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Age of Information Based URLLC-enabled UAV
Wireless Communications System

Chathuranga M. Wijerathna Basnayaka, Dushantha Nalin K. Jayakody, Senior Member, IEEE and Zheng
Chang, Senior Member, IEEE

Abstract—This paper considers an unmanned aerial vehicles
(UAV) communication network, where UAV operate as an aerial
mobile relay between a source and a destination of the network.
To capture the “timeliness” of the received information at the
destination node, a new performance metric named age of
information (AoI) is considered. In addition, a short packet com-
munication scheme maintains low latency in the proposed UAV
wireless communication system. The finite block-length theory
investigates the performances of short packet communications
scheme in the UAV-assisted wireless communications system. In
this paper, the Average Age of Information (AAoI) is estimated by
applying the Stochastic Hybrid Systems (SHS) model. The SHS
model comprises discrete states represents events that reset the
AoI process and continuously dynamics that represent linearly
growing age processes. Finally, a closed-form expression for the
AAoI of the proposed UAV wireless communication system is
derived and it can be used to estimate the optimal altitude, block
length and other parameters.

Index Terms—Age of information (AoI), finite block length
regime, UAV communication, ultra-reliable and low-latency com-
munications (URLLC), stochastic hybrid systems (SHS).

I. INTRODUCTION

A. Motivations

IN recent years, the importance of the UAV-assisted commu-
nication network has grown as a part of mobile networks

such as beyond fifth-generation (5G). In addition, operating
a UAV as a mobile relay increases the the reliability and
freshness of the information satisfying requirements of fu-
ture wireless communication and for the advancements of
internet-of-things (IoT) applications [1], [2], [3], [4]. It is
essential to maintain the timeliness of status updates at the
receiver in future IoT networks since most IoT applications are
mission-critical where outdated status could lead to collateral
damage. Hence, there are considerable research attempts in
the wireless communication research domain that are directed
towards developing new metrics to measure and capture the
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freshness of the received information. As a result, a new
performance metric named the age of information (AoI) is
proposed to capture the timeliness of received information.
Recent research in the literature related to mission-critical real-
time IoT applications is now focused on AoI deviating from
the traditional timeliness metric, such as latency and delay.
[5], [6]. Thus, AoI has received significant attention from the
wireless communications community, especially for the de-
sign of status update systems, future time-critical applications
and mission-critical applications. In addition, there are two
approaches to calculate the average AoI, i.e., the traditionally
graphical analysis that calculates the area under instantaneous
AoI curve and the stochastic hybrid systems (SHS) approach
that considers instantaneous AoI as a stochastic process, which
has both discrete and continuous behaviors. Compared with the
graphical method, the SHS model is more suitable to analyze
complex wireless communication systems with transmission
errors [7], [8].

5G mobile networks are designed to address three key use
cases: enhanced mobile broadband (eMBB), massive machine-
type communication (mMTC), and ultra-reliable low latency
communication (URLLC). Currently, the application areas of
eMBB and mMTC have achieved a satisfactory level [9].
However, achieving the latency and reliability requirements
set by the URLLC standard is more challenging than the
other two use cases. Traditionally, long code words have
been used to maintain reliable wireless communication. On
the other hand, short packet communication considers as an
essential feature to support low latency [10]. However, short
packet communication has a higher transmission error rate
than traditional long packet transmission, making it challeng-
ing to maintain reliability requirements. As a result, more
resources are needed for re-transmissions and redundancy to
improve reliability, but they induce high latency. Hence, it
is necessary to carefully navigate these two constraints to
meet the requirement of URLLC. Thus, it is inappropriate
to use conventional asymptotic information-theoretical results
deployed for the long packet communication to calculate the
block error probability in short packet communication. Hence,
finite block-length information theory has been used as a new
theoretical tool to analyze short packet communication [11],
[12].

It is important to design a new statistical propagation
model to predict path loss, shadowing and fading of aerial
communication in UAV-enabled communication. It is different
from the common propagation model, which are used for
terrestrial communication networks. Basically, this is based
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on environment properties [13], [14]. Normally, UAV com-
munications may provide strong Line-of-Sight (LoS) paths
between the UAV and transmission nodes in the ground and it
strength the received signal level compared to the Non-Line-
of-Sight (NLoS) condition. Hence, it is important to calculate
LoS probability to develop a proper channel model for the
UAV communication system. Besides the channel statistics, it
is important to consider how UAV use as an aerial communica-
tion node. In the literature, several cooperative communication
techniques have been proposed for the UAV-enabled relay
communication networks; among them, decode-and-forward
(DF) is one of the most commonly used techniques, where
the DF technique is deployed in this paper.

B. Related Works
A large number of studies have recently been conducted

to address various issues in UAV-assisted communication net-
works, where the researchers are more focused on maintaining
the freshness of information received by the end-user in a
UAV-assisted network. In these studies, mainly, the AoI is
employed as the novel performance metric to measure the
freshness of the data. The authors in [15] proposed UAV as
a mobile relay to reduce the average peak age-of-information
for a source-destination pair where they have developed an
optimization algorithm to jointly optimize the flight trajectory
of the UAV, energy and service time. Moreover, the age-
optimal trajectory planning issue in UAV-enabled wireless
sensor networks is studied in [16], in which a UAV is dis-
patched to gather information from sensor nodes. In [17], the
authors investigated the path scheduling of a UAV for data
collection from sensor nodes and the AoI metric has been
used to measures the freshness of the data gathered. However,
completing the data collecting operation while maintaining the
freshness of the information is difficult for a single UAV with
limited energy storage. Hence, in [18], the authors examined
the AoI-optimal data collection problem in multi-UAV-aided
wireless sensor networks.

On the other hand, the short packet communication has
received significant attention for solving challenging problems
with UAV-assisted communication networks [19]. For exam-
ple, [20] investigated the feasibility of employing UAVs to sup-
port URLLC using short packet communication. In addition,
this work provides a technique for optimizing both transmit
power and block length for a UAV relay system with short
packet communications. The authors in [21] evaluated the la-
tency, reliability, and network availability of URLLC-enabled
UAV communication systems, as well as optimized the UAV
altitude and bandwidth. The authors of the [19] investigated
how to combine passive beamforming, resource allocation,
and UAV positioning for IoT devices that communicate by
UAV and RIS using short data packets with finite block-length
constraints. The average packet error probability and effective
throughput of the control link in UAV communications are
investigated in [22], where the central ground station delivers
control signals to the UAV that need URLLC. The authors of
[23] proposed a UAV-enabled relay communication system for
transmitting latency-critical messages with ultra-high reliabil-
ity, where the relay operates in amplifier-and-forward mode.

In this work, they have jointly optimized the UAV position
and power to reduce the possibility of decoding errors while
maintaining latency requirements.

Unlike the previous works, we are interested in investigating
the AoI in an URLLC-enabled UAV-assisted communication
system. This study aims to analyze information freshness in a
UAV-assisted relaying system with the URLLC standard.

C. Contributions

As per the best of author’s knowledge, this is the first study
that investigates the AoI of an URLLC-enabled UAV wireless
network. In this paper, a closed-form expression for the AoI in
a UAV relay communication network is derived. Furthermore,
our study enables us to determine the optimal altitude, block-
length, transmission power and update generation rate that
guarantee the freshness of the received information at the
destination. Moreover, we have further extended SHS analysis
in the [24] for the wireless system with transmission errors. We
also extend our previous work on URLLC enabled decode and
forward relay [25] by analyzing UAV communication networks
where it has different channel statistics compare with terrestrial
wireless channels. Due to erroneous transmission in the relay
system, it is not easy to use a graphical method in this analysis.
Hence, the SHS approach is adopted and the AoI process is
modeled as a stochastic hybrid process that considers both
continuous and discrete behaviors of the AoI process.

D. Organization

The paper is organized as follows. Section II summarizes the
AoI and the SHS technique used for the AoI analysis. Section
III introduces the URLLC-enabled UAV relay system and a
closed-form equation for average age of information (AAoI)
is derived. Subsequently, Section IV presents some numerical
results and the system performance is analyzed. Finally, we
conclude our work in Section V.

II. BACKGROUNDS

A. The Age of Information Metric

Consider a simple communication system containing a
source-destination pair as illustrated in Fig.1, in which a
source sends fresh updates to a network; then, the network
subsequently delivers those updates to a destination. When
the generation time of the most recent update received by the
destination at timestamp C is D(C), the AoI can be described as
a random process as follows:

Δ(C) = C − D(C). (1)

As illustrated in the Fig.2, it is assumed that at C = 0 the
measurements of AoI starts and the AoI at the destination is
set to Δ(0) = Δ0. The source generate updates at time instant
u0, u1, u2, ...,. These updates pass through a network and the
destination receive these updates at time instant z0, z1, z2, ...,.
As illustrated in Fig.4, data update 8 is transmitted from the
source at time instant C = D8 and it is successfully delivered to
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Fig. 1. Simple communication system containing a source-destination pair
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Fig. 2. Evolution of Age of Information (Δ(C)) with the time

the destination at time instant I8 = D8 +.8 . Therefore, the AoI
at the destination can be estimated as

Δ(I8) = I8 − D8 . (2)

AoI grows at unit rate until the next update is delivered
to the destination. Similarly, AoI just before 8 + 1 update is
successfully delivered which can be written as,

Δ(I−8+1) = .8 + -8 . (3)

Then, at the time instant I8+1, the AoI drops as follows

Δ (I8+1) = .8+1. (4)

Hence, the age process Δ(C) exhibits the saw-tooth pattern as
illustrated in the Fig.2. For a considered time period, time
average AoI can be computed using the area under Δ(C). For
this system, the observation time interval considered as [0, )]
and # ()) = max {= | D= ≤ )} denotes the number of updates
by time ) . The area under the curve can be treated as a sum
of the polygon area �0 , the trapezoidal areas �8 for 1 ≤
8 ≤ # ()) (�1 and �= are highlighted in the figure), and the
triangular area �1 of width .= over the time interval (D=, I=) as
shown in the Fig.4. Then, the time average age of the proposed
system can be estimated by applying graphical methods to
saw-tooth age waveform as follows

Δ) =
1
)

∫)
0
Δ(C)3C =

�0 + �1 + ∑# () )
8=1 �8

)
(5)

=
�0 + �1
)

+
# ())
)

1
# ())

# () )∑
8=1

�8 , (6)

where

�8 =
1
2
(-8 + .8+1)2 −

1
2
.2
8+1 = .8+1-8 +

1
2
-2
8 .

Similar to the work presented in [26], the time average age
(Δ)= ) tends to ensemble average age when ) →∞, i.e., which
can be expressed as

Δ0 = lim
)→∞

Δ) . (7)

For a stationary ergodic updating system in which - is the
inter-arrival time between delivered updates and . is the
system time of such a update. When ) → ∞, # () )

)
→ 1
E[- ] ,

1
# () )

∑# () )
8=1 �8 → E [�] and �0+�1

)
term goes to zero. Thus,

the AAoI can be written as

AAoI = Δ0 =
E[-2]

2 + E[-. ]
E[-]

. (8)

In general, E[-. ] is difficult to estimate since . and -

are dependent random variables for most of the wireless
systems. Hence, despite its simplicity, calculating the AoI in
complex wireless systems using this type of graphical analysis
is challenging. However, the SHS analysis has been introduced
as a new tool to analyze AoI replacing traditional graphical-
based AoI analysis [7].

The AoI is widely regarded as a destination-centric metric
since it measures the time difference between the current time
and the generation time of the most recent update received by
the destination. It only takes into consideration packet that are
correctly sent to the destination. Moreover, the AoI is strongly
affected by the system delay and the update generation rate
at the source. In contrast to AoI, the delay is a traditional
timeliness metric that measures the latency of an packet and
is considered an packet-centric metric. On the other hand, the
update (or packet) generation rate at the source does not affect
the delay [27].

B. Stochastic Hybrid System for AoI

In the literature [28], [29], the graphical decomposition
approach was the most commonly used technique to estimate
AAoI. It has limitations in systems where the packets can be
lost or a variety of events need to be accounted e.g., a random
access environment. The SHS tool was introduced to address
such limitations and it has recently received a considerable
attention due to its adaptability and simplicity [24], [30], [31],
[32].

Generally, in SHS techniques, the AoI process is modeled
as a combination of continuous states x (C) and discrete states
q (C). Moreover, discrete states @ (C) ∈ Q = {0, 1, · · · , <}
capture status of the communication network that can be repre-
sented using Markov chain. The evaluation of the age process
of the wireless network is represented using continuous vector
x (C) = [G0 (C) , G1 (C) , · · · , G= (C)] ∈ R1×=+1. Then, SHS model
can be described using a graph (Q,L) which contend each
discrete state as nodes of the graph and each transaction
between discrete states is represented as direct edge. The
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transaction rate from node @; to node @; ′ is _ (;)X@; ,@(C ) , where
Kronecker delta function X@; ,@(C ) limit occurrence of transition
only for the state @; . For each transition ;, most of the time,
there is a discontinuous jump in the continuous state and it
can be represented using linear transition reset mapping as
follows:

x′ = xA; (9)

where A; ∈ {0, 1} (=+1)×(=+1) is a binary transition reset map
matrix. The growth rate of the continuous state at each discrete
@ (C) = @ where @ ∈ Q given by

¤x (C) =
mx (C)
mC

= b@ (10)

where b@ =
[
b@,0 b@,1, · · · , b@,=

]
is a vector that contains only

binary elements. When x8 (C) grows at a unit rate as a normal
age process in the state @, b@, 9 = 1 and when it is irrelevant to
the aging process or does not need to be tracked in the state @ ,
b@, 9 = 0. Let c@̂ (C) denotes the discrete state probabilities for
all @̂ ∈ Q and v@̂ (C) denote the the conditional expectation
of the age process, given that @ (C) = @̂, weighed by the
probability of being in @̂. Accordingly, we have

c@̂ (C) = E
[
X@̂,@ (C)

]
, (11)

and the correlation vector function

v@̂ (C) =
[
h@̂0 (C) , · · · , h@̂= (C)

]
, (12)

where
h@̂ 9 (C) = E

[
G 9 (C) X@̂,@ (C)

]
, 0 ≤ 9 ≤ =. (13)

All transactions L can be divided into two categories: incom-
ing transitions and outbound transitions. Then, for each state
@, all incoming transitions labeled as

L′@ =
{
; ∈ L : @′; = @

}
(14)

and all outgoing transitions are labeled as

L@ = {; ∈ L : @; = @} . (15)

To compute time average age, it is assumed that the Markov
chain @ (C) is ergotic. Hence, the state probability vector
c (C) = [c0 (C) , · · · , c< (C)] always converges to unique sta-
tionary vector c̄ = [c̄0, · · · , c̄<] satisfying

c̄@̄
∑
;∈L@̄

_ (;) =
∑
;∈L′

@̄

_ (;) c̄@; , @̄ ∈ Q, (16)∑̄
@∈Q

c̄@̄ = 1 (17)

As it has been shown in [24], when c (C) = c̄, v (C) =
[v0 (C) , · · · , v< (C)] the system follows first order differential
equations for all @̄ ∈ Q as follows:

¤v@̄ (C) = b@̄ c̄@̄ +
∑
;∈L′

@̄

_ (;)v@; (C) A; − v@̄ (C)
∑
;∈L@̄

_ (;) (18)

Under the ergodicity assumption, the differential equation (18)
is stable and each v@̄ (C) = E

[
x (C) X@̄,@ (C)

]
converge to a non-

negative limit v̄q̄ as C →∞. Accordingly, we have

E [x] = lim
C→∞
E [x (C)] = lim

C→∞
E

[
x (C) X@̄,@ (C)

]
=

∑̄
@∈Q

v̄q̄, (19)

v̄@̄
∑
;∈L@̄

_ (;) = b@̄ c̄@̄ +
∑
;∈L′

@̄

_ (;) v̄@;A; , @̄ ∈ Q. (20)

Here, G0 (C) is the age at the destination and AAoI at the
destination is calculated as follows [33]:

Δ = E [G0] = lim
C→∞
E [G0 (C)] =

∑̄
@∈Q

h̄@̄0. (21)

III. SYSTEM MODEL

As shown in Fig. 3, we consider an URLLC-enabled UAV
relay network, where the UAV is placed at a altitude of � and
it acts as a wireless relay between the source (S) node and the
destination (D) node. It is assumed that the altitude of the S
and the D are negligible as compared to UAV amplitude. The
distance between S and D is A and it is expect that UAV aerial
wireless relay node can freely move between S and D, while
the distance between S and UAV is A1 = VA and the distance
between UAV relay and D is denoted by A2 = (1−V)A, where
V denotes the distance dividing factor. The elevation angle of
UAV is \ and if it is measured from the (, \ = \1 = tan−1( �

VA
)

and from the �, \ = \2 = tan−1( �
(1−V)A ). In this proposed UAV-

assisted wireless communication scheme, each transmission
time block is divided into two distinct time slots. The source
sends data to the UAV relay during the first time span. During
the second time slot, the UAV decodes and re-transmits the
received data to the destination. It is assumed that no direct
communication exists between the source and the destination.
The transmitted signal by the source, the received signal at the
UAV realy, the transmitted signal by the UAV, and the received
signal at the destination are denoted by -1, .1, -2 and .2,
respectively. The received signal at each communication node
can be written as

.1 =
√
%(�(,* �+ -1 +,(,* �+ , (22)

.2 =
√
%*�+�*�+ ,�-2 +,*�+ ,� , (23)

where �8 9 is the channel coefficient of the channel between
node 8 to node 9 where 8 ∈ {(,*�+} and 9 ∈ {*�+, �}.
The ,8 9 denotes the independent and identically distributed
addictive white Gaussian noise (AWGN) of the channel with
zero mean and f2 variance.

A. Aerial Communication Channel Characterization

1) Line of sight probability: The possibility that a LoS
channel exists between each node is determined by adding the
probabilities that each building in the propagation pathway is
lower than the height of the ray connecting the two nodes. The
height of the ray at the obstruction point can be calculated as

ℎLoS = ! tan (\) , (24)

where ! is distance from the S (or D) to the obstacle.
If structures in the ground are evenly spaced, number of
structures between two nodes can be estimated. Assuming area
between two nodes has flat or constant slope, the probability
that a LoS ray exists is can be calculated as follows:

%LoS =
13∏
1=1
P(ℎ < ℎLoS), (25)
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Fig. 3. System model of UAV communication network

where ℎ is the structure height and 13 is the number of
buildings crossed. The expected number of buildings passed
per km is given by:

11 =
√
/", (26)

where / is the ratio of land area covered by buildings to total
land area and " is the average number of buildings per unit
area (buildings/km2). Then, the number of buildings crossed
by the ray is given by:

1A = floor
(
A 911

)
, (27)

where A 9 (km), 9 ∈ {1, 2} is the horizontal distance between the
transmitter and the receiver and the floor function guarantee
that an integer number of terms are contained in (25). The
LoS probability can be expressed as closed form expression
as follows [34]:

%(LoS) =
1A−1∏
:=0

1 − exp

−
(

(:+ 1
2 )A 9 tan \
1A

)2

2W2


 , (28)

where W is a scale parameter that describes the buildings’
heights distribution that follow Rayleigh probability distri-

bution. Akram et al. [35] approximated (28) to a modified
Sigmoid function as follows:

%LoS(\) =
1

1 + d exp(−i(\ − d))
, (29)

where d and i are S-curve parameters that are totally depends
on / , " and W constant. In this paper, this approximation is
employed for our analysis due to the complexity of (28).

2) Large–Scale Fading : In the UAV communication, large
scale channel statistics such as path loss and shadow fading is
effected by the LoS probability. Hence, it is important to derive
relationship between LoS probability and large scale channel
gain. The additional loss incurred on top of the free space path
loss due to the shadowing and scattering caused by buildings
and trees is referred to as the excessive path loss, which has
a Gaussian distribution. However, instead of focusing on its
random behavior, its mean value is considered in this study.
Let U be the large scale channel gain of channel between each
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node and it can be obtained as,

(30)
−10 log(U8 9 ) = 20 log(� csc (\)) + 20 log(

4c 52
�

)

+ [#!$( +
[!$( − [#!$(

1 + d exp(−i(\ − d)
,

where 52 and � are the carrier frequency (Hz) and the speed
of the light (m/s), respectively. [#!$( and [#!$( are the
expectation of the additional environment-dependent excessive
path loss for the LoS and NLoS components, respectively. In
this analysis, it is assumed that all three nodes are stationary
when communicating with each other. Hence, the Doppler
effect is not taken into account.

3) Small–Scale Fading Statistics: Besides large-scale chan-
nel fading characterization, it is essential to investigate the
impact of multi-path propagation and small–scale channel
characterization of wireless channels. The Rician fading model
is often used for UAV communication due to its characteristic
nature. The small scale channel gain is denoted as 68 9 = |�2

8 9
|,

where �8 9 denotes the Rician fading channel coefficient and
the distribution of 68 9 follows a non-central chi-square prob-
ability distribution. Then, the probability density function of
the small scale channel gain is given by:

568 9 (I) =
( + 1) 4− 

6̄8 9
4
−( +1)I
6̄8 9 �0

(
2

√
 ( + 1) I

6̄8 9

)
, (31)

where I ≥ 0, 6̄8 9 = 1, �0 (·) is the zero-order modified Bessel
function of the first kind, and  is the Rician factor that
depends on the ratio between the power of the LoS component
and NLoS components. Then, Rician factor can be expressed
as follows [36], [37]:

 =
%LoS (\)

1 − %LoS (\)
. (32)

4) Instantaneous SNR: In this system, transmission power
at each transmission node is fixed as %8 and the noise power
at each receiving node is denoted as f2. The instantaneous
signal-to-noise ratio (SNR) at the each receiving node is given
by:

W 9 =
U8 968 9%8

f2 , (33)

where U8 9 and 68 9 are the large scale channel gain and the
small scale channel gain, respectively.

B. Decoding Error Probability under the short packet com-
munication

In this system, we assume that a short packet channel
coding scheme is used for encoding. Hence, finite block
length information theory was used to evaluate the decoding
error probability at the receiving node [38], [39]. The fading
coefficients are expected to be constant over the duration of
each transmission block in this system, and the receiver has
perfect channel state information. Then, the expectation of

the decoding error probability at the receiving node can be
calculated as follows:

Y 9 = E


&

©­­­­«
=8, 9

(
log2(1 + W 9 )

)
− :√

=8, 9

(
log2

24
2 (1 − 1

(1+W 9 )2 )
) ª®®®®¬


, (34)

where E [.] is the expectation operator, &(G) = 1√
2c

∫∞
G
4−

C2
2 3C.

It is assume that : number of information bits are contained
in a =8, 9 bits length block. Moreover, under the Rician fading
block fading conditions, Y 9 can be expressed as

Y 9 =
∫∞

0
5W 9 (I)&

©­­­­«
=8, 9

(
log2(1 + W 9 )

)
− :√

=8, 9

(
log2

24
2 (1 − 1

(1+W 9 )2 )
) ª®®®®¬
3I, (35)

where 5W 9 (I) denotes the PDF of the received SNR (W 9 ) at the
9 Cℎ node and it is given by:

5W 9 (I) =
( + 1) 4− 

W̄ 9
4
−( +1)I
W̄ 9 �0

(
2

√
 ( + 1) I

W̄ 9

)
, (36)

where W̄ 9 = %8U8 9

f2 . Due to the complexity of the Q-function,
it is difficult to get a closed-form expression for the overall
decoding error probability. Thus, using the approximation
technique given in [40] and [12], (35) can be approximated
as follows:

Yj ≈
∫∞

0
5Wj (I)Θj(I)3I, (37)

where Θ 9 (I) denotes the linear approximation of

&

©­­­«
=8, 9 (log2(1+W 9 ))−:√
=8, 9

(
log224

2 (1− 1
(1+W9 )2

)
) ª®®®¬, this can be expressed as [12]

Θ 9 (W 9 ) =


1, W 9 ≤ q 9 ,
1
2 − V 9

√
=8, 9 (W 9 − k 9 ), q 9 < W 9 < X 9 ,

0, W 9 ≥ X 9 ,
(38)

where V 9 = 1

2c

√
2

2:
=8, 9 −1

, k 9 = 2
:
=8, 9 − 1, q 9 = k 9 − 1

2V 9
√
=8, 9

and

X 9 = k 9 + 1
2.V 9
√
=8 9

. Using approximation in (38) and [41] the
Yj is calculated as

Yj ≈ V 9
√
=8, 9

∫ X 9

q 9

�Wj (I)3I ' �W 9
(
kj

)
, (39)

where �Wj is the cumulative distribution function (CDF) of the
SNR W 9 and it can be derived as [42] follows:

�Wj

(
I,  , W̄ 9

)
=

∫ I
0
5W 9 (I) 3I

= 1 −&1

(
√

2 ,

√
2 ( + 1) I

W̄ 9

)
,

(40)
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where &1 (·, ·) is first order Marcum Q-function. Thus, Yj can
be calculated as

Yj = 1 −&1

(
√

2 ,

√
2 ( + 1) kj

W̄ 9

)
, (41)

However, due to complexity of Marcum Q-function, semi-
linear approximation is used to get closed form equation for
the error probability as follows [43]:

Yj ' Ξ

(
√

2 ,

√
2 ( + 1) kj

W̄ 9

)
' Ξ (Φ,Ψ) ,

(42)

where

Ξ (Φ,Ψ) =


0, if Ψ < 21,

Ψ04
− 1

2 (Φ2+Ψ2
0) �0 (ΦΨ0) (Ψ −Ψ0) +

1 −&1 (Φ,Ψ0) if 21 ≤ Ψ ≤ 22,

1, if Ψ > 22,

(43)

with

Ψ0 =
Φ +
√
Φ2 + 2
2

,

21 (Φ) = max

(
0,Ψ0 +

&1 (Φ,Ψ0) − 1

Ψ04
− 1

2 (Φ2+Ψ2
0) �0 (ΦΨ0)

)
,

and

22 (Φ) = Ψ0 +
&1 (Φ,Ψ0)

Ψ04
− 1

2 (Φ2+Ψ2
0) �0 (ΦΨ0)

.

When the UAV relay decodes a transmitted block with an
error, it may cause transmission failure under the DF relay
scheme. Furthermore, even if the UAV correctly decodes the
transmitted block, a decoding error at the destination node
may cause transmission failure. Then, the overall decoding
error probability can be written as [12]

Y = Y*�+ + Y�(1 − Y*�+ ), (44)

where Y' is the block error probability at the UAV and Y� is
the block error probability at the destination.

C. Average Age of Information of the UAV Communication
System

This section estimates the AAoI at the destination (D) of the
UAV relay system. The status update packets are generated at
the S and transmitted to the D using UAV relay system. It is
considered that mean update generate rate at the S is _0 and
UAV relay network transmit update at rate `. It is assumed
that an update in transmission has an error with probability
0 ≤ Y < 1 and it can be calculated using (44). The mean
update transmission rate ` is given by inversely propositional
to the mean transmission time per update E [)] in the UAV
relay network and it is given by:

1
`

= E [)] = =)B (45)

where )B and = denotes symbol duration and total block-
length, respectively. If the generation time of the freshest

update received at time stamp C is 6(C), then AoI can be defined
as a random process as

G0 (C) = C − 6(C). (46)

As illustrated in the Fig.4, it is assumed that at C = 0 the

𝒏𝑻𝒔

𝒕

𝒙𝟎(𝒕)

𝑿𝟎

𝒈𝟏 𝒈𝟓𝒈𝟒𝒈𝟑𝒈𝟐 𝒛𝟓𝒛𝟏 𝒛𝟐 𝒛𝟑

𝒏𝑻𝒔

Fig. 4. Evolution of Age of Information G0(C) with the time

measurements of the AoI starts and the AoI at the D is set to
G0(0) = -0. The S generate updates at time stamps g1, g2, ...,
and the D receive these updates at time stamps z1, z2, ..., if
update successfully transmitted by the S and decoded by the
D. As illustrated in Fig.4, data update 8 is transmitted from
the S at time stamp C = 68 and it is successfully delivered to
the D at time stamp I8 = 68 + =)B . Therefore, if update packet
delivered successfully, at the time I8 , the AoI at the D can be
estimated as

G(I8) = =)B . (47)

AoI increases linearly until the next update is successfully
delivered to the D. As an example, one packet fails to be
decoded at time I2, hence, G0(C) continues to increase linearly.
Similarly, when there is an update (packet) in transmission,
new updates that arrive at the S are blocked and cleared, as
an example, update generated at the time 64 is not transmitted
since at that time the previous update which is generated at the
time 63 still under the transmission. Hence, the update gener-
ated at the time 64 does not affect the AoI process. For the
considered time period )2 , time average AoI can be computed
using the area under G0(C). Similarly, the time average age of
the proposed UAV relay system can be estimated as

Δ)2 =
1
)2

∫)2
0
G0(C)3C. (48)

Similar to the work presented in [26], [24], the time average
age (Δ)2 ) tends to ensemble average age when )2 → ∞, i.e.,
which can be expressed as

Δ = E [G0] = lim
C→∞
E [G0 (C)] = lim

)2→∞
Δ)2 . (49)

In this paper, SHS techniques are used to evaluate E [G0],
which is refer to as the AoI at the D. Under the SHS analysis,
the AoI process is modeled as combination of continuous
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states x (C) and discrete states @ (C). Where, discrete states
capture transmission status of the UAV relay that can be
represented using Markov chain and the state space of the
Markov chain is (@ (C) , x (C)), where @ (C) ∈ Q = {0, 1},
@ = 0 indicates that UAV relay is idle and @ = 1 indicates
that UAV relay is on transmission state. The evaluation of
the age process at the D is represented using continuous
vector x (C) = [G1 (C) , G0 (C)] where G0 (C) tracks the age at
the D that sees update that complete transmission without
error and G1 (C) specifies what G0 (C) would become if the
packet-in-transmission is delivered. The SHS model for the
AoI process at D the can be illustrated using a graph (Q,L)
which contents two discrete states (transmission states) of the
UAV relay as nodes of the graph and each transaction between
transmission states of the UAV relay is represented as direct
edge as in the Fig.5. The transaction between the discrete
states @; → @′

;
,∀; ∈ L, and their effect on the continuous

state x (C) are summarized in the Table I using linear mapping
of the form x′ = xA; . In addition, v@;A; included in this table.
The transactions presented in the Table I can be explained as
follows:

• ; = 1 : An update arrives at the idle system. With the
arrival of an update, the S starts transmission of the update
which received and G ′0 = G0 is unchanged because the
arrival of the update to the source not yield and age
reduction at the D until it is successfully delivered to the
destination. However, G ′1 = 0 since the arriving update is
fresh and its age is zero at the instant.

• ; = 2 : An update successfully complete its transmission
and is delivered to the D. In this situation, G ′0 = G1,
corresponding to the age at the D being reset to the age
of the update that just completed transmission. Moreover,
G ′1 = 0 since G1 becomes irrelevant when the UAV relay
enter to the state 0.

• ; = 3 : An update complete its transmission with an
error. In this situation, G ′0 = G0 is unchanged because
unsuccessful transmissions not yield and age reduction
at the D . Moreover, G ′1 = 0 since G1 becomes irrelevant
when UAV relay enter to the state 0.

Fig. 5. The SHS Markov Chain for the UAV relay system

TABLE I
TRANSITIONS RATE FOR THE MARKOV CHAIN

; @; → @′
;

_ (;) xA; v@;A;

1 0→ 1 _0
[
0 G0

] [
0 h00

]
2 1→ 0 ` (1 − Y)

[
0 G1

] [
0 h11

]
3 1→ 0 `Y

[
0 G0

] [
0 h10

]
The evolution of x (C) at each discrete state @ (C) = @ is

decided by the b@ as follows:

¤x (C) =
mx (C)
mC

= b@ =

[
0 1

]
@ = 0,[

1 1
]
@ = 1.

(50)

To estimate AoI using (21), it is necessary to find h̄@̄0 using
(20), in this regards first (16) has been employed to find
stationary probabilities and it can be shown that the stationary
stationary probability vector satisfies c̄D = c̄Q with

D = diag
[
_0 `

]
, Q =

[
0 _0

` 0

]
Applying (17), the stationary probabilities are given as

c̄ =
[
c̄0 c̄1

]
=

1
_0 + `

[
` _0

]
(51)

Using (20), we can find solution for

v̄ =
[
v̄0 v̄1

]
=

[
h̄01 h̄00 h̄11 h̄10

]
. (52)

Hence, evaluating (17) at @ = 0 and @ = 1 and using Table I,
we obtain

_0
[
h̄01 h̄00

]
=

[
0 c̄0

]
+ ` (1 − Y)

[
0 h̄11

]
+ `Y

[
0 h̄10

]
(53)

`
[
h̄11 h̄10

]
=

[
c̄1 c̄1

]
+ _0

[
0 h̄00

]
(54)

By solving (53), (53) and (51) the values of the h̄@̄0 are
calculated. Finally, by substituting the result in to (21), the
AAoI at the D can be obtained as follows:

Δ =
1

(1 − Y) _0
+

1
(1 − Y) ` +

_0

` (_0 + `) . (55)

Approximated AAoI can be calculated applying semi-linearly
approximated decoding error probability for (55).

IV. SIMULATION RESULTS

In this section, numerical results are presented to validate
the theoretical derivations. Unless otherwise specified, the
simulation parameters are listed in the Table II.

In Fig.6 plots approximated AAoI as a function of the UAV
altitude. The approximated AAoI is calculated using (55) with
the approximation approach of (42). We can observe from Fig.
6 that the optimal altitude under all environment conditions
is 500 m. For low altitude, we have higher AAoI due to
the higher error probability caused by the weak LoS. When
altitude increase towards its optimal value, AAoI decreases
rapidly due to the strong LoS. In this scenario, getting strong
LoS channels is become more significant than the losses due
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TABLE II
SIMULATION PARAMETERS [37].

Parameter Value

Distance between S and D (A) 500 m
Distance dividing factor (V) 0.5
Carrier frequency ( 52) 6 GHz
Speed of the light (m/s) 3 × 108ms−1

[!$( (Suburban) 0.1 dB
[#!$( (Suburban) 21 dB
[!$( (Urban) 1 dB
[#!$( (Urban) 20 dB
[!$( (Dense urban) 1.6 dB
[#!$( (Dense Urban) 23 dB
[!$( (High-rise urban) 2.3 dB
[#!$( (High-rise Urban) 34 dB
Transmission power at source (P() 5 mW
Transmission power at UAV (P*�+ ) 5 mW
Symbol duration ()B) 17 µs
=(,* �+ 54 bits
=*�+ ,� 54 bits
= 108 bits
: 32 bits
_0 529 update s−1

Noise power (f2) -100 dBm

to the increased length of the communication link. However,
beyond optimal altitude, the path loss dominates the other
factors, leading to a higher AAoI. In addition, when altitude
between 200 m-750 m, approximated AAoI has it minimum
for all the other environments except high-rise urban. In this
scenario, AAoI goes to its minimum value 4.59 ms since error
probability is approximated as zero. However, compared to the
other environmental conditions, high-rise urban environments
have low SNR due to the weak LoS; hence, AAoI can not
be approximated to its minimum. The suburban environment
has the lowest AAoI for all altitudes due to the strong
channel condition. In Fig. 7 and Fig. 8 we compare the
numerical simulated AAoI with the approximated AAoI for the
dense urban environment and the high-rise urban environment,
respectively. This approximation is tight for moderate values
of Ψ and it is improved for small values of Φ as in (42).
Hence, we can observe that under the dense urban condition,
the AAoI approximation is tight for moderate altitude values.
Under the high-rise urban condition, simulated AAoI deviates
from the approximations for the small or large values of the
altitude and the altitudes close to its optimal value. The main
reason for this trend is that under these altitudes, the Ψ values
are not moderate due to the lower or higher SNR. Fig. 9
shows the AAoI versus the transmission power of the UAV
and the source under the different environmental conditions.
It is assumed that UAV altitude is 500 m. We can observe
that the transmission power significantly affects the AAoI
of the proposed UAV communication system. Regardless of
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Fig. 6. Approximated AAoI as a function of UAV Altitude
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Fig. 7. AAoI as a function of UAV Altitude in the Dense Urban Environment
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Fig. 8. AAoI as a function of UAV Altitude in the Highrise Urban
Environment
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the environmental condition, AAoI is continuously decreasing
when the transmission power increases. However, AAoI seems
to saturate at 1.5 mW of transmission power because the
number of transmission errors in the wireless network is
minimal at that time; hence, the system reaches its lowest
AAoI 4.59 ms. However, under high-rise, urban environment
conditions, more than 1.5 mW transmission power is needed
to achieve minimum AAoI compared with the other environ-
ments. The conclusion of Fig. 9 is that transmission power is
a more significant factor that changes the AAoI performance
of a UAV-assisted wireless communication system. Fig. 10

Transmission Power (Watts) ×10
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Fig. 9. AAoI as a function of transmission power at UAV and Source

illustrate the effect of the block-length on AAoI when the
transmission power is equal to 2 mW. In general, the block
length is proportional to the transmission time and increasing
block length always increases the system delay of the wireless
communication networks. From this figure, we can note that
there is an optimal value for the block length and it is observed
that for small value of the block-length system has a higher
AAoI. Note that small block length values increase the number
of transmission errors due to the unsuccessful decoding at the
receiving nodes. In this scenario, the effect of the decoding
error probability is more significant than the low transmission
time on AAoI. On the other hand, increasing block-length from
a small value towards optimal value decreases AAoI due to
the small number of decoding errors. In this event, the low
error probability effect is more significant than increases in
the transmission time. However, beyond the optimal value,
the effect of the transmission time is more dominant than
the decoding error. Thus, from the figure, we can observe
that increasing block-length beyond its optimal value rapidly
increases the AAoI of the system. The conclusion of Fig. 10 is
that maintaining optimal block length is necessary to archive
better AAoI.

Fig. 11 plots AAoI as a function of the update generation
rate at the source. We see that the AAoI of the proposed UAV-
assisted communication system is monotonically decreasing
with the update generation rate. In this wireless system, no
packets are kept in a queue waiting for transmission. Thus,
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Fig. 10. AAoI as a function of Blocklength in the Highrise Urban Environ-
ment

there is no queuing delay in the system and higher update
generation rates decrease AAoI. Fig. 12 compares the AAoI
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Fig. 11. AAoI as a function of updates generation rate in the Highrise Urban
Environment

of the UAV-assisted relay system with that of the direct
transmission system. For a fair comparison, we have assumed
that the transmission power of the direct transmission system
at the S is 10 mW and it is equal to the total transmis-
sion power of the UAV-assisted relay system. UAV altitude
is 500 m. It is observed that by employing a UAV-assisted
communication system, we can reduce the AAoI. In addition,
the performance gap is more significant for long-distance
transmission. Specifically, we highlight the key findings of this
simulation results as follows:

• AAoI drops initially and then, subsequently, increases as
the UAV altitude increases. When UAV altitude is low,
increasing UAV altitude enhances the probability of LoS
transmission, which improves the connection reliability.
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Fig. 12. AAoI as a function of distance between S and D

As UAV altitude is increased further, a larger path loss is
obtained, which dominates the system performance.

• The AAoI of the system decreases monotonically as the
update generation rate increases as there is no queuing
delay in the system.

• There is an sub-optimal value of block length that min-
imizes the AAoI. This is mostly due to the trade-off
that short block length decreases latency while increasing
error probability.

• It has been realized that using a UAV-assisted wireless
communication system can reduce the AAoI when com-
pared to with the terrestrial transmission.

V. CONCLUSIONS
To determine whether a UAV-assisted relaying system is

still significant in terms of information freshness, we estimated
the AAoI for an URLLC-enabled UAV-assisted communica-
tion system and derived the closed-form expressions for the
AAoI. Then, numerical results were provided to determine
which UAV-assisted relay or direct transmission systems are
best suited for mission-critical IoT applications. Furthermore,
AAoI was investigated as a function of block length, UAV alti-
tude, update generation rate, transmission power, and distance.
More importantly, numerical results show that UAV-assisted
relayed transmission improves the freshness of the information
compared to direct transmission.
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