a). However, this does not mean that more status
updates can be better. When the number of status updates
is large, the total delay may exceed the service period and
the energy consumptions of UDs increase.

It can be seen from Figure 4–6 that the optimization
effect of the service period and flight radius related to the
energy consumptions of UAVs is not obvious. The reason
for this result is given as follows. By analyzing the con-
straints in the original optimization problem, since the ser-
vice period and flight radius are strongly constrained and
their feasible regions are small, it is difficult to find the ser-
vice period and flight radius that have better performance
and satisfy the constraints. However, Figure 3 shows that
the weighted sum is related to the initial service period and
flight radius. Moreover, when the average AoI and the
energy consumptions of UDs and UAVs are both optimized,
the performance of the OnlyDP is close to that of the JSPO.
Therefore, we propose the JSPO-R to improve the perfor-
mance of the JSPO. The flow of the JSPO-R is given as fol-
lows. The OnlyDP is performed under different initial
service periods and flight radiuses, which aims to obtain
the service period and flight radius with better performance.
Then, the service period and flight radius obtained by the
operation above are regarded as the initial solution of the
JSPO. It can be seen from Figure 7 that the performance of
the JSPO-R is better than that of the JSPO under different
number of the antennas, UAVs, and status updates. More-
over, compared to the JSPO, the gap between the JSPO-R
and the RLB is further narrowed. In summary, when the sys-
tem has high requirements for the performance, the JSPO-R,
which is more complex but has better performance, can be
adopted.

5. Conclusions

In the multiantenna UAV-assisted MEC system, we have
aimed to reduce the average AoI and the energy consump-
tions of UDs and UAVs in a balanced manner. Therefore,
the weighted sum of the three performance metrics was
aimed to be minimized by the joint optimization of the
scheduling and power allocation strategies. The original
NP-hard problem was divided into five sub-problems which
were solved one by one. First, a low-complexity search algo-
rithm has been proposed to obtain the near-optimal solution
of the transmission and computing start moments. Then, we

have obtained stationary points of the pilot and data trans-
mit powers by the SCA. Next, we have adopted a one-
dimensional search method to solve the service period and
flight radius subproblems. Finally, an iterative algorithm
has been proposed to obtain the suboptimal solution of the
original problem. Simulation results show that the proposed
algorithm can effectively reduce the weighted sum of the
average AoI and the energy consumptions of UDs and
UAVs. Moreover, the simulation results also demonstrate
that we should adjust the number of antennas, the number
of UAVs, and the number of status updates according to
actual needs and conditions to obtain better performance.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare no conflict of interest.

Acknowledgments

This work is supported in part by the National Key R&D
Program of China (No. 2018YFB1801103), in part by the
Natural Science Foundations of China (No. 62171464, No.
61801505, No. 61771487, and No. 62171454), and in part
by the Young Elite Scientist Sponsorship Program.

References

[1] X. Liu and X. Zhang, “Rate and energy efficiency improve-
ments for 5G-based IoT with simultaneous transfer,” IEEE
Internet of Things Journal, vol. 6, no. 4, pp. 5971–5980, 2019.

[2] S. Kaul, R. Yates, and M. Gruteser, “Real-time status: how
often should one update?,” in 2012 IEEE INFOCOM,
pp. 2731–2735, Orlando, FL, USA, 2012.

[3] B. Yu, Y. Cai, and D. Wu, “Joint access control and resource
allocation for short-packet-based mMTC in status update sys-
tems,” IEEE Journal on Selected Areas in Communications,
vol. 39, no. 3, pp. 851–865, 2021.

[4] M. Emara, H. Elsawy, and G. Bauch, “A spatiotemporal model
for peak AoI in uplink IoT networks: time versus event-
triggered traffic,” IEEE Internet of Things Journal, vol. 7,
no. 8, pp. 6762–6777, 2020.

[5] Z. Jiang, B. Krishnamachari, X. Zheng, S. Zhou, and Z. Niu,
“Timely status update in wireless uplinks: analytical solutions
with asymptotic optimality,” IEEE Internet of Things Journal,
vol. 6, no. 2, pp. 3885–3898, 2019.

[6] Y. Inoue, H. Masuyama, T. Takine, and T. Tanaka, “A general
formula for the stationary distribution of the age of informa-
tion and its application to single-server queues,” IEEE Trans-
actions on Information Theory, vol. 65, no. 12, pp. 8305–
8324, 2019.

[7] J. Zheng, Y. Cai, Y. Wu, and X. Shen, “Dynamic computation
offloading for mobile cloud computing: a stochastic game-
theoretic approach,” IEEE Transactions on Mobile Computing,
vol. 18, no. 4, pp. 771–786, 2019.

19Wireless Communications and Mobile Computing



[8] Y. Dong, Z. Chen, and P. Fan, “Timely two-way data exchang-
ing in unilaterally powered fog computing systems,” IEEE
Access, vol. 7, pp. 21103–21117, 2019.

[9] A. Arafa, R. D. Yates, and H. V. Poor, “Timely cloud comput-
ing: preemption and waiting,” in 2019 57th Annual Allerton
Conference on Communication, Control, and Computing
(Allerton), Monticello, IL, USA, 2019.

[10] A. Alabbasi and V. Aggarwal, “Joint information freshness and
completion time optimization for vehicular networks,” IEEE
Transactions on Services Computing, 2020.

[11] M. Chen, Y. Xiao, Q. Li, and K.-C. Chen, “Minimizing age-
of-information for fog computing-supported vehicular net-
works with deep q-learning,” in 2020 IEEE International
Conference on Communications (ICC), pp. 1–6, Dublin, Ire-
land, 2020.

[12] Y. Mao, C. You, J. Zhang, K. Huang, and K. B. Letaief, “A sur-
vey on mobile edge computing: the communication perspec-
tive,” IEEE Communications Surveys and Tutorials, vol. 19,
no. 4, pp. 2322–2358, 2017.

[13] J. Liu, H. Guo, J. Xiong, N. Kato, J. Zhang, and Y. Zhang,
“Smart and resilient EV charging in SDN-enhanced vehicular
edge computing networks,” IEEE Journal on Selected Areas in
Communications, vol. 38, no. 1, pp. 217–228, 2020.

[14] Q. Kuang, J. Gong, X. Chen, and X. Ma, “Analysis on
computation-intensive status update in mobile edge comput-
ing,” IEEE Transactions on Vehicular Technology, vol. 69,
no. 4, pp. 4353–4366, 2020.

[15] X. Song, X. Qin, Y. Tao, B. Liu, and P. Zhang, “Age based task
scheduling and computation offloading in mobile-edge com-
puting systems,” in 2019 IEEE Wireless Communications and
Networking ConferenceWorkshop (WCNCW), pp. 1–6, Marra-
kech, Morocco, 2019.

[16] L. Liu, X. Qin, Z. Zhang, and P. Zhang, “Joint task offloading
and resource allocation for obtaining fresh status updates in
multi-device MEC systems,” IEEE Access, vol. 8, pp. 38248–
38261, 2020.

[17] L. Liu, X. Qin, Y. Tao, and Z. Zhang, “Timely updates in MEC-
assisted status update systems: joint task generation and com-
putation offloading scheme,” China Communications, vol. 17,
no. 8, pp. 168–186, 2020.

[18] Y. Zeng and R. Zhang, “Energy-efficient UAV communication
with trajectory optimization,” IEEE Transactions on Wireless
Communications, vol. 16, no. 6, pp. 3747–3760, 2017.

[19] M. M. Azari, G. Geraci, A. Garcia-Rodriguez, and S. Pollin,
“UAV-to-UAV communications in cellular networks,” IEEE
Transactions on Wireless Communications, vol. 19, no. 9,
pp. 6130–6144, 2020.

[20] N. H. Motlagh, M. Bagaa, and T. Taleb, “Energy and delay
aware task assignment mechanism for UAV-based IoT plat-
form,” IEEE Internet of Things Journal, vol. 6, no. 4,
pp. 6523–6536, 2019.

[21] S. Zhang, H. Zhang, Z. Han, H. V. Poor, and L. Song, “Age of
information in a cellular internet of UAVs: sensing and com-
munication trade-off design,” IEEE Transactions on Wireless
Communications, vol. 19, no. 10, pp. 6578–6592, 2020.

[22] H. Hu, K. Xiong, G. Qu, Q. Ni, P. Fan, and K. B. Letaief, “AoI-
minimal trajectory planning and data collection in UAV-
assisted wireless powered IoT networks,” IEEE Internet of
Things Journal, vol. 8, no. 2, pp. 1211–1223, 2020.

[23] M. Samir, C. Assi, S. Sharafeddine, and A. Ghrayeb, “Online
altitude control and scheduling policy for minimizing AoI in

UAV-assisted IoT wireless networks,” IEEE Transactions on
Mobile Computing, 2020.

[24] L. Zhang and N. Ansari, “Latency-aware IoT service provision-
ing in UAV-aided mobile-edge computing networks,” IEEE
Internet of Things Journal, vol. 7, no. 10, pp. 10573–10580,
2020.

[25] T. Zhang, Y. Xu, J. Loo, D. Yang, and L. Xiao, “Joint computa-
tion and communication design for UAV-assisted mobile edge
computing in IoT,” IEEE Transactions on Industrial Informat-
ics, vol. 16, no. 8, pp. 5505–5516, 2020.

[26] X. Zhang, J. Zhang, J. Xiong, L. Zhou, and J. Wei, “Energy-effi-
cient multi-UAV-enabled multiaccess edge computing incor-
porating NOMA,” IEEE Internet of Things Journal, vol. 7,
no. 6, pp. 5613–5627, 2020.

[27] B. Liu, W. Zhang, W. Chen, H. Huang, and S. Guo, “Online
computation offloading and traffic routing for uav swarms in
edge-cloud computing,” IEEE Transactions on Vehicular Tech-
nology, vol. 69, no. 8, pp. 8777–8791, 2020.

[28] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy 550 and
spectral efficiency of very large multiuser MIMO systems,”
IEEE Transactions on Communications, vol. 61, no. 4,
pp. 1436–1449, 2013.

[29] H. Ren, C. Pan, Y. Deng, M. Elkashlan, and A. Nallanathan,
“Joint pilot and payload power allocation for massive-
MIMO-enabled URLLC IIoT networks,” IEEE Journal on
Selected Areas in Communications, vol. 38, no. 5, pp. 816–
830, 2020.

[30] F. Li, K. Lam, X. Liu, J. Wang, K. Zhao, and L. Wang, “Joint
pricing and power allocation for multibeam satellite systems
with dynamic game model,” IEEE Transactions on Vehicular
Technology, vol. 67, no. 3, pp. 2398–2408, 2018.

[31] C. Zhang, W. Zhang, W. Wang, L. Yang, and W. Zhang,
“Research challenges and opportunities of UAV millimeter-
wave communications,” IEEE Wireless Communications,
vol. 26, no. 1, pp. 58–62, 2019.

[32] Q. Zhang, J. Chen, L. Ji, Z. Feng, Z. Han, and Z. Chen,
“Response delay optimization in mobile edge computing
enabled UAV swarm,” IEEE Transactions on Vehicular Tech-
nology, vol. 69, no. 3, pp. 3280–3295, 2020.

[33] Z. Xiao, L. Zhu, and X. G. Xia, “UAV communications with
millimeter-wave beamforming: potentials, scenarios, and chal-
lenges,” China Communications, vol. 17, no. 9, pp. 147–166,
2020.

[34] L. Wang, Y. L. Che, J. Long, L. Duan, and K. Wu, “Multiple
access MmWave design for UAV-aided 5G communications,”
IEEEWireless Communications, vol. 26, no. 1, pp. 64–71, 2019.

[35] C. You and R. Zhang, “3D trajectory optimization in Rician fad-
ing for UAV-enabled data harvesting,” IEEE Transactions on
Wireless Communications, vol. 18, no. 6, pp. 3192–3207, 2019.

[36] Q. Zhang, S. Jin, K. K. Wong, H. Zhu, and M. Matthaiou,
“Power scaling of uplink massive MIMO systems with
arbitrary-rank channel means,” IEEE Journal on Selected
Topics in Signal Processing, vol. 8, no. 5, pp. 966–981, 2014.

[37] T. T. Nguyen, L. Le, and Q. Le-Trung, “Computation offload-
ing in MIMO based mobile edge computing systems under
perfect and imperfect CSI estimation,” IEEE Transactions on
Services Computing, vol. 14, no. 6, pp. 2011–2025, 2021.

[38] J. Gong, Q. Kuang, and X. Chen, “Joint transmission and com-
puting scheduling for status update with mobile edge comput-
ing,” in 2020 IEEE International Conference on
Communications (ICC), pp. 1–6, Dublin, Ireland, 2020.

20 Wireless Communications and Mobile Computing


	Joint Scheduling and Power Optimization for Complex Status Updates in Multiantenna UAV-Assisted Multiaccess Edge Computing
	1. Introduction
	2. System Model and Problem Formulation
	3. Algorithm Design
	3.1. Transmission and Computing Start Moment Optimization
	3.2. Pilot Transmit Power Optimization
	3.3. Data Transmit Power Optimization
	3.4. Service Period Optimization
	3.5. Flight Radius Optimization
	3.6. The Iterative Algorithm and Analysis

	4. Simulation Results
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

