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Abstract— Massive ultra-reliable and low latency commu-
nications (mURLLC) has emerged as new and dominating
6G-standard services to support statistical quality-of-services
(QoS) provisioning for delay-sensitive data transmissions.
To measure the freshness of updated information, age of infor-
mation (AoI) has recently formed as the new dimension of QoS
metric. Since status updates usually consist of a small number
of information bits but warrant ultra-low latency, integrating
AoI with finite blocklength coding (FBC) creates an alternative
promising solution for mURLLC. On the other hand, to solve
the massive connectivity issues imposed by mURLLC, unmanned
aerial vehicle (UAV) has been developed to significantly enhance
the line-of-sight (LOS) coverage while guaranteeing various QoS
requirements. However, how to efficiently integrate the above
new techniques for statistical delay and error-rate bounded QoS
provisioning in UAV systems has been neither well understood
nor thoroughly studied. To overcome these challenges, we pro-
pose FBC based statistical delay and error-rate bounded QoS
provisioning schemes which leverage AoI as a key QoS provi-
sioning technique for mURLLC over UAV mobile networks. First,
we develop FBC based UAV system models. Second, we build up
AoI-metric based modeling frameworks to upper-bound peak AoI
violation probability using FBC. Third, we formulate and solve
FBC based peak AoI violation probability minimization problem.
Forth, we jointly optimize peak AoI violation probability and
�-effective capacity and characterize their tradeoffs. Finally, our
simulations validate and evaluate our developed schemes.

Index Terms— Statistical delay and error-rate bounded QoS,
peak AoI violation probability, UAV, 6G mURLLC, FBC.

I. INTRODUCTION

THE delay-bounded quality-of-services (QoS) theory
[1] [2] [3] and the stochastic network calculus (SNC) [4]

have been proposed and developed to characterize queue-
ing behaviors in supporting explosively growing demands of
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time-sensitive wireless multimedia applications over 5G and
the upcoming 6G mobile networks which are defined and
detailed in [5]–[7]. Due to the highly time-varying nature
of wireless fading channels, researchers have proposed the
concept of statistical QoS provisioning [8] [9], in terms of
effective capacity [10] and delay-bound violation probabilities,
in supporting delay-sensitive multimedia wireless services over
multimedia mobile networks. The exponentially increasing
volumes of bandwidth-intensive and delay-sensitive multime-
dia traffic under stringent QoS requirements has raised the
dramatical demands for bounded end-to-end delay (< 1 ms),
super-reliability (> 99.99999%), and extra-high energy effi-
ciency in the 6G era.

Towards this end, the massive Ultra-Reliable Low-Latency
Communications (mURLLC) [5], [11]–[15], as one of the
6G standard traffic services, have been proposed to quantita-
tively design and evaluate various QoS performances under
stringent delay and error-rate bounded constraints. On the
other hand, researchers have proposed and investigated the
small-packet data communication techniques, such as finite
blocklength coding (FBC) [16]–[19], in supporting various
massive access techniques for reducing the access latency
and decoding complexity at the receivers while guaranteeing
stringent QoS requirements of 6G mURLLC for time-sensitive
wireless services. The maximum achievable coding rate using
FBC over Additive white Gaussian noise (AWGN) channels
has been derived in [20]. However, although small-packet
communications used in FBC-based wireless mobile networks
are usually employed for massive access to reduce access
latency and decoding complexity, how to upper-bound the
decoding error probability while supporting 6G mURLLC is
still a challenging research topic.

On the other hand, one of the major challenges for ensur-
ing the stringent QoS requirements of 6G mURLLC is the
massive connectivity and massive coverage issues imposed
by the massive access. Most of the previous research works
for 6G mURLLC have mainly focused on investigating the
small-packet data transmissions between ground devices and
ground base station (GBS). However, it is not always applica-
ble to support reliable wireless accesses to a massive number
of mobile devices while guaranteeing stringent 6G mURLLC
requirements through the non-line-of-sight (NLOS) wireless
links on the ground. Therefore, inspired by the advantages
of deployment capability and high mobility, the unmanned
aerial vehicle (UAV) and its associated IoU (Internet of UAV)

0733-8716 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Texas A M University. Downloaded on January 17,2022 at 18:19:11 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-9369-0060
https://orcid.org/0000-0002-8956-988X
https://orcid.org/0000-0002-2062-131X


3426 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 39, NO. 11, NOVEMBER 2021

systems [21], [22] have been proposed to potentially support
various massive access techniques, including massive sens-
ing, massive tracking, massive coverage, etc., by significantly
enhancing the line-of-sight (LOS) coverage while guaranteeing
various QoS requirements. In addition, the UAV systems
have been widely recognized as an effective solution in
supporting time-sensitive wireless services, such as real-time
data-sensing and data-transmission applications, for URLLC to
upper-bound both delay and error-rate [23]–[26]. The authors
of [27] have establish a framework for enabling URLLC in
the control and non-payload communications links of UAV
wireless communication systems. The authors of [28] have
proposed a UAV relay communication system in supporting
URLLC and jointly optimized the UAV location and power
to minimize decoding error probability while guaranteeing
the latency constraints. The authors of [29] have studied the
average packet error probability and effective throughput of the
control link in UAV communications for URLLC. However,
how to characterize mURLLC-enabled UAV communication
schemes is still an open problem.

In addition, since the wireless data to be sensed and col-
lected by the UAVs often changes rapidly, it is crucially impor-
tant to measure and improve the performance of data freshness
for real-time UAV sensing and transmissions, especially for a
massive number of mobile devices for 6G mURLLC services.
As a result, the concept of age of information (AoI) [30]–[32]
has recently emerged as a new QoS matric to quantitatively
characterize the freshness of information that a receiver has
about the status of a remote data source, especially for the
UAV applications, in supporting delay-sensitive/age-sensitive
data fusions and transmissions. Since the status-updates nor-
mally consist only of a small number of information bits and
need to be delivered to remote destinations as fast as possible,
the design of small-packet communications are of great impor-
tance when considering the AoI metric over UAV wireless
networks. Towards this end, FBC based AoI measurement has
been proposed for UAV systems for maintaining the freshness
of collected data by using small-packet data communications.
However, how to efficiently integrate and implement the above
new techniques for statistical delay and error-rate bounded
QoS provisioning over 6G mURLLC standards has been
neither well understood nor thoroughly studied.

To measure the data freshness over UAV wireless networks,
there is number of research works focusing on analyzing
the AoI metric over UAV multimedia mobile networks. The
authors of [33] have studied the AoI-oriented optimal trajec-
tory planning problem in UAV wireless sensor networks. The
authors of [34] have formulated and solved an optimization
problem to jointly optimize the UAV’s flight trajectory as
well as energy and service time allocations for data packet
transmissions. The joint sensing time, transmission time, UAV
trajectory, and target scheduling optimization problems have
been investigated in [35] to minimize the system AoI func-
tion. The authors of [36] have modeled and analyzed the
benefits of channel coding on AoI over broadcast networks.
The aforementioned previous studies on AoI-driven UAV
wireless communications were mainly conducted under the
assumption of infinite blocklength. However, to guarantee

the stringent URLLC requirements between UAV and ground
devices, the conventional infinite-blocklength schemes are no
longer applicable. To tackle this problem, an FBC-based infor-
mation theoretic channel coding model has been developed
in [18] [20]. Due to the non-linear/non-convex characteristics
of AoI-driven optimization problems, how to formulate and
solve the optimization problems to maximize the effective
capacity remains a major challenge in supporting statisti-
cal delay and error-rate bounded QoS provisioning for 6G
mURLLC, especially when applying the 3D wireless-link
channels over UAV wireless networks using FBC.

To effectively overcome the above challenges, in this
paper we develop AoI-driven statistical delay and error-rate
bounded QoS provisioning schemes which leverage AoI as a
key delay-bounded QoS provisioning technique in supporting
mURLLC over UAV 6G multimedia mobile networks in the
finite blocklength regime. In particular, we develop UAV wire-
less networking models with 3D wireless-link channels using
FBC. We also build up AoI-metric based modeling frameworks
by applying the SNC to characterize the upper-bounded peak
AoI violation probability in the finite blocklength regime.
Taking into account the transmit power and UAV trajectory
constraints, we formulate and solve the peak AoI violation
probability minimization problem in the finite blocklength
regime. In addition, we jointly optimize the peak AoI violation
probability and �-effective capacity and characterize their
tradeoff in supporting statistical delay and error-rate bounded
QoS provisioning for 6G mURLLC. Finally, we conduct a
set of simulations which validate and evaluate our proposed
AoI-driven UAV schemes in supporting 6G mURLLC services.

The rest of this paper is organized as follows: Section II
establishes FBC based UAV wireless networking models with
3D wireless-link channels. Section III builds up AoI-metric
based modeling frameworks for 6G mURLLC using FBC.
Section IV formulates and solves the FBC based peak AoI
violation probability minimization problem for our proposed
AoI-driven UAV schemes subject to the transmit power and
UAV trajectory constraints. Section V jointly optimizes the
peak AoI violation probability and �-effective capacity and
characterizes their tradeoff in the finite blocklength regime.
Section VI validates and evaluates the system performances for
our proposed schemes. The paper concludes with Section VII.

II. THE SYSTEM MODELS

Consider an FBC based UAV wireless network architec-
ture model, which consists of multiple UAVs indexed by
u ∈ {1, . . . , U}, one GBS, and K mobile users (MUs) which
have the mission for timely sensing and collecting data from
K sensing-targets, respectively, to bypass the LOS-blockages
between sensing-targets (i.e., MUs) and the GBS (caused
by the existing buildings/constructions or other obstacles in
LOS path, see examples shown in Fig. 1), or perform other
cellular-network devices’ functions within the wireless cell
covered by a number of UAVs and one GBS, as shown
in Fig. 1. We assume that mobile users are equipped with
single antenna while the GBS is equipped with multiple anten-
nas indexed by {1, . . . , G}. First, the multiple UAVs collect
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Fig. 1. The system architecture model for FBC based AoI-driven UAV
multimedia mobile networks, where n is the codeword blocklength using FBC
and qu,k(μ), qu,k(ν), qu,k(η), and qu,k(ω) (μ, ν, η, ω ∈ {1, . . . , N}) are
the 3D-coordinates for the positions of UAV u with u ∈ {1, . . . , U} when
transmitting the μth status-update data packet, νth status-update data packet,
ηth status-update data packet, and ωth status-update data packet, respectively,
from mobile user (MU) k with k ∈ {1, . . . , K}. The kth mobile user (MU)
monitors kth sensing-target with k ∈ {1, . . . , K}.

the sensed data from mobile devices distributed at different
locations and then transmit the collected sensory data to the
GBS for further processing before forwarding it to the data
fusion center through the backhaul link. Since the data to be
sensed and collected changes rapidly with time, all UAVs need
to perform data sensing and transmitting for the sensing-targets
frequently and repeatedly to maintain the freshness of the col-
lected sensory data. We define each process that the multiple
UAVs collect sensory data from mobile devices and transmit
the data to the GBS as an update cycle. We consider the
FBC-based UAV wireless network architecture model in which
the nodes exchange small packets, typically with the packet
size of b ≤ 100 bits, where b is the number of bits for
each status-update data packet. From an information theoretic
perspective, these status-update data packets are considered
to be the data messages. Let M = 2b denote the cardinality
of the message space. A message-encoder maps the message
m ∈ {1, . . . , M} into a codeword with a length of n channel
uses, where n is also known as the number of channel uses
in transmitting a data packet. We assume that time is slotted
into frames each with a length of n channel uses. Therefore,
we can derive the achievable coding rate as b/n = (log2 M)/n
in bits per channel use. Assume that there are N status-update
cycles for each sensing-target k (k = 1, . . . , K). In the
μth status-update cycle (μ = 1, . . . , N), UAVs encode the
μth status-update data packet into a codeword each with n
channel uses and transmit the encoded data packet to the GBS.

In addition, assume that the locations of multiple UAVs
and mobile users can be obtained in advance by using the
Global Positioning System (GPS). Without loss of generality,
we assume that the GBS is located at the coordinate-origin so
that the 3D-coordinate for the position of the GBS is
qGBS = [0, 0, 0]. Denote by qG,k = [xG,k, yG,k, 0]
the 3D-coordinate for the position of mobile

user/device k. The 3D-coordinate for the position of
the uth UAV with u ∈ {1, . . . , U} is denoted by
qu,k(μ) = [xu,k(μ), yu,k(μ), zu,k(μ)] when transmitting
the μth status-update data packet of sensing-target k with
μ ∈ {1, . . . , N} and Hmin ≤ zu,k(μ) ≤ Hmax, where Hmin

and Hmax represent the minimum and maximum flight
altitudes of UAV u, respectively.

A. UAV-Based 3D Wireless Channel Model

We assume that the multiple UAVs indexed by
u ∈ {1, . . . , U} can choose to collect K targets along
their flight trajectory. Define the binary variable bu,k(μ)
for user association between user k and UAV u when
transmitting the μth status-update data packet as follows:

bu,k(μ)=

⎧⎪⎨⎪⎩
1, if kth mobile user chooses to be connected

to uth UAV for μth status-update packet;
0, otherwise.

(1)

We assume that each UAV can be associated to multiple
mobile users, however, each mobile user can only be asso-
ciated with zero, or no more than one, UAV, i.e.,

U∑
u=1

bu,k(μ) ≤ 1, ∀k. (2)

Denote by q̃u,k(μ) = [xu,k(μ), yu,k(μ)] the trajectory of the
uth UAV projected on the horizontal plane when transmitting
the μth status-update data packet of sensing-target k. We can
compute the distance, denoted by d

(k)
u,GBS(μ), between the

uth UAV and the GBS when transmitting the μth status-update
data packet obtained at sensing-target k as follows:

d
(k)
u,GBS(μ) =

√∥∥q̃u,k(μ)
∥∥2 + [zu,k(μ)]2 (3)

where ‖ · ‖ is the Euclidean distance. In urban environments,
the LOS link between any given UAV and ground nodes may
be occasionally blocked by ground obstacles such as buildings.
Similar to [37], the ground-to-UAV channel can be modeled
as a weighted combination of two pathloss links: LOS and
NLOS links, by taking into account their occurrence probabil-

ities. We can derive the pathlosses, denoted by PL
(k)
u,LOS and

PL
(k)
u,NLOS, from the uth UAV to the GBS for transmitting the

μth status-update data packet for sensing-target k for LOS and
NLOS links, respectively, as follows:⎧⎪⎪⎨⎪⎪⎩

PL
(k)
u,LOS = ζLOS

(
4πd

(k)
u,GBS(μ)

λ0

)2

;

PL
(k)
u,NLOS = ζNLOS

(
4πd

(k)
u,GBS(μ)

λ0

)2

,

(4)

where d
(k)
u,GBS(μ) is given by Eq. (3), λ0 is the system

wavelength, and ζLOS and ζNLOS are the mean values of the
excessive pathlosses of LOS and NLOS links, respectively.
Based on the elevation angle-dependent probabilistic LOS
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model [37], the LOS probability, denoted by p
(k)
u,LOS, is given

as follows:

p
(k)
u,LOS =

1

1 + v1 exp
[
−v2

(
α

(k)
u − v1

)] (5)

where v1 and v2 are the positive constants that depend on the
environment and α

(k)
u is the elevation angle. Then, the NLOS

probability is given as p
(k)
u,NLOS = 1 − p

(k)
u,LOS. Thus, the total

pathloss, denoted by PL
(k)
u,LOS from the uth UAV to the

GBS for transmitting the μth status-update data packet of
sensing-target k is derived as follows:

PL(k)
u = p

(k)
u,LOSPL

(k)
u,LOS + (1− p

(k)
u,LOS)PL

(k)
u,NLOS. (6)

Given the location of the uth UAV, the received power,
denoted by P R

u,k(μ), at the GBS for transmitting the
μth status-update data packet of sensing-target k from the
uth UAV is given as follows:

P R
u,k(μ) =

P(μ)
u,kGT

u,kGR
u,k [g̃u,k(μ)]2

PL
(k)
u,LOS

=
P(μ)

u,kGT
u,kGR

u,k[g̃u,k(μ)λ0]2[
4πd

(k)
u,GBS(μ)

]2[
p
(k)
u,LOSζ

(k)
u,LOS+(1−p

(k)
u,LOS)ζ

(k)
u,NLOS

]
(7)

where P(μ)
u,k denotes the transmit power at the uth UAV for

transmitting the μth status-update data packet of sensing-target
k, GT

u,k and GR
u,k are the transmit and receive antenna gains,

respectively, and g̃u,k(μ) is a complex random variable with

E

[
|g̃u,k(μ)|2

]
= 1, which represents the small-scale fading

due to multi-path propagation, where E[·] is the expectation
operation. The above Eq. (7) shows that the received power
P R

u,k(μ) depends on the transmit antenna gain, the receive
antenna gain, and the large-scale channel power, i.e., pathloss.
Specifically, for directional transmission with either fixed
antenna pattern or flexible beamforming, the relative posi-
tion between the uth UAV and the GBS determines the
azimuth angles of departure (AoDs) and azimuth angles of
arrival (AoAs) of the signal propagation, which thus affects
the transmit and receive antenna gains.

We can then derive the SNR, denoted by γ
(μ)
u,k , for

transmitting the μth status-update data packet collected at
sensing-target k from the uth UAV to the GBS as follows:

γ
(μ)
u,k = bu,k(μ)P(μ)

u,kGT
u,kGR

u,k[g̃u,k(μ)λ0]2

×
{

(4πσ)2
{∥∥q̃u,k(μ)

∥∥2 + [zu,k(μ)]2
}

×
[
p
(k)
u,LOSζ

(k)
u,LOS + (1− p

(k)
u,LOS)ζ

(k)
u,NLOS

]}−1

(8)

where σ2 is the noise power. Denote by N � {1, . . . , N}
and U � {1, . . . , U} the index sets for all N status-update
data packets and U UAVs with their cardinalities: |N| = N
and |U| = U , respectively. The flight trajectory, denoted by
Qu(μ), of UAV u for transmitting the μth status-update data

packet (μ ∈ N) from mobile user 1 to mobile user K can be
characterized as in the following sequence:

Qu(μ) �
{
qu,1(μ), . . . , qu,K(μ)

}
. (9)

Denote by K � {1, . . . , K} the index set for all K
sensing-targets with |K| = K . Then, the trajectory of UAV
u (u = 1, . . . , U ) for sensing-target k ∈ K is specified by the
following constraints:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

∥∥qu,k(μ+1)−qu,k(μ)
∥∥≤VmaxTu,k(μ),
μ = 1, . . . , (N − 1), k∈K; (10)∥∥qu,k(μ)− qu′,k(ν)

∥∥2 ≥ dmin, μ, ν ∈ N, k ∈ K; (11)

qu,1(μ) = qu,I; (12)

qu,(K+1)(μ) = qu,F; (13)

Hmin ≤ zu,k(μ) ≤ Hmax, (14)

where Tu,k(μ) is the total sojourn time for transmitting the
μth status-update data packet of sensing-target k from UAV
u to the GBS, Vmax is the maximum allowable velocity of
UAVs, dmin is the minimum inter-UAV distance between UAV
u and u′ (u �= u′ and u, u′ ∈ U) to ensure no collision,
and qu,I and qu,F denote the predetermined initial and final
locations of UAV u, respectively. The constraint in Eq. (10)
implies that the UAV trajectory is limited by the maximum
allowable velocity Vmax for transmitting one status-update
data packet of each sensing-target during each status-update
cycle. This indicates that the UAVs cannot move too fast
when transmitting the status-update data packets during each
status-update cycle. Eq. (11) ensures that the UAV trajectory
is subject to collision avoidance constraints. The constraints
in Eqs. (12) and (13) imply that each UAV has the initial
and the final locations where the UAV must start from and
arrive at during N status-update cycles. Eq. (14) guarantees
that the flight altitude of each UAV is constrained by both the
minimum and maximum flight altitudes.

B. The Channel Coding Rate in the Finite Blocklength
Regime

Definition 1 (The (n, M, �)-Code): We define a message set
M = {1, . . . , M} and a message m is uniformly distributed
on M, where M is the number of codewords and � is the
decoding error probability. Correspondingly, we define an
(n, M, �)-code as follows:

• An encoder Υ: {1, . . . , M} �→ An that maps the message
m ∈ {1, . . . , M} into a codeword, denoted by x(n), with
length n, where An is the codebook which represents the
set of all the possible codewords mapped by the encoding
function Υ.

• A decoder D: Bn �→ {1, . . . , M} that decodes the
received message into m̂, where Bn is the set of received
codewords of length n and m̂ denotes the estimated signal
received at the receiver. The decoder D need to satisfy
the following maximum error probability constraint:

Pr {m̂ �= m} ≤ �. (15)

Definition 2 (The Channel Coding Rate): Traditionally,
Shannon’s second theorem generally requires infinite block-
length for attaining the accurate approximation of maximum
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coding rate. However, as noted above, Shannon’s capacity
formula cannot be applied when considering the limited
bandwidth and stringent delay-bounded QoS requirements in
supporting 6G mURLLC services in the finite block-length
regime. Therefore, we consider an alternative solution by pro-
viding the statistical delay and error-rate bounded QoS guar-
antees through applying the finite blocklength coding (FBC)
technique [15] [16] [17], where 6G mURLLC services can
be statistically guaranteed with the controlled small violation
probabilities. Using [16] [17], the maximum achievable coding
rate, denoted by R

(
γ

(μ)
u,k

)
, in bits per channel use with

coding blocklength n for transmitting the μth status-update
data packet of sensing-target k from UAV u to the GBS in the
finite blocklength regime can be derived as follows [16] [17]:

R
(
γ

(μ)
u,k

)
= Cε

(
γ

(μ)
u,k

)
+O

(
log n

n

)
(16)

where Cε

(
γ

(μ)
u,k

)
is the outage capacity derived in [16] and

O(·) is the big O notation. The above Eq. (16) implies that
the maximum achievable coding rate converges quickly to
the outage capacity Cε

(
γ

(μ)
u,k

)
as the codeword blocklength

n tends to infinity.
For our proposed UAV-based model, we assume that each

status-update data packet μ contains fixed log2(M) = b
bits of information. Thus, we obtain a fixed channel coding
rate R

(
γ

(μ)
u,k

)
= (log2 M)/n. Given a fixed channel coding

rate, we can obtain the decoding error probability function,
denoted by �

(
γ

(μ)
u,k

)
, when transmitting the μth status-update

data packet of sensing-target k (k = 1, . . . , K) from UAV u
to the GBS as follows:

�
(
γ

(μ)
u,k

)
≈ Q

⎛⎜⎜⎝C
(
γ

(μ)
u,k

)
− log2 M

n√
V

(
γ

(μ)
u,k

)
/n

⎞⎟⎟⎠ (17)

where R
(
γ

(μ)
u,k

)
= (log2 M)/n is the coding rate given by

Eq. (16), Q(·) is the Q-function, and C
(
γ

(μ)
u,k

)
and V

(
γ

(μ)
u,k

)
are the channel capacity and channel dispersion, respectively,
which are given in the following equations, respectively:⎧⎪⎨⎪⎩

C
(
γ

(μ)
u,k

)
= log2

(
1 + γ

(μ)
u,k

)
;

V
(
γ

(μ)
u,k

)
= 1− 1�

1+γ
(μ)
u,k

�2 .
(18)

III. UAV-BASED PEAK AOI VIOLATION PORTABILITY

ANALYSES FOR 6G MURLLC IN THE FINITE

BLOCKLENGTH REGIME

Since the collected sensory data at the UAV changes rapidly
with time, it is crucially important to measure the performance
of data freshness, i.e., AoI, for real-time UAV sensing and
transmissions in the finite blocklength regime. In this section,
we focus on characterizing the AoI metrics of the UAV-GBS
link. We apply the SNC to characterize the upper-bounded
peak AoI violation probability for our proposed AoI-driven
UAV schemes in the finite blocklength regime for the given

Fig. 2. The AoI evolution as a function of time for N finite-blocklength
status-update data packets at the destination.

non-vanishing decoding error probability �
(
γ

(μ)
u,k

)
, which is

specified by Eq. (17).

A. AoI Metric Modelling

In order to measure and control the freshness of information,
we adopt the concept of AoI as the performance metric to
describe the freshness of the decoded data at the receiver of
the GBS. As shown in Fig. 2, we denote by T A

u,k(μ), T S
u,k(μ),

and T D
u,k(μ) (μ ∈ N, k ∈ K) the arrival time, service time,

and departure time of the μth finite-blocklength status-update
data packet for sensing-target k at UAV u, respectively.
The service time T S

u,k(μ) is defined as the time required to
process and transmit the μth finite-blocklength status-update
data packet for sensing-target k from UAV u to the GBS.
Without loss of generality, we set T A

u,k(0) = 0. We apply
a Bernoulli process to model the stochastic arrivals of each
packet at the UAVs. When UAVs perform video-based data
sensing such as precision agriculture, the successful sensing
probability satisfies the sensing model introduced in [35], [38],
and [39]. In particular, the μth status-update data packet of
sensing-target k arrives at UAV u with the arrival probability,
denoted by pu,k(μ), which is given by [35]:

pu,k(μ) = e−ξdu,k(μ) (19)

where ξ is the sensing performance parameter and du,k(μ) is
the distance between UAV u and mobile user/device k, which
is given as follows:

du,k(μ) =
∥∥qu,k(μ)− qG,k

∥∥ . (20)

We set a successful arrival probability threshold, denoted by
pth, for the UAVs, i.e., pu,k(μ) ≥ pth. As shown in Fig. 2,
we define T I

u,k(ν, μ) � T A
u,k(μ) − T A

u,k(ν) as the inter-arrival
time between the νth status-update data packet and the
μth status-update data packet of sensing-target k for 1 ≤
ν ≤ μ. Then, T I

u,k(μ − 1, μ) represents the inter-arrival
time between the (μ − 1)th and the μth status-update data
packets of sensing-target k. Then, the inter-arrival time
T I

u,k(ν, μ) between the νth status-update data packet and
the μth status-update data packet of sensing-target k for
1 ≤ ν ≤ μ can be rewritten as follows:

T I
u,k(ν, μ) =

μ∑
j=ν+1

T I
u,k(j − 1, j). (21)
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The cumulative service time, denoted by T S
u,k(ν, μ), for

the νth status-update data packet up to and including the
μth status-update data packet of sensing-target k can be
derived as follows:

T S
u,k(ν, μ) =

μ∑
j=ν

T S
u,k(j). (22)

Considering an FCFS queue, we can derive the departure
time T D

u,k(μ) (μ ≥ 1) for μ status-update data packets of
sensing-target k as follows [40]:

T D
u,k(μ) = max

ν∈N,ν≤μ

{
T A

u,k(ν) + T S
u,k(ν, μ)

}
. (23)

In addition, we can derive the total sojourn time, denoted
by Tu,k(μ), for the μth status-update data packet of
sensing-target k as follows:

Tu,k(μ) � T D
u,k(μ)− T A

u,k(μ)

= max
ν∈N,ν≤μ

{
T S

u,k(ν, μ)− T I
u,k(ν, μ)

}
. (24)

Observing from Fig. 2, we can derive the peak AoI,
denoted by P AoI

u,k (μ), for the μth status-update data packet of
sensing-target k at UAV u in the finite blocklength regime as
follows:

P AoI
u,k (μ) = T D

u,k(μ)− T A
u,k(μ− 1). (25)

Then, using Eqs. (21), (24), and (25), the peak AoI P AoI
u,k (μ)

for the μth status-update data packet of sensing-target k can
be rewritten as follows:

P AoI
u,k (μ) = T I

u,k(μ− 1, μ) + Tu,k(μ). (26)

B. The Upper Bound on the Peak AoI Violation Probability
in the Finite Blocklength Regime

To derive the upper bound on the peak AoI violation
probability in the finite blocklength regime, we propose to
apply the SNC to convert the random arrival and service times
into the exponential domain [41]. By taking the exponential
of the inter-arrival and service times, we can transform the
inter-arrival and service times into the exponential domain by
using the exponential functions, respectively, which are given
as follows: {

T I
u,k(ν, μ) � eT I

u,k(ν,μ);
T S

u,k(ν, μ) � eT S
u,k(ν,μ).

(27)

Using Eq. (26), we can derive the peak AoI in the exponential
domain P AoI

u,k (μ) for the μth status-update data packet of
sensing-target k as follows:

P AoI
u,k (μ) = eP AoI

u,k(μ) = T I
u,k(μ− 1, μ)Tu,k(μ) (28)

where T I
u,k(μ − 1, μ) and Tu,k(μ) represent the inter-arrival

time between the (μ − 1)th and μth status-update data pack-
ets of sensing-target k and total sojourn time for the
μth status-update data packet of sensing-target k from UAV
u to the GBS in the exponential domain, respectively, which
are given as follows:{

T I
u,k(μ− 1, μ) = eT I

u,k(μ−1,μ);
Tu,k(μ) = eTu,k(μ).

(29)

Denote by Ath the peak AoI threshold in the number of
channel uses for our proposed AoI-driven UAV schemes in the
finite blocklength regime. The peak AoI violation probability
is defined as the probability that the peak AoI P AoI

u,k (μ) exceeds
a threshold Ath/n. Note that measuring the threshold a in
channel uses rather than in frames allows us to assess the
impact on the peak AoI violation probability of different
choices of frame size. We can derive the peak AoI violation
probability, denoted by �

(μ,AoI)
u,k , for the μth status-update data

packet of sensing-target k from UAV u to the GBS in the finite
blocklength regime as follows:

�
(μ,AoI)
u,k � Pr

{
P AoI

u,k (μ) >
Ath

n

}
. (30)

The peak AoI violation probability cannot be calculated
directly. However, it can be upper-bounded by using the Mellin
transform. Define the Mellin transform, denoted by MX (θ),
of a non-negative random variable X for θ > 0 as follows:

MX (θ) � E

[
X (θ−1)

]
(31)

where θ > 0 is a free parameter which will be formally defined
in Eq. (93) later. We can derive the Mellin transform of the
peak AoI, denoted by MP AoI

u,k(μ)(θ), from UAV u to the GBS
in the exponential domain as follows:

MP AoI
u,k

(μ)(θ) = E

[(
P AoI

u,k (μ)
)(θ−1)

]
≤ E

[
e(θ−1)T I

u,k(μ−1,μ)
]

E

[
e(θ−1)Tu,k(μ)

]
= MT I

u,k(μ−1,μ)(θ)MTu,k(μ)(θ) (32)

whereMT I
u,k(μ−1,μ)(θ) represents the Mellin transform of the

inter-arrival time between the (μ− 1)th and μth status-update
data packets of sensing-target k in the exponential domain
and MTu,k(μ)(θ) is the Mellin transform of the sojourn time
of the μth status-update data packet of sensing-target k in the
exponential domain. Based on the Mellin transform, we derive
the upper bound on the peak AoI violation probability �

(μ,AoI)
u,k

as detailed in the following theorem.
Theorem 1: Given the peak AoI threshold Ath, the upper

bound on the peak AoI violation probability �
(μ,AoI)
u,k for our

proposed AoI-driven UAV schemes in the finite blocklength
regime is given as follows:

�
(μ,AoI)
u,k ≤ e−

θAth
n Ku,k(θ, μ) (33)

where

Ku,k(θ, μ) � MT I
u,k(μ−1,μ)(1 + θ)

[
μ∑

ν=1

MT S
u,k(ν,μ)(1 + θ)

×MT I
u,k

(ν,μ)(1− θ)

]
. (34)

Proof: Using the Chernoff’s inequality, we can derive the
upper bound on the peak AoI violation probability �

(μ,AoI)
u,k

for the μth status-update data packet of sensing-target k as
follows:

�
(μ,AoI)
u,k = Pr

{
P AoI

u,k (μ) > e
Ath
n

}
≤ e−

θAth
n MP AoI

u,k(μ)(1 + θ)

≤ e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)MTu,k(μ)(1 + θ). (35)
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To obtain the upper-bounded peak AoI violation probability,
first using Eq. (24), we can derive the Mellin transform of the
sojourn time MTu,k(μ)(1 + θ) in the exponential domain as
follows:

MTu,k(μ)(1 + θ) = E

[
eθTu,k(μ)

]
≤

μ∑
ν=1

E

[
eθT S

u,k(ν,μ)
]

E

[
e−θT I

u,k(ν,μ)
]

=
μ∑

ν=1

MT S
u,k(ν,μ)(1 + θ)MT I

u,k(ν,μ)(1− θ)

(36)

where MT S
u,k(ν,μ)(θ) is the Mellin transform of the cumu-

lative service time for the νth status-update data packet
up to and including the μth status-update data packet of
sensing-target k in the exponential domain andMT I

u,k(ν,μ)(θ)
is the Mellin transform of the inter-arrival time between the
νth and μth status-update data packets of sensing-target k in
the exponential domain. Then, by plugging Eq. (36) back into
Eq. (35), we have

�
(μ,AoI)
u,k ≤ e−

θAth
n MT I

u,k
(μ−1,μ)(1+θ)

[
μ∑

ν=1

MT S
u,k

(ν,μ)(1+θ)

×MT I
u,k(ν,μ)(1− θ)

]
. (37)

We define a kernel function, denoted by Ku,k(θ, μ), as follows:

Ku,k(θ, μ) � MT I
u,k(μ−1,μ)(1 + θ)

[
μ∑

ν=1

MT S
u,k(ν,μ)(1 + θ)

×MT I
u,k(ν,μ)(1− θ)

]
. (38)

Thus, plugging Eq. (38) into Eq. (37), we can obtain Eq. (33),
which completes the proof of Theorem 1.

Remarks on Theorem 1: While it is infeasible to derive
the exact closed-form expression for the peak AoI violation
probability �

(μ,AoI)
u,k for our proposed schemes in the finite

blocklength regime, Theorem 1 yields the accurate upper-
bound for the peak AoI violation probability derived in
Eqs. (33) and (34), which provides with practically very useful
designing guidance for engineering, modeling, and evaluating
our proposed AoI-driven UAV multimedia mobile networks in
the finite blocklength regime.

C. The Mellin Transform of the Inter-Arrival and Service
Times

1) The Mellin Transform of the Inter-Arrival Time: Based
on the (σI(θ), ρI(θ))-bounded process [40], the Mellin trans-
form of the inter-arrival time in the exponential domain can
be upper-bounded as follows:

MT I
u,k(ν,μ)(1 + θ) = E

[{
T I

u,k(ν, μ)
}θ

]
≤ eθ[(μ−ν)ρI

u,k(θ)+σI
u,k(θ)]. (39)

Thus, setting ν = (μ − 1), we can derive the Mellin
transform of the inter-arrival time between the (μ− 1)th and

the μth status-update data packets of sensing-target k in the
exponential domain as follows:

MT I
u,k(μ−1,μ)(1 + θ) ≤ eθ[ρI

u,k(θ)+σI
u,k(θ)]. (40)

Assume that the inter-arrival times T I
u,k(μ − 1, μ), ∀μ,

are independent and identically distributed (i.i.d.) for each
status-update data packet, we have

MT I
u,k(μ−1,μ)(1 + θ) =MT I

u,k(1,2)(1 + θ), ∀μ. (41)

Thus, we can obtain

MT I
u,k

(ν,μ)(1 + θ) = E

⎡⎣ μ∏
j=ν+1

eθT I
u,k(j−1,j)

⎤⎦
=

(
E

[
eθT I

u,k(μ−1,μ)
])(μ−ν)

=
[
MT I

u,k(μ−1,μ)(1 + θ)
](μ−ν)

, ∀ν ≤ μ.

(42)

2) The Mellin Transform of the Service Time: Similarly,
using the (σS(θ), ρS(θ))-bounded process, the Mellin trans-
form of the cumulative service time in the exponential domain
can be upper-bounded as follows:

MT S
u,k(ν,μ)(1 + θ) = E

[{
T S

u,k(ν, μ)
}θ

]
≤ eθ[(μ−ν+1)ρS

u,k(θ)+σS
u,k(θ)]. (43)

Assuming that the service times T S
u,k(μ), ∀μ, are

i.i.d. for each status-update data packet, we can derive the
Mellin transform of the service time, denoted by MT S

u,k(μ)

(1 + θ), in the exponential domain as follows:

MT S
u,k

(μ)(1 + θ) =MT S
u,k

(1)(1 + θ), ∀μ. (44)

Thus, we can derive the Mellin transform of the cumulative
service time in the exponential domain as follows:

MT S
u,k(ν,μ)(1 + θ) = E

[
μ∏

μ=ν+1

eθT S
u,k(μ)

]

=
{

E

[
eθT S

u,k(μ)
]}(μ−ν)

=
[
MT S

u,k(μ)(1 + θ)
](μ−ν)

. (45)

Then, assuming that the inter-arrival time T I
u,k(μ− 1, μ) and

service time T S
u,k(μ) are i.i.d., we can characterize the upper

bound on the peak AoI violation probability, which is specified
in the following theorem.

Theorem 2: If θ > 0 and the stability condition ρS
u,k (θ) <

ρI
u,k (−θ) hold, then the upper bound on the peak AoI viola-

tion probability for our proposed AoI-driven UAV schemes is
given as follows:

�
(μ,AoI)
u,k ≤

e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)MT S

u,k(μ)(1+θ)

1−MT I
u,k(μ−1,μ)(1 − θ)MT S

u,k(μ)(1 + θ)
, ∀μ,

(46)

when the stability condition MT I
u,k

(μ−1,μ)(1 − θ)MT S
u,k

(μ)

(1 + θ) < 1 is satisfied.
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Proof: Using Eqs. (37), (39), (40), and (43), we can
rewrite the upper-bounded peak AoI violation probability as
follows:

�
(μ,AoI)
u,k ≤ e−

θAth
n eθ[ρI

u,k(θ)+σI
u,k(θ)]eθ[σI

u,k(−θ)+ρS
u,k(θ)+σS

u,k(θ)]

×
{

μ∑
ν=1

e−θ[ρI
u,k(−θ)−ρS

u,k(θ)](μ−ν)

}
≤ e−

θAth
n eθ[ρI

u,k(θ)+σI
u,k(θ)]eθ[σI

u,k(−θ)+ρS
u,k(θ)+σS

u,k(θ)]

×
{ ∞∑

ν=0

[
e−θ[ρI

u,k(−θ)−ρS
u,k(θ)]

]ν
}

(a)
=

e−
θAth

n eθ[ρI
u,k(θ)+σI

u,k(θ)]eθ[σI
u,k(−θ)+ρS

u,k(θ)+σS
u,k(θ)]

1− e−θ[ρI
u,k(−θ)−ρS

u,k(θ)]
(47)

where the following stability condition must hold:

e−θ[ρI
u,k(−θ)−ρS

u,k(θ)] < 1, (48)

which leads to ρS
u,k (θ) < ρI

u,k (−θ). Notice that (a) in
Eq. (47) holds due to the infinite geometric series
theorem. Furthermore, since the moment generating func-
tion (MGF) of a sum of independent random vari-
ables is the product of their MGFs, we get MX+Y
(1 + θ) = MX (1 + θ)MY(1 + θ). Due to MT I

u,k(ν,μ)

(1 + θ) =
[
MT I

u,k(μ−1,μ)(1 + θ)
](μ−ν)

and MT S
u,k(ν,μ)

(1 + θ) =
[
MT S

u,k(μ)(1 + θ)
](μ−ν)

given by Eqs. (42) and

(45), respectively, the minimal traffic and service parameters
can be derived from Eqs. (39) and (43) as follows [42]:⎧⎪⎪⎨⎪⎪⎩

σI
u,k (θ) = σS

u,k (θ) = 0;

ρI
u,k (−θ) = − 1

θ log
{

E

[
e−θT I

u,k(μ−1,μ)
]}

;

ρS
u,k (θ) = 1

θ log
{

E

[
eθT S

u,k(μ)
]}

.

(49)

By plugging the traffic and service parameters as specified in
Eq. (49) back into Eq. (47), we get

�
(μ,AoI)
u,k ≤ e−

θAth
n eθ[ρI

u,k(θ)]eθ[ρS
u,k(θ)]

1− e−θ[ρI
u,k(−θ)−ρS

u,k(θ)]

=
e−

θAth
n E

[
eθT I

u,k(μ−1,μ)
]

E

[
eθT S

u,k(μ)
]

1− E

[
e−θT I

u,k(μ−1,μ)
]

E

[
eθT S

u,k(μ)
]

=
e−

θAth
n MT I

u,k
(μ−1,μ)(1 + θ)MT S

u,k
(μ)(1 + θ)

1−MT I
u,k(μ−1,μ)(1− θ)MT S

u,k(μ)(1 + θ)
,

(50)

which yields a valid upper-bound for �
(μ,AoI)
u,k because the

following stability condition holds:

MT I
u,k(μ−1,μ)(1− θ)MT S

u,k(μ)(1 + θ) < 1. (51)

Thus, Eq. (46) follows due to Eq. (50). Therefore, we complete
the proof of Theorem 2.

Remarks on Theorem 2: Assuming that the inter-arrival time
T I

u,k(μ− 1, μ) and service time T S
u,k(μ) are i.i.d., Theorem 2

provides with a more simplified upper-bound on the peak
AoI violation probability given in Eq. (46), which will be

implemented in formulating and solving the peak AoI violation
probability minimization problem for our proposed AoI-driven
UAV multimedia mobile networks in the finite blocklength
regime as detailed in the following section.

Furthermore, since the status-update data packets are gener-
ated according to a Bernoulli process with probability pu,k(μ),
the inter-arrival time follows a geometric process with para-
meter pu,k(μ). By using the MGF of a geometric process,
we can derive the Mellin transform of the inter-arrival time in
the exponential domain as follows:

MT I
u,k(μ−1,μ)(1 + θ) =

pu,k(μ)eθ

1− eθ [1− pu,k(μ)]
. (52)

Based on Eqs. (46) and (52), we have

�
(μ,AoI)
u,k ≤ pu,k(μ)eθ(1−Ath

n )

1− eθ [1− pu,k(μ)]
MT S

u,k(μ)(1 + θ), ∀μ. (53)

IV. THE PEAK AOI VIOLATION PROBABILITY

MINIMIZATION IN THE FINITE

BLOCKLENGTH REGIME

In this section, taking into account the transmit power and
UAV trajectory constraints, we formulate and solve the FBC
based peak AoI violation probability minimization problem
for our proposed AoI-driven UAV schemes.

A. The Peak AoI Violation Probability Minimization in the
Finite Blocklength Regime

Denote by B � {bu,k(μ), ∀μ ∈ N, ∀k ∈ K, ∀u ∈ U}, P �{
P(μ)

u,k , ∀μ ∈ N, ∀k ∈ K, ∀u ∈ U
}

, and Q � {qu,k(μ), ∀μ ∈
N, ∀k ∈ K, ∀u ∈ U} the user association vector, transmit
power vector, and UAV trajectory vector, respectively, for K
sensing-targets at U UAVs for transmitting N status-update
data packets. Based on Eq. (53), given the peak AoI thresh-
old Ath, we can formulate the total peak AoI violation
probability minimization problem P1 for transmitting N
status-update data packets of K sensing-targets over our
proposed AoI-driven UAV multimedia mobile networks in the
finite blocklength regime as follows:

P1 : arg min
{B,P,Q}

{
U∑

u=1

N∑
μ=1

K∑
k=1

�
(μ,AoI)
u,k

}

≤ arg min
{B,P,Q}

⎧⎨⎩
U∑

u=1

N∑
μ=1

K∑
k=1

e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)

×
MT S

u,k(μ)(1 + θ)

1−MT I
u,k(μ−1,μ)(1− θ)MT S

u,k(μ)(1 + θ)

⎫⎬⎭ (54)

s.t. C1: �
(
γ

(μ)
u,k

)
≤ �th, k ∈ K; (55)

C2:
K∑

k=0

bu,k(μ)P(μ)
u,k ≤ P, k ∈ K; (56)

C3:
∥∥qu,k(μ + 1)−qu,k(μ)

∥∥≤VmaxTu,k(μ),
μ = 1, . . . , (N − 1), k∈K; (57)

C4:
∥∥qu,k(μ)− qu′,k(ν)

∥∥2≥dmin, μ, ν∈N, k∈K; (58)
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C5: qu,1(μ) = qu,I; (59)

C6: qu,(K+1)(μ) = qu,F; (60)

C7: pu,k(μ) ≥ pth, k ∈ K, (61)

C8: Hmin ≤ zu,k(μ) ≤ Hmax, k ∈ K; (62)

C9: bu,k(μ) ∈ {0, 1}, k ∈ K. (63)

C10:
U∑

u=1

bu,k(μ) ≤ 1, k ∈ K. (64)

when the stability condition MT I
u,k(μ−1,μ)(1 − θ)MT S

u,k(μ)

(1 + θ) < 1 holds, where �th is the upper bound on the
decoding error probability and P is the average transmit power.
The coupling of different optimization variables {B, P , Q}
makes the minimization problem P1 in Eq. (54) a non-convex
optimization problem. In addition, bu,k(μ) is a binary variable
which makes P1 a mixed integer program. Therefore, we can-
not directly solve P1 by using standard convex optimization
techniques. We can devide the minimization problem P1 in
Eq. (54) into the following two sub-problems and solve the
minimization problem in an iterative manner.

B. Optimal Power Allocation, User Association, and UAV
Trajectory Policies in the Finite Blocklength Regime

1) The Optimal Power Allocation and User Association
Policy: Given the UAV trajectory Q for collecting and trans-
mitting N status-update data packets for all K sensing-
targets, we need to derive the optimal power allocation and
user association policy to minimize the peak AoI violation
probability. Since the inter-arrival time is known for a given
UAV trajectory vector Q, we can convert the optimization
problem P1 in Eq. (54) into the following suboptimal problem:

P2 :arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

MT S
u,k(μ)(1 + θ)

}

= arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

E
γ
(μ)
u,k

[
exp

{
θT S

u,k(μ)
}]}

(65)

subject to the constraints C1, C2, C7, C9, and C10 given
in Eqs. (55), (56), (61), (63), and (64), respectively, where
E

γ
(μ)
u,k

[·] is the expectation operation over the SNR γ
(μ)
u,k .

We used the fact that the objective function in problem P1

in Eq. (54) is monotonically increasing in MT S
u,k(μ)(1 + θ).

Denote by T the unit time for each channel use. Since the
status-update data packets may not be decoded correctly at the
GBS, we apply the retransmission protocol. Using the retrans-
mission protocol, we can derive the service time for transmit-
ting the μth status-update data packet of sensing-target k from
UAV u to the GBS as follows:

T S
u,k(μ) =

nT

1− �
(
γ

(μ)
u,k

) . (66)

To characterize the convexity of service time T S
u,k(μ), first,

we need to analyze the convexity of the decoding error
probability function with respect to the SNR as detailed in
the following theorem.

Theorem 3: The decoding error probability function �(γ(μ)
u,k)

is convex with respect to the SNR γ
(μ)
u,k when γ

(μ)
u,k > 0, ∀μ.

Proof: To analyze the convexity of decoding

error probability function �(γ(μ)
u,k), first, we define the

following auxiliary function:

Φ
(
γ

(μ)
u,k

)
�

C
(
γ

(μ)
u,k

)
− log2 M

n√
V

(
γ

(μ)
u,k

)
/n

. (67)

Thus, based on Eq. (17), the decoding error probability func-
tion �(γ(μ)

u,k) ≈ Q(Φ(γ(μ)
u,k)). Second, we obtain the first-order

derivative of �(γ(μ)
u,k) with respect to the SNR γ

(μ)
u,k as follows:

∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

= − 1√
2π

e−
Φ2(γ

(μ)
u,k)

2

∂Φ
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

, (68)

where

∂Φ
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

=
√

n

⎧⎨⎩ 1
(log 2)

[(
γ

(μ)
u,k

)2

+2γ
(μ)
u,k

]
−log2

(
1+γ

(μ)
u,k

)

+
log2 M

n

{[
γ

(μ)
u,k

(
γ

(μ)
u,k + 2

)] 3
2

}−1
⎫⎬⎭

≥
√

n

⎡⎢⎣
(
γ

(μ)
u,k + 1

)2

− 1− log
(
1 + γ

(μ)
u,k

)
(log 2)

[
γ

(μ)
u,k

(
γ

(μ)
u,k + 2

)] 3
2

⎤⎥⎦ .

(69)

Then, we define an auxiliary function, denoted by G(x)
(x > 1), as follows:

G(x) = x2 − 1− log(x) (70)

where x � 1 + γ
(μ)
u,k . Taking the first-order derivative of G(x)

with respect to x, we get

∂G(x)
∂x

=
2x2 − 1

x
. (71)

Since x > 1, we can obtain ∂G(x)
∂x > 0, i.e., function G(x)

is an increasing function of x when x > 1. Since G(1) = 0,
we obtain G(x) > 0 when x > 1. Correspondingly,

we get
∂Φ

�
γ
(μ)
u,k

�

∂γ
(μ)
u,k

> 0, which implies that the following

equation holds:

∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

< 0. (72)

Thus, the decoding error probability is a monotonically
decreasing function of the SNR. Third, we take the
second-order derivative of function Φ

(
γ

(μ)
u,k

)
with respect to

γ
(μ)
u,k as follows:

∂2Φ
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2

=
√

n[
γ

(μ)
u,k

(
γ

(μ)
u,k + 2

)]3

⎧⎨⎩
⎡⎣ 1

(log 2)

(
2γ

(μ)
u,k + 2

)
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− 1

(log 2)
(
1+γ

(μ)
u,k

)
⎤⎦[γ(μ)

u,k

(
γ

(μ)
u,k+ 2

)] 3
2 − 3

{
1

(log 2)

×
[(

γ
(μ)
u,k

)2

+2γ
(μ)
u,k

]
− log2

(
1 + γ

(μ)
u,k

)
+

log2 M

n

}

×
(
1 + γ

(μ)
u,k

) [
γ

(μ)
u,k

(
γ

(μ)
u,k + 2

)] 1
2

⎫⎬⎭
≤

√
n

(log 2)
[
γ

(μ)
u,k

(
γ

(μ)
u,k +2

)] 3
2

⎧⎪⎪⎨⎪⎪⎩
(
2γ

(μ)
u,k+2

)
− 1(

1+γ
(μ)
u,k

)

−3
[(

γ
(μ)
u,k

)2

+2γ
(μ)
u,k−log

(
1+γ

(μ)
u,k

)] (
1+γ

(μ)
u,k

)
γ

(μ)
u,k

(
γ

(μ)
u,k +2

)
⎫⎪⎪⎬⎪⎪⎭

=
√

n

(log 2)
[
γ

(μ)
u,k

(
γ

(μ)
u,k +2

)] 3
2

⎡⎣3
(
1+γ

(μ)
u,k

)
log

(
1+γ

(μ)
u,k

)
(
1+γ

(μ)
u,k

)2

− 1

−
(
γ

(μ)
u,k+1

)
− 1(

1+γ
(μ)
u,k

)
⎤⎦. (73)

Then, to determine whether Eq. (73) is less than zero or not,
we define an auxiliary function, denoted by F (x) (x > 1),
as follows:

F (x) =
3x log(x)
x2 − 1

− x− 1
x

(74)

where x � 1 + γ
(μ)
u,k . Then, taking the first-order derivative of

the auxiliary function F (x) with respect to x, we have

∂F (x)
∂x

=
[3 log(x) + 3](x2 − 1)− 6x2 log(x)

(x2 − 1)2
− 1 +

1
x2

=
3x2 − 3x2 log(x)− 3 log(x)− 3

(x2 − 1)2
− 1 +

1
x2

. (75)

Since x > 1, i.e., γ
(μ)
u,k > 0, we can easily show that

∂F (x)
∂x < 0, which implies that the function F (x) is a

monotonically decreasing function of x when x > 1. Since
lim

x→1+
F (x) = − 1

2 < 0 and F (x) is a monotonically decreas-

ing function of x when x > 1, using the fact that F (x) is a
continuous function over x for x > 1, we can obtain F (x) < 0
when x > 1, implying that the following equation holds:

∂2Φ
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2 < 0 (76)

when γ
(μ)
u,k > 0. Finally, using Eqs. (68), (69), and (73),

we can obtain the second-order derivative of �(γ(μ)
u,k) with

respect to γ
(μ)
u,k as follows:

∂2�
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2 =
1√
2π

e−
Φ2(γ

(μ)
u,k)

2

⎧⎪⎨⎪⎩Φ
(
γ

(μ)
u,k

)⎡⎣∂Φ
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

⎤⎦2

−
∂2Φ

(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2

⎫⎪⎬⎪⎭ > 0, (77)

which implies that the decoding error probability �(γ(μ)
u,k) is a

convex function with respect to the SNR γ
(μ)
u,k when γ

(μ)
u,k > 0.

Therefore, we complete the proof of Theorem 3.
Remarks on Theorem 3: Since the SNR is a linear function of
the transmit power P(μ)

u,k , Theorem 3 implies that the decoding

error probability function �
(
γ

(μ)
u,k

)
is convex in the transmit

power P(μ)
u,k . Then, we need to analyze the convexity of the

service time T S
u,k(μ) with respect to the SNR, motivating the

following theorem.
Theorem 4: If the decoding error probability function

�(γ(μ)
u,k) and service time T S

u,k(μ) are characterized by
Eq. (17) and (66), respectively, then the following claims
hold for our proposed AoI-driven UAV schemes in the finite
blocklength regime.

Claim 1. The service time T S
u,k(μ) is convex with respect

to the decoding error probability function �
(
γ

(μ)
u,k

)
, ∀μ.

Claim 2. The service time T S
u,k(μ) is convex with respect

to the SNR γ
(μ)
u,k when γ

(μ)
u,k > 0, ∀μ.

Proof: We proceed with the proof by showing Claim 1
and Claim 2, respectively.

Claim 1. To analyze the convexity of the service time
T S

u,k(μ) in the decoding error probability function �
(
γ

(μ)
u,k

)
,

first, we obtain the first-order derivative of T S
u,k(μ) with

respect to the SNR γ
(μ)
u,k as follows:

∂T S
u,k(μ)

∂γ
(μ)
u,k

=
∂T S

u,k(μ)

∂�
(
γ

(μ)
u,k

) ∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

(78)

where

∂T S
u,k(μ)

∂�
(
γ

(μ)
u,k

) =
nT[

1− �
(
γ

(μ)
u,k

)]2 > 0 (79)

which implies that T S
u,k(μ) is an increasing function with

respect to �
(
γ

(μ)
u,k

)
. Second, we obtain the second-order deriv-

ative of T S
u,k(μ) with respect to the decoding error probability

function �
(
γ

(μ)
u,k

)
as follows:

∂2T S
u,k(μ)

∂
[
�
(
γ

(μ)
u,k

)]2 =
2nT[

1− �
(
γ

(μ)
u,k

)]3 > 0, (80)

implying that the service time T S
u,k(μ) is a convex function

with respect to the decoding error probability function �(γ(μ)
u,k),

∀μ. Thus, we complete the proof of Claim 1 in Theorem 4.
Claim 2. Using chain rule, we obtain the second-order

derivative of T S
u,k(μ) with respect to the SNR γ

(μ)
u,k as follows:

∂2T S
u,k(μ)

∂
[
γ

(μ)
u,k

]2 =
∂2T S

u,k(μ)

∂
[
�
(
γ

(μ)
u,k

)]2

⎡⎣∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

⎤⎦2

+
∂T S

u,k(μ)

∂�
(
γ

(μ)
u,k

) ∂2�
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2

> 0. (81)

Equation (81) implies that the service time T S
u,k(μ) is

a convex function with respect to the SNR γ
(μ)
u,k when
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γ
(μ)
u,k > 0, ∀μ. Therefore, we complete the proof of Claim 2 in

Theorem 4.
Remarks on Theorem 4: Since the SNR is a linear function

of P(μ)
u,k , Theorem 4 implies that the service time T S

u,k(μ) is

convex in P(μ)
u,k .

Using the results given in Theorem 4, we can apply the
Jensen’s inequality and obtain the following equations:

MT S
u,k(μ)(1 + θ) = E

γ
(μ)
u,k

[
exp

{
θT S

u,k(μ)
}]

≥ exp
{
θE

γ
(μ)
u,k

[
T S

u,k(μ)
]}

. (82)

Since the SNR is a linear function of P(μ)
u,k , Theorem 4 implies

that the objective function of the minimization problem P2

given by Eq. (65) is convex in P(μ)
u,k . However, the constraint

C1 specified by Eq. (55) is still non-convex. Towards this end,
we define the following auxiliary function:

Ψ
(
γ

(μ)
u,k

)
� �

(
γ

(μ)
u,k

)
. (83)

Based on Eq. (72), the decoding error probability function
�
(
γ

(μ)
u,k

)
is decreasing with respect to the SNR, which equiva-

lently implies that the auxiliary function Ψ
(
γ

(μ)
u,k

)
is decreas-

ing with respect to the SNR γ
(μ)
u,k . We can then convert the

inequality in constraint C1 given by Eq. (55) into an equivalent
constraint C1′ as follows:

C1′ : γ
(μ)
u,k ≥ Ψ−1 (�th) (84)

where Ψ−1(·) is the inverse of the function Ψ
(
γ

(μ)
u,k

)
given

in Eq. (83). Using Eqs. (8) and (84), we have

C1′′ : P(μ)
u,k ≤

σ2
(∥∥q̃u,k(μ)

∥∥2
+ [zu,k(μ)]2

)
Ψ−1 (�th)

β0
,

(85)

which is convex with respect to the transmit power P(μ)
u,k .

As a result, the minimization problem P2 given by Eq. (65)
subject to the constraints C1′′, C2, C9, and C10 given
in Eqs. (55), (56), (63), and (64), respectively, is a mixed
integer disciplined convex program (MIDCP) problem which
obeys the same convexity rules as standard disciplined convex
programs (DCPs). This implies that there exists a unique
optimal solution that minimizes problem P2 and the global
optimum can be efficiently found by the combination of a
traditional convex optimization algorithm with an exhaustive
search, such as branch and bound algorithm which can quickly
and efficiently find the optimal solution when the limits are
set appropriately. This can be done by applying the CVX
toolbox [43].

2) The Optimal UAV Trajectory Policy: Once the optimal
power and user association allocation policy is selected in
the previous step, the minimization problem P1 specified
by Eq. (54) becomes a feasible optimization problem in Q.
Therefore, we need to find the optimal UAV trajectory policy
to minimize the peak AoI violation probability. We can convert
the minimization problem P1 into a suboptimal problem P3

as follows:

P3 : argmin
Q

{
U∑

u=1

N∑
μ=1

K∑
k=1

e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)

×
MT S

u,k(μ)(1+θ)

1−MT I
u,k

(μ−1,μ)(1−θ)MT S
u,k

(μ)(1+θ)

}
(86)

subject to the constraints C1′′ and C3 − C10 given in
Eqs. (85) and (57)-(64), respectively. To solve the minimiza-
tion problem P3 in Eq. (86), first, we need to characterize the
convexity of the Mellin transforms of the inter-arrival time
MT I

u,k(μ−1,μ)(1 + θ) and MT I
u,k(μ−1,μ)(1 − θ) in the expo-

nential domain with respect to distance du,k(μ), respectively,
which motivates the following theorem.

Theorem 5: The Mellin transform of the inter-arrival time
MT I

u,k(μ−1,μ)(1+θ) in the exponential domain is convex with
respect to distance du,k(μ), ∀μ.

Proof: Using Eqs. (19) and (52), we can obtain the
first-order derivative of MT I

u,k(μ−1,μ)(1 + θ) with respect to
the distance du,k(μ) between the UAV and mobile device k
as follows:
∂MT I

u,k(μ−1,μ)(1 + θ)

∂du,k(μ)
=

∂MT I
u,k(μ−1,μ)(1 + θ)

∂pu,k(μ)
∂pu,k(μ)
∂du,k(μ)

(87)

where

∂MT I
u,k(μ−1,μ)(1 + θ)

∂pu,k(μ)
=

eθ
(
1− eθ

)
{1− eθ [1− pu,k(μ)]}2

, (88)

and

∂pu,k(μ)
∂du,k(μ)

= −ξe−ξdu,k(μ) < 0. (89)

Since 1 − eθ < 0, we can obtain
∂MT I

u,k
(μ−1,μ)(1+θ)

∂du,k(μ) > 0.

Using chain rule, we obtain the second-order derivative of
MT I

u,k(μ−1,μ)(1 + θ) with respect to du,k(μ) as follows:

∂2MT I
u,k(μ−1,μ)(1+θ)

∂ [du,k(μ)]2

=
∂2MT I

u,k(μ−1,μ)(1+θ)

∂ [pu,k(μ)]2

[
∂pu,k(μ)
∂du,k(μ)

]2

+
∂MT I

u,k(μ−1,μ)(1 + θ)

∂pu,k(μ)
∂2pu,k(μ)

∂ [du,k(μ)]2
(90)

where

∂2MT I
u,k

(μ−1,μ)(1 + θ)

∂ [pu,k(μ)]2
=

−2e2θ
(
1− eθ

)
{1− eθ [1− pu,k(μ)]}3

, (91)

and

∂2pu,k(μ)
∂ [du,k(μ)]2

= (ξ)2e−ξdu,k(μ) > 0. (92)

Since 1 − eθ [1− pu,k(μ)] > 0, we can show that
∂2MT I

u,k
(μ−1,μ)(1+θ)

∂[pu,k(μ)]2
> 0. Therefore, we also obtain that
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∂2MT I
u,k

(μ−1,μ)(1+θ)

∂[du,k(μ)]2
> 0, implying that the Mellin transform

of the inter-arrival timeMT I
u,k(μ−1,μ)(1+θ) in the exponential

domain is convex with respect to the transmission distance
du,k(μ). Therefore, we complete the proof of Theorem 5.

Remarks on Theorem 5: Due to du,k(μ) =∥∥qu,k(μ)− qG,k

∥∥, Theorem 5 implies that the Mellin
transform of the inter-arrival time MT I

u,k(μ−1,μ)(1 + θ)
is convex with respect to qu,k(μ). Similarly, we can
obtain that the Mellin transform of the inter-arrival time
MT I

u,k
(μ−1,μ)(1 − θ) is convex with respect to qu,k(μ).

Second, we need to analyze the convexity of the Mellin
transform of the service time MT S

u,k(μ)(1 + θ) in the
exponential domain with respect to qu,k(μ). Based on
Eq. (82), it is equivalent to analyze the convexity of T S

u,k(μ)
with respect to qu,k(μ). Claim 2 of Theorem 4 has shown
that the service time T S

u,k(μ) is convex with respect to the

SNR γ
(μ)
u,k when γ

(μ)
u,k > 0. Using Eq. (8), we obtain that the

SNR γ
(μ)
u,k is convex with respect to qu,k(μ) when γ

(μ)
u,k > 0,

which implies that the service time T S
u,k(μ) is convex in

qu,k(μ), ∀μ. Third, we can easily show that the constraints
C1′′ and C7 are both convex in qu,k(μ). Therefore, we can
show that the objective function of the minimization problem
P3 given by Eq. (86) is convex with respect to qu,k(μ) under
the constraints C1′′ and C3 − C10 given in Eqs. (85) and
(57)-(64), respectively. As a result, the minimization problem
P3 in Eq. (86) can be solved by using the conventional
exhaustive search algorithms can find the optimal solutions
for each sub-problem in an iterative manner. However,
the time efficiency of the exhaustive search method may
be poor and the computational complexity will increase
dramatically as the problem size becomes larger, which may
impose some application limitation for mURLLC traffics.
Therefore, we develop the Recursive Uniform Search (RUS)
algorithm, which is a modified version of Recursive Random
Search (RRS) algorithm [44]. There are several advantages
for the RUS algorithm, such as faster convergence, lower
computational complexity, and fewer parameters, as compared
with exhaustive search algorithms. Thus, we develop an RUS
based algorithm as shown in Algorithm 1 to solve the
minimization problem P1 given by Eq. (54) for our proposed
AoI-driven UAV schemes in the finite blocklength regime.

Our algorithm starts by generating a set of initial I
high-efficiency future/next position candidates, denoted by

q
(i)
u,k(μ+1), for i = 1, . . . , I , to identify promising candidates

and form initial population set, denoted by I, with the set
cardinality: |I| = I for set I. These candidates need to satisfy
the trajectory constraints C3 − C6 given in Eqs. (57)-(60),
respectively. Then, we determine the objective function
achieved by each candidate position by solving the MIDCP
optimization problem. We find the initial optimal local can-
didate, denoted by i(�,local)(μ), which provides the highest
solution in the �th iteration (� = 0, 1, . . . , Lmax), where Lmax

is the predetermined maximum number of iterations. Further-
more, we start recursive sampling with uniform distribution in
these areas. Using shrink-and-realign sample spaces process
to find the optimal solution, denoted by iopt(μ), and the

Algorithm 1 : Recursive Random Search (RRS) Based
Algorithm for Solving P1 in Eq. (54)

Input: K, N, U, Ath, �th, n, M, T, ξ,P, Vmax, Hmin, Hmax,
qu,I, qu,F, iteration tolerance threshold τ ;

Initialization:
{
B(0), P(0), Q(0)

}
for μ = 1, . . . , N do

Set � = 1
Generate an initial population set I, which consists of I

candidates q
(i)
u,k(μ + 1), i = 1, . . . , I , that satisfies the

trajectory constraints C3 − C6 given in Eqs. (57)-(60),
respectively;
Repeat
for i = 1, . . . , I do

Given Q(�), calculate P(�+1) and B(�+1) by solving the
MIDCP optimization problem P2 in Eq. (65) using CVX
toolbox;
Compute the corresponding objective function;

end for
Find the best local candidate iopt(μ) that results in the
highest objective function in the �th iteration;
Start recursive sampling with uniform distribution in these
areas and use shrink-and-realign sample spaces process to
find the best solution;
�← (� + 1);

end for
Until The fractional increase of the objective function in
Eq. (54) is no larger than the iteration tolerance threshold τ .

corresponding optimal trajectory, denoted by q
(iopt)
u,k (μ + 1).

Then, the proposed shrink-and-realign procedure is repeated
until the size of the sample space decreases below a threshold,
denoted by τ .

V. JOINT OPTIMIZATION AND TRADEOFF MODELING

FOR PEAK AOI VIOLATION PROBABILITY AND

�-EFFECTIVE CAPACITY OVER AOI-DRIVEN

UAV MOBILE NETWORKS USING FBC

In this section, we apply the Mellin transform of the
service process in the exponential domain to jointly optimize
the peak AoI violation probability and �-effective capacity
and characterize their tradeoff in supporting our proposed
statistical delay and error-rate bounded QoS provisioning over
AoI-driven UAV multimedia mobile networks in the finite
blocklength regime.

A. Joint Peak AoI Violation Probability and �-Effective
Capacity Optimization Using FBC

Statistical delay-bounded QoS guarantees [45] have been
extensively studied for analyzing queuing behavior for
time-varying arrival and service processes. Traditionally,
the effective capacity measures queuing process which is
independent of the decoding error at the receiver.

Definition 3: Based on the Large Deviation Principle (LDP),
under sufficient conditions, the queueing process Q converges
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in distribution to a random variable Q(∞) such that

− lim
Qth→∞

log (Pr {Q(∞) > Qth})
Qth

= θ (93)

where Qth represents the overflow threshold and θ > 0 is
defined as the QoS exponent, which measures the exponential
decay rate of the delay-bounded QoS violation probabilities.

To be more specific, Eq. (93) states that the probability of
the queuing process exceeding a certain threshold Qth decays
exponentially fast as the threshold Qth increases. A smaller θ
corresponds to a slower decay rate, which implies that the
system can only provide a looser QoS guarantee, while a
larger θ leads to a faster decay rate, which means that a more
stringent QoS can be supported. In particular, when θ → 0,
the system can tolerate an arbitrarily long delay; when θ →∞,
the system cannot tolerate any delay.

Definition 4: The effective capacity, denoted by EC
(μ)
u,k(θ),

for transmitting the μth status-update data packet of
sensing-target k from UAV u to the GBS is defined as the
maximum constant arrival rate for a given service process
subject to statistical delay-bounded QoS constraints, which is
given as follows:

EC
(μ)
u,k(θ) = − 1

θ log
{

E
γ
(μ)
u,k

[
e
−θR

�
γ
(μ)
u,k

�]}
(94)

where R
(
γ

(μ)
u,k

)
is given by Eq. (16). However, the effective

capacity only considers statistical delay-bounded QoS con-
straints. For our proposed AoI-driven UAV schemes, we intro-
duce the new concept of �-effective capacity for statistical
delay and error-rate bounded QoS provisioning in supporting
6G mURLLC in the finite blocklength regime. To characterize
the �-effective capacity function, we need to first derive the
service process, denoted by Su,k(μ), for transmitting the
μth status-update data packet of sensing-target k from UAV
u to the GBS in the bit domain as follows:

Su,k(μ) =

⎧⎨⎩log2 M, with probability 1− �
(
γ

(μ)
u,k

)
;

0, with probability �
(
γ

(μ)
u,k

)
,

(95)

where �
(
γ

(μ)
u,k

)
is given by Eq. (17). Then, we derive

the Mellin transform of the service process, denoted by
MSu,k(μ)(θ), from UAV u to the GBS in the exponential
domain as follows:

MSu,k(μ)(θ)

= E
γ
(μ)
u,k

[
e(θ−1)Su,k(μ)

]
= E

γ
(μ)
u,k

[
�
(
γ

(μ)
u,k

)]
+ E

γ
(μ)
u,k

[
1−�

(
γ

(μ)
u,k

)]
e(θ−1) log2 M .

(96)

Thus, using Eq. (96), we obtain the definition expression for
the �-effective capacity with the (n, M, �)-code as follows.

Definition 5: For an (n, M, �)-code, the �-effective capacity,
denoted by EC

(ε,μ)
u,k (θ), for transmitting the μth status-update

data packet of sensing-target k from UAV u to the GBS
is defined as the maximum constant arrival rate for a

given service process considering the non-vanishing decod-
ing error-probability �

(
γ

(μ)
u,k

)
subject to statistical delay and

error-rate bounded QoS constraints, which is given as follows:

EC
(ε,μ)
u,k (θ)

� − 1
nθ

log
{
MSu,k(μ)(1 − θ)

}
=− 1

nθ
log

{
E

γ
(μ)
u,k

[
�
(
γ

(μ)
u,k

)]
+E

γ
(μ)
u,k

[
1−�

(
γ

(μ)
u,k

)]
e−θ log2 M

}
(97)

where �
(
γ

(μ)
u,k

)
is given by Eq. (17).

Since our goal is to simultaneously optimize both the peak
AoI violation probability and the �-effective capacity over a
feasible set determined by constraint functions, how to balance
these two optimization problems falls into the category of an
multi-objective optimization problem (MOP) [46]. Based on
the definition for the �-effective capacity, we can formulate
a joint optimization problem P4 of the peak AoI violation
probability and the �-effective capacity for statistical delay
and error-rate bounded QoS provisioning over our proposed
AoI-driven UAV multimedia mobile networks in the finite
blocklength regime as in the following equation:

P4 : arg min
{B,P,Q}

{
U∑

u=1

N∑
μ=1

K∑
k=1

�
(μ,AoI)
u,k

}

and arg max
{B,P,Q}

{
U∑

u=1

N∑
μ=1

K∑
k=1

EC
(ε,μ)
u,k (θ)

}
(98)

subject to the constraints C1′′ and C2−C10 given in Eqs. (85)
and (56)-(64), respectively. Similar to the peak AoI minimiza-
tion problem as discussed in Section IV, we can iteratively
solve the minimization problem P4 by converting it into two
sub-problems as follows.

B. Optimal Power Allocation, User Association, and UAV
Trajectory Policies in the Finite Blocklength Regime

1) The Optimal Power Allocation and Optimal User Asso-
ciation Policy: Given the UAV trajectory Q, we need to find
the optimal power allocation and user association policy to
solve the joint optimization problem P4 given by Eq. (98).
Similar to the suboptimal problem P2 given by Eq. (65) in
Section IV, we can convert the optimization problem P4 into
the following MOP P5:

P5 : arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

MT S
u,k(μ)(1 + θ)

}

and arg max
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

EC
(ε,μ)
u,k (θ)

}
(99)

subject to the constraints C1′′, C2, C7, C9, and C10 given
in Eqs. (85), (56), (61), (63), and (64), respectively. Based on
Eq. (97), we can convert the �-effective capacity maximization
in MOP P5 into the following equivalent joint minimization
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problem:

P6 : arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

MT S
u,k

(μ)(1 + θ)

}

and arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

MSu,k(μ)(1− θ)

}
(100)

subject to the constraints C1′′, C2, C7, C9, and C10 given
in Eqs. (85), (56), (61), (63), and (64), respectively. To solve
the joint minimization problem P6, we need to proceed with
the following three steps.

First, we derive the first-order derivative ofMSu,k(μ)(1−θ)
with respect to the SNR γ

(μ)
u,k as follows:

∂MSu,k(μ)(1− θ)

∂γ
(μ)
u,k

=
∂MSu,k(μ)(1− θ)

∂�
(
γ

(μ)
u,k

) ∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

=
(
1− e−θ log2 M

) ∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

. (101)

Since 1 − e−θ log2 M > 0 for θ > 0 and
∂ε
�

γ
(μ)
u,k

�

∂γ
(μ)
u,k

< 0

specified by Eq. (72), we obtain
∂MSu,k(μ)(1−θ)

∂γ
(μ)
u,k

< 0, which

implies that MSu,k(μ)(1 − θ) is a decreasing function of

the SNR γ
(μ)
u,k . On the other hand, since we have shown that

MT S
u,k(μ)(1 + θ) is an increasing function with respect to

�
(
γ

(μ)
u,k

)
in Section IV, we can observe that there is a tradeoff

between MT S
u,k(μ)(1 + θ), dictating the peak AoI violation

probability, and MSu,k(μ)(1 − θ), dictating the �-effective
capacity, where MT S

u,k(μ)(1 + θ) intends to monotonically

decrease and EC
(ε,μ)
u,k (θ) intends to monotonically

increase as the decoding error probability function
�
(
γ

(μ)
u,k

)
→ 0.

Second, in order to solve the MOP P6 and to achieve
the Pareto optimal solutions, we apply the weighted sum
method [47] to convert the MOP into a single-objective
optimization problem (SOP). As a result, the joint optimization
problem P6 given by Eq. (100) can be transformed into the
following optimization problem:

P7 : arg min
{B,P}

{
U∑

u=1

N∑
μ=1

K∑
k=1

λMT S
u,k(μ)(1 + θ) + (1− λ)

×MSu,k(μ)(1− θ)

}
(102)

subject to the constraints C1′′, C2, C7, C9, and C10 given in
Eqs. (85), (56), (61), (63), and (64), respectively. Specifically,
weight λ and (1 − λ) represent the relative importance of
the two objective functions in Eq. (102). When λ = 1,
the weighted sum optimization problem P7 reduces to the
peak AoI violation probability minimization problem, which
is the same problem that we discussed in Section IV, while
when λ = 0, P7 is simplified into the �-effective capacity
maximization problem. We can show that if there exists the

unique optimal solution, denoted by Popt, of the weighted
sum optimization problem P7 given by Eq. (102), then Popt

is also the Pareto optimal for the original MOP P6 given by
Eq. (100).

Third, we need to analyze the convexity ofMSu,k(μ)(1−θ)
with respect in P , which is equivalent to analyze the convexity
of MSu,k(μ)(1 − θ) in γ

(μ)
u,k . Using Eq. (101), we can obtain

the second-order derivative of MSu,k(μ)(1 − θ) with respect

to the SNR γ
(μ)
u,k as follows:

∂2MSu,k(μ)(1 − θ)

∂
[
γ

(μ)
u,k

]2 =
∂2MSu,k(μ)(1− θ)

∂
[
�
(
γ

(μ)
u,k

)]2

⎡⎣∂�
(
γ

(μ)
u,k

)
∂γ

(μ)
u,k

⎤⎦2

+
∂MSu,k(μ)(1− θ)

∂�
(
γ

(μ)
u,k

) ∂2�
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2

(a)
=

(
1− e−θ log2 M

) ∂2�
(
γ

(μ)
u,k

)
∂
[
γ

(μ)
u,k

]2

(b)
> 0

(103)

where (a) is due to
∂2MSu,k(μ)(1−θ)

∂
�
ε
�

γ
(μ)
u,k

��2 = 0 and (b) is

due to Eq. (77). This implies that the second term
(1 − λ)MSu,k(μ)(1 − θ) of Eq. (102) is convex in γ

(μ)
u,k .

Therefore, we can observe that the objective function in
problem P7 given by Eq. (102) subject to the constraints C1′′,
C2, C9, and C10 given in Eqs. (85), (56), (63), and (64),
is convex in the transmit power P , implying that there exists
a unique optimal solution to the minimization problem P7.
Therefore, similar to the peak AoI minimization problem
discussed in Section IV, the minimization problem P7 is a
mixed integer disciplined convex program problem and can
be efficiently solved by using the CVX toolbox.

2) The Optimal UAV Trajectory Policy: Similar to
Section IV, once the optimal power allocation and user associ-
ation policy is selected in the previous step, the minimization
problem P4 specified by Eq. (98) becomes a feasible opti-
mization problem in Q. We can convert the joint optimization
problem P4 given by Eq. (98) into the following MOP P8:

P8 : arg min
Q

⎧⎨⎩
U∑

u=1

N∑
μ=1

K∑
k=1

e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)

×
MT S

u,k(μ)(1 + θ)

1−MT I
u,k(μ−1,μ)(1− θ)MT S

u,k(μ)(1 + θ)

⎫⎬⎭ and

argmin
Q

{
U∑

u=1

N∑
μ=1

K∑
k=1

MSu,k(μ)(1− θ)

}
(104)

subject to the constraints C1′′ and C3−C10 given in Eqs. (85)
and (57)-(64), respectively. Then, we can then convert the
joint optimization problem P8 into the following weighted
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Fig. 3. The Mellin transform of the inter-arrival time MT I
u,k

(µ−1,µ)(1+θ)

vs. θ for our proposed AoI-driven UAV schemes using FBC.

sum optimization problem P9:

P9 : arg min
Q

⎧⎨⎩
U∑

u=1

N∑
μ=1

K∑
k=1

λ̃e−
θAth

n MT I
u,k(μ−1,μ)(1 + θ)

×
MT S

u,k(μ)(1 + θ)

1−MT I
u,k(μ−1,μ)(1− θ)MT S

u,k(μ)(1 + θ)

+(1− λ̃)MSu,k(μ)(1 − θ)

⎫⎬⎭ (105)

subject to the constraints C1′′ and C3−C10 given in Eqs. (85)
and (57)-(64), where λ̃ ∈ [0, 1] is the importance weight. Since
we have shown that the Mellin transform of the service process
MSu,k(μ)(1 − θ) in the exponential domain is convex with
respect to the SNR,MSu,k(μ)(1−θ) is also convex in qu,k(μ).
In addition, since we have shown that the Mellin transform
of the inter-arrival time and service time in the exponential
domain are both convex with respect to qu,k(μ) as detailed in
Section IV, the objective function in P9 specified by Eq. (105)
subject to the constraints C1′′ and C3−C10 given in Eqs. (85)
and (57)-(64), respectively, is convex with respect to the UAV
trajectory qu,k(μ). This implies that there exits a unique
optimal solution to the weighted sum optimization problem
P9, i.e., there exits the Pareto optimal for the original MOP
problem P8 given by Eq. (104). Therefore, the minimization
problem P9 can be quickly and efficiently solved by using the
same approach as detailed in Section IV.

VI. PERFORMANCE EVALUATIONS

We use MATLAB-based simulations to validate and evalu-
ate our proposed AoI-driven UAV multimedia mobile networks
under statistical delay and error-rate bounded QoS provision-
ing in the finite blocklength regime. Consider that mobile
devices are randomly and uniformly distributed in a region
with a radius of 1 km. Throughout our simulations, we set
the number of mobile devices K ∈ [100, 700], the number
of UAVs U = 15, the maximum height of the UAV Hmax =
100 m, the minimum height of the UAV Hmin = 25 m, the
maximum UAV velocity Vmax = 20 m/s, the packet size of
each status-update information M ∈ [300, 1000] bits, the unit
time for each channel use T = 1

M , the sensing performance
parameter ξ = 0.01, the successful arrival probability thresh-
old pth ∈ [0.8, 0.9], and the blocklength n ∈ [100, 600].

Fig. 4. The Mellin transform of the service time MT S
u,k

(µ)(1 + θ) vs. θ

for our proposed AoI-driven UAV schemes using FBC.

Fig. 5. The upper-bounded peak AoI violation probability vs. θ for our
proposed AoI-driven UAV schemes in the finite blocklength regime.

Using Eq. (52), Fig. 3 plots the Mellin transform of the
inter-arrival time MT I

u,k(μ−1,μ)(1 + θ) in the exponential
domain as a function of θ for our proposed AoI-driven
UAV schemes using FBC. Fig. 3 shows that the Mellin
transform of the inter-arrival time MT I

u,k(μ−1,μ)(1 + θ)
decreases as the arrival probability pu,k(μ) increases. As
shown in Fig. 3, the Mellin transform of the inter-arrival time
MT I

u,k(μ−1,μ)(1 + θ) increases as θ increases. This implies
that a smaller θ (θ → 0) and a larger θ (θ → ∞) set a
lower bound and upper bound on the Mellin transform of
the inter-arrival time MT I

u,k(μ−1,μ)(1 + θ), respectively. In
addition, Fig. 4 depicts the Mellin transform of the service
timeMT S

u,k(μ)(1+θ) in the exponential domain as a function
of θ for our proposed AoI-driven UAV schemes in the finite
blocklength regime. As shown in Fig. 4, the Mellin transform
of the service time MT S

u,k(μ)(1 + θ) increases as θ increases,
which implies that a smaller θ (θ → 0) and a larger θ (θ →∞)
lead to a lower bound and upper bound on the Mellin transform
of the service time MT S

u,k(μ)(1 + θ), respectively.

Setting the SNR γ
(μ)
u,k = 5 dB, blocklength n = 300,

and the peak AoI threshold Ath = 50, Fig. 5 plots the
upper-bounded peak AoI violation probability as a function
of θ for our proposed AoI-driven UAV schemes in the finite
blocklength regime. Fig. 5 shows that the upper-bounded peak
AoI violation probability decreases as θ increases. We can
also observe from Fig. 5 that with a larger arrival probability
pu,k(μ) at the UAV, we can achieve a smaller value of the
upper-bounded peak AoI violation probability.
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Fig. 6. The upper-bounded peak AoI violation probability function ε
(µ,AoI)
u,k

vs. blocklength n and packet size M for our proposed schemes using FBC.

Fig. 7. The proposed UAV trajectory algorithm and preplanned trajectory
for our proposed schemes.

We set the SNR γ
(μ)
u,k = 5 dB, the arrival probability

pu,k(μ) = 0.99, and the peak AoI threshold Ath = {30, 50}.
Fig. 6 depicts the peak AoI violation probability �

(μ,AoI)
u,k as a

function of both blocklength n and status-update data packet
size M for our proposed schemes using FBC. Fig. 6 shows
that the peak AoI violation probability �

(μ,AoI)
u,k increases with

the blocklength n and decreases with the packet size M ,
respectively. We can observe from Fig. 6 that the the peak
AoI violation probability �

(μ,AoI)
u,k is a decreasing function of

the peak AoI threshold Ath. This implies that when the peak
AoI threshold Ath is loose, i.e., Ath is large, we can achieve
a smaller value of the peak AoI violation probability for our
proposed AoI-driven UAV schemes.

Setting the number of mobile devices K = 20, Fig. 7
plots the UAV trajectories calculated by our proposed RUS
based algorithm and the preplanned trajectory for one UAV.
Fig. 7 shows that our proposed algorithm has more degrees of
freedom by modifying the trajectory of the UAV to be close
to mobile devices in order to enhance the channel gain and
the total throughput.

As compared with the exhaustive search method, Fig. 8
shows the convergence of our proposed RUS based opti-
mization algorithm with randomly generated initial points,
where the terminating threshold of our proposed RUS based
optimization algorithm is set as τ = 10−2. Fig. 8 shows that
our proposed RUS Based algorithm monotonically converges.
Furthermore, Fig. 8 also shows that our proposed RUS Based
algorithm converges faster than the conventional exhaustive
search algorithm.

Fig. 8. The convergence of our proposed RUS based optimization algorithm.

Fig. 9. The Mellin transform of the service process MSu,k(µ)(1 − θ) vs.
blocklength n and θ for our proposed AoI-driven UAV schemes using FBC.

Fig. 10. The Mellin transform of the service process MSu,k(µ)(1− θ) vs.
the blocklength n for our proposed AoI-driven UAV schemes using FBC.

Setting the status-update data packet size M = 1000 bits,
Fig. 9 plots the Mellin transform of the service process
MSu,k(μ)(1 − θ) in the exponential domain with varying
blocklengths n and θ for our proposed schemes using FBC.
Fig. 9 shows that when θ → ∞, the Mellin transform of the
service process MSu,k(μ)(1 − θ) goes to zero. In addition,
setting the blocklength n = 300 and θ ∈ {1, 5}, Fig. 10 depicts
the Mellin transform of the service process MSu,k(μ)(1 − θ)
in the exponential domain as a function of the blocklength
n in the finite blocklength regime. As shown in Fig. 10,
the Mellin transform of the service processMSu,k(μ)(1−θ) is
an increasing function of the blocklength n. We can observe
from Fig. 9 and Fig. 10 that a smaller θ (θ → 0) and a larger
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Fig. 11. The Mellin transform of the service process MSu,k(µ)(1 − θ)
vs. the important weight λ for our proposed AoI-driven UAV schemes using
FBC.

Fig. 12. The ε-effective capacity vs. θ for our proposed FBC based
AoI-driven UAV schemes.

θ (θ →∞) set an upper bound and lower bound on the Mellin
transform of the service processMSu,k(μ)(1−θ), respectively.

Setting the blocklength n ∈ {300, 500} and θ ∈ {1, 5},
Fig. 11 plots the Mellin transform of the service process
MSu,k(μ)(1 − θ) in the exponential domain as a function of
the important weight λ for our proposed schemes. As shown
in Fig. 11, the Mellin transform of the service process
MSu,k(μ)(1 − θ) is a decreasing function of λ. This happens
because the increase of the important weight λ raises the prior-
ity of the Mellin transform of the service timeMT S

u,k(μ)(1+θ),
i.e., the peak AoI violation probability, and diminishes the
importance of the Mellin transform of the service process
MSu,k(μ)(1 − θ), i.e., the �-effective capacity.

Furthermore, setting the SNR γ
(μ)
u,k = 5 dB and the

status-update data packet size M = 1000 bits, Fig. 12 plots
the �-effective capacity as a function of θ for our proposed
AoI-driven UAV schemes in the finite blocklength regime. We
can observe from Fig. 12 that the �-effective capacity increases
with the blocklength n. Fig. 12 also shows that the �-effective
capacity is a decreasing function in terms of θ. This implies
that a smaller θ (θ → 0) and a larger θ (θ → ∞) lead to
an upper bound and lower bound on the �-effective capacity,
respectively.

We set the SNR γ
(μ)
u,k = 5 dB and the peak AoI threshold

Ath = 50. Considering different numbers of mobile devices K ,
Fig. 13 depicts the average decoding error probability as
a function of the blocklength n for our proposed schemes
using FBC. Fig. 13 shows that the average decoding error

Fig. 13. The average decoding error probability vs. the number of mobile
devices K for our proposed FBC based AoI-driven UAV schemes.

Fig. 14. The ε-effective capacity vs. the number of mobile devices K for
our proposed FBC based AoI-driven UAV schemes.

probability increases as the blocklength n increases. We can
observe from Fig. 13 that the performance degradation in
terms of the average block error probability function with
the increasing number of mobile users K is mild, implying
the remarkable potential as well as the strong and robust
scalability in supporting massive access by vast mobile devices
for our proposed schemes. Fig. 14 plots the �-effective capacity
as a function of the number of mobile devices K for our
proposed AoI-driven UAV schemes in the finite blocklength
regime. We can also observe from Fig. 14 that the �-effective
capacity increases as the number of mobile devices K and will
finally converge to a certain value, which implies the potential
to support massive number of mobile users.

VII. CONCLUSION

We have proposed AoI-driven statistical delay and error-rate
bounded QoS provisioning schemes to efficiently support
mURLLC over UAV 6G multimedia mobile networks in the
finite blocklength regime. In particular, we have developed
UAV wireless networking models with 3D wireless chan-
nels in the finite blocklength regime. Then, we have built
up AoI-metric based modeling frameworks by applying the
SNC to upper bound the peak AoI violation probability in
supporting mURLLC services using FBC. Taking into account
the transmit power and UAV trajectory constraints, we have
formulated and solved the peak AoI violation probability mini-
mization problem in the finite blocklength regime. In addition,
we have jointly optimized the peak AoI violation probability
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and �-effective capacity and characterized their tradeoff in sup-
porting our proposed statistical delay and error-rate bounded
QoS provisioning under FBC. We have conducted a set of
simulations to validate and evaluate our developed schemes
in supporting statistical delay and error-rate bounded QoS
provisioning.
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