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Abstract— In this paper, we propose a novel decode-
and-forward (DF)-based secure 3D mobile unmanned aerial
vehicle (UAV) relaying for hybrid satellite-terrestrial net-
works (HSTNs) in the presence of an aerial eavesdropper
lying around a serving UAV relay in a circular plane. Herein,
we adopt a stochastic mixed mobility (MM) model for mobilizing
the UAV relays in a 3D cylindrical cell with a ground user
equipment (UE). We consider the deployment of eavesdropper
under the cases: (a) the eavesdropper is located at certain fixed
distance around a serving UAV relay; (b) the eavesdropper is
located uniformly random around the relay. By considering the
opportunistic closest-, uniform-, and maximum-signal-to-noise
ratio (maximum-SNR) UAV relay selection (URS) strategies,
we analyze the secrecy performance of the considered HSTN in
terms of probability of non-zero secrecy capacity (PNZSC) and
secrecy outage probability (SOP). In particular, we derive exact
PNZSC and SOP for the closest-URS (CURS) and uniform-URS
(UURS). While, we derive analytical lower and upper bounds on
PNZSC and SOP for maximum-SNR URS (MURS). We further
carry out the corresponding asymptotic SOP analysis to assess
the secrecy diversity order and coding gain of aforementioned
URS strategies. Simulations are performed to corroborate the
analysis.

Index Terms— Hybrid satellite-terrestrial network (HSTN),
unmanned aerial vehicle (UAV), mobile relaying, physical layer
security, secrecy outage probability.

I. INTRODUCTION

SATELLITE communication has gained immense popu-
larity due to its capability of enabling wide range of

applications e.g., broadcasting, navigation, rescue missions,
etc. A satellite located in space can provide wireless coverage
over the geographical regions where the conventional wired
or wireless infrastructure is most difficult to deploy (e.g.,
in sea). However, a so called masking effect originating from

Manuscript received July 12, 2019; revised December 19, 2019; accepted
January 17, 2020. Date of publication January 28, 2020; date of current version
April 9, 2020. This work was supported in part by the National Research
Foundation of Korea (NRF) Grant funded by the Korean Government under
Grant 2014R1A5A1011478 and in part by the Start-Up Research Grant (SRG)
of Science and Engineering Research Board (SERB), Department of Science
and Technology, Government of India, under Project SRG/2019/000979. The
associate editor coordinating the review of this article and approving it for
publication was K. Navaie. (Corresponding author: Dong In Kim.)

Pankaj K. Sharma is with the Department of Electronics and Commu-
nication Engineering, National Institute of Technology Rourkela, Rourkela
769008, India, and also with the Energy Harvesting Communications Research
Center, Sungkyunkwan University, Suwon 16419, South Korea (e-mail:
sharmap@nitrkl.ac.in).

Dong In Kim is with the Department of Electrical and Computer Engi-
neering, Sungkyunkwan University, Suwon 16419, South Korea (e-mail:
dikim@skku.ac.kr).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TWC.2020.2968296

atmospheric conditions (i.e., clouds, rain, etc.) and terrestrial
blockages (i.e., receiver in tunnel, etc.) severely attenuates the
satellite signals at earth [1]. To combat such deleterious effects,
the cooperative relaying-based hybrid satellite-terrestrial net-
works (HSTNs) have been proposed in literature [2]–[4].
Eventually, the information-theoretic performance of HSTNs
have been investigated by employing both the amplify-and-
forward (AF) [5]–[7] and decode-and-forward (DF) [4], [8]
relaying techniques. In addition, the performance of cogni-
tive HSTNs have been analyzed in [9], [10] and references
therein.

On another front, the physical layer security (PLS) has
recently emerged as a key concern for wireless networks
[11]–[13]. Due to broadcast nature of wireless communications
it is inherently possible that the confidential message signals
intended for a legitimate user are overheard by a mali-
cious node (termed as eavesdropper). Likewise, the satellite
communication is vulnerable to potential eavesdropping by
the illegitimate users [14] which attracts significant attention
towards security issues. The traditional solution such as the
advanced encryption standard was provided in [15] using
higher system layers. It is worth mentioning that the PLS is
a promising technique which exploits the dynamic channel
conditions to ensure secure communications without relying
upon the conventional cryptographic approaches. For instance,
the opportunistic communications have been shown to have
great potential to improve PLS of cooperative [16], [18], [19]
and cognitive wireless networks [19]. Further, several works
have applied the PLS techniques to HSTNs for securing the
satellite communications. In [20], the optimal power allocation
problem was addressed for multibeam satellite transmission
under the secrecy constraints. The precoding problem for
multibeam satellite was investigated in [21] under minimiza-
tion of total onboard power in the presence of security
constraints. A bidirectional network coding based multibeam
satellite system was investigated in [22]. In [23], the authors
have analyzed the performance of a cognitive HSTN. Whereas,
the secrecy performance of general HSTNs have been inves-
tigated in [24], [25]. Note that all the aforementioned works
on PLS of HSTNs have considered only the stationary ground
relays to assist satellite communications. In contrast to static
relays, the mobile relays have great potential to improve both
the security as well as reliability of HSTNs by exploiting an
additional degree of freedom i.e., mobility.

Most recently, the unmanned aerial vehicles (UAVs) have
been employed as flying wireless access platforms (e.g.,
base station, mobile relay, backhaul, etc.) for futuristic fifth-
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generation (5G) communications [26], [27]. Due to their
compact size and low cost, the UAVs can be readily deployed
as 3D mobile relays for wireless communications. Of partic-
ular interest are the rotary-wing type UAVs which possess
precise three-dimensional (3D) mobility and static hovering
features. The current literature on UAV-enabled wireless com-
munications has been largely extended to multiple aspects.
Specifically, the UAV has been employed as mobile relay
in [28]–[30]. However, these works are aligned towards the
performance optimization rather than the analysis. While the
PLS for UAV networks have been considered in [31]–[34].
In particular, the work in [31] has investigated the performance
of secure communication using a UAV jammer in the presence
of randomly distributed eavesdropper. The authors in [32]
have addressed the optimal deployment of UAV friendly
jammer for security enhancement. In [33], [34], the security
of UAV downlink communication was improved via joint
trajectory and power control. Furthermore, the authors in [35]
have investigated the UAV-assisted secure transmission with
caching. In [36], a UAV-assisted non-orthogonal multiple
access network was considered. Hereby, it is important to note
that the majority of works based on PLS of UAV networks
have considered the problems based on the optimization
framework. Very few works have analyzed the information-
theoretic secrecy performance of the downlink point-to-point
UAV networks (e.g., [31], [32]) without mobile relaying.
The works have considered the stochastic geometry-based
performance analysis of UAV networks [37], [38]. In [39],
the outage performance of 3D mobile UAV relaying has
been analyzed for HSTNs. To our best knowledge, despite
of numerous advantages, the secrecy performance of multiple
UAV-based mobile relaying has not been yet investigated
even for a general terrestrial network. In fact, to facilitate
such performance analysis, the stochastic characterization of
the 3D UAV movement process is a key challenge. The
works in [40], [41] have directed their attention towards
the performance analysis of mobile UAV networks based on
stochastic mobility models. We, in [42], [43], have recently
proposed a stochastic mixed mobility (MM) model for the
3D movement process of UAVs, in which, a UAV moves
either in vertical direction by following the random waypoint
mobility (RWPM) model or undergoes a spatial excursion
based on the random walk (RW) mobility model. The MM
model may be applied1 to mobile relays as they attain ran-
dom 3D locations under certain physical mechanisms, e.g.,
altitude control, trajectory control, etc. In this paper, we intro-
duce a novel 3D secure mobile UAV relaying for HSTN
in the presence of an eavesdropper. By considering three
opportunistic UAV relay selection strategies, namely closest-
UAV relay selection (CURS), uniform-UAV relay selection
(UURS), and maximum signal-to-noise ratio UAV relay selec-
tion (MURS) strategies, we assess the secrecy performance
of the system in terms of information-theoretic metrics viz.,
probability of non-zero security capacity (PNZSC) and secrecy

1In scenarios where the information about optimal locations of UAVs and
their exact traffic patterns is unavailable centrally, it is possible to apply the
stochastic mobility-based approach [44], [45] to model UAVs’ altitude control
and spatial movement processes in place of tedious point processes.

outage probability (SOP). Our main contributions in this paper
are summarized below:

• We perform the secrecy performance analysis of a novel
secure 3D mobile UAV relaying for HSTN with oppor-
tunistic UAV relay selection. In contrast to existing
secrecy works on HSTN, we consider here an aerial
eavesdropper that covertly tracks the movement of a
serving UAV relay to locate itself at certain favourable
distance around it for potential eavesdropping. We con-
sider the two realistic deployment cases for the eaves-
dropper i.e., (a) the eavesdropper is located at certain
fixed distance around a serving UAV relay; (b) and the
eavesdropper is located uniformly random around the
relay.

• Relying on the potential secrecy advantages of oppor-
tunistic relaying, we formulate three opportunistic relay-
ing strategies for the secrecy performance analysis of
the system. Keeping in view the long round-trip delay
in channel state information (CSI) acquisition in satel-
lite networks, we have considered two low-complexity
distance based UAV relay selection strategies, namely
CURS and UURS. Furthermore, we consider a full-
complexity MURS for the secrecy performance analysis
of the system.

• In addition to random fading channel gains among the
relevant nodes, we consider the stochastic 3D UAV
distance-based pathloss to derive exact PNZSC and SOP
expressions for the CURS and UURS strategies. Fur-
ther, without compromising with the practical insights,
we evaluate the secrecy performance of MURS strategy
based on the analytical lower and upper bound expres-
sions of its exact PNZSC and SOP. We also simplify the
corresponding SOP expressions under various opportunis-
tic relay selection strategies at asymptotically high SNR
to gain insights on secrecy diversity and coding gain.

The rest of the paper is organized as follows: In Section II,
we detail the system, channel, and propagation models.
We also describe the considered opportunistic relay selec-
tion strategies. Section III presents the secrecy performance
analysis for various relay selection strategies. Section IV
presents the numerical and simulation results, and finally,
the conclusions are drawn in Section V.

Notations: Throughout the paper the acronyms pdf and
cdf stands for the probability density function fX(x) and
cumulative distribution function FX(x) of random variable X ,
respectively. The notation γ� and γ† are used to represent the
upper and lower bound of the actual quantity γ, respectively.
The functions Γ(·), Υ(·, ·), and Γ(·, ·) are the gamma, lower
incomplete gamma, and upper incomplete gamma functions,
respectively. E[·] denotes the statistical expectation.

II. SYSTEM DESCRIPTION

A. System Model

The HSTN consists of a satellite S which communicates
with a ground UE D via multiple decode-and-forward (DF)
3D mobile UAV relays Ui, i ∈ {1, . . . , M}. We hereby assume
that at any time t, the mobile UAVs either undergo vertical
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Fig. 1. HSTN system model with 3D mobile UAV relays and eavesdropper.

ascent/descent or spatial excursion based on a 3D MM model
(to be described in next subsection). The instantaneous altitude
and spatial location of a UAV Ui at time t are represented as
hi(t) and zi(t), respectively. Further, the UAVs are assumed
to be located in a 3D cylindrical region of radius R and
height H above the ground plane. All UAVs are allowed to
update their 3D locations in discrete time slots. Furthermore,
the radius R of the cylindrical region is assumed to be
equal to the radius of a circular spot beam of satellite S
at height H above the ground with UE D at its centre.2

In addition, we consider a freelancing aerial eavesdropper E
which coexists with the terrestrial network not necessarily
in the aforementioned cylindrical deployment region. The
eavesdropper E covertly tracks the UAV relay position and
transmission to pair up with the serving UAV relay at certain
distance3 to overhear the confidential information intended
for D. All UAVs are assumed to be equipped with single
antenna and capable of processing the information while in
motion. The channel coefficients between two arbitrary nodes
are denoted by gıj, where ıj ∈ {sui, uid, uie}. Also, dui and
wik denote the distances from the nodes S to Ui and Ui to k,
k ∈ {d, e}, respectively. All the receivers are impacted by the
additive white Gaussian noise (AWGN) with zero mean and
variance σ2.

B. Mixed Mobility Model for 3D UAV Movement Process

In MM model [42], [43], at time t, a UAV ascends/descends
in vertical direction based on the RWPM model with random
dwell time at each waypoint. During this dwell time, the UAV
is allowed to make spatial excursion based on the RW mobility
model. Let, at any time t, the altitude hi(t) of a UAV is

2It may be a reasonable assumption for a relatively smaller spot beam
coverage area as in the case of multi-beam (or scanning beam) satellite
systems [46].

3Hereby, for practical purpose, we consider that the eavesdropper lies in a
2D circular plane centered around the UAV relay and parallel to the ground
plane. As such, this may emulate the encircling behaviour of fixed-wing
type flying UAV eavesdropper around the serving relay. However, if the
eavesdropper’s location is uniformly distributed in the aforementioned 2D
circular plane, it may correspond to rotary-wing type UAV eavesdropper. Both
these scenarios are considered for the secrecy performance analysis in this
paper.

uniformly at random in the range [0, H ], the velocity v1,i(t)
for vertical movement at a waypoint is chosen uniformly at
random in the range [vmin, vmax], where vmin and vmax

represent the minimum and maximum speeds, respectively,
and Ts denotes the uniformly random dwell time in the range
[τmin, τmax]. Considering ps as the staying probability at a
waypoint (at time instant t in steady state), the pdf of altitude
hi(t) is given by the weighted sum of a static (uniform) pdf
and a mobility (non-uniform) pdf as

fhi(x|t) = psf
st
hi

(x|t) + (1 − ps)fmo
hi

(x|t), (1)

where

fst
hi

(x|t) =
1
H

(2)

and

fmo
hi

(x|t) = −6x2

H3
+

6x

H2
, (3)

for 0 ≤ x ≤ H . Hereby, the staying probability ps is given
by ps = E[Ts]

E[Ts]+E[Tm] , where E[Ts] is the mean stay time,

E[Tm] = E[ L
v1,i

] = ln(vmax/vmin)
vmax−vmin

E[L] is the mean movement

time between two consecutive staying periods, and E[L] = H
3

is the mean RWPM leg length.
Moreover, the random dwell time period Ts at a waypoint

is discretized in equal time slots. In a time slot at t, the spatial
transition to a new location takes place with probability ps as

zi(t + 1) = zi(t) + ui(t), (4)

where ui(t) is uniformly at random in ball B(zi(t), R�) with
R� as the maximum mobility range. Meanwhile, the previ-
ous spatial location is retained with probability 1 − ps as
zi(t + 1) = zi(t). Let v2,i(t) = �zi(t) − zi(t − 1)�, then
we have E[v2,i(t)] = E[�zi(t) − zi(t − 1)�] = R′

1.5 which
gives the mean speed of spatial movement of UAVs. Thus,
at time t, the pdf of distance Zi(t) = �zi(t)� is given by
fZi(z|t) = 2z

R2 , 0 ≤ z ≤ R.

C. Channel Models

1) Satellite Channel: The channels corresponding to satel-
lite links, i.e., gsui subject to the independent and identically
distributed (i.i.d.) Shadowed-Rician fading. Under arbitrary
integer-valued fading severity parameter [9], the pdf of |gsui |2
is given by

f|gsui
|2(x) = αu

msu−1∑
κ=0

ζ(κ)xκe−(βu−δu)x, (5)

where αu = 1
2�su

(
2�sumsu

2�sumsu+Ωsu

)msu

, βu = 1
2�su

, and

δu = Ωsu

2�su(2�sumsu+Ωsu) , Φsu and 2�su are the respective aver-
age power of the LOS and multipath components, msu is the
fading severity parameter, ζ(κ) = (−1)κ(1−msu)κδκ

u/(κ!)2,
and (·)κ denotes the Pochhammer symbol [47, p. xliii]. Fur-
ther, the instantaneous free-space loss for satellite links can be
computed as [10]

Lsui(t) =
1

KBT W

(
c

4πfcdui(t)

)2

, (6)
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where 1
KBT W is a scale factor, KB = 1.38 × 10−23J/K is the

Boltzman constant, T is the receiver noise temperature, W is
the carrier bandwidth, c is the speed of light, fc is the carrier
frequency, and dui(t) is the distance between the nodes S and
Ui.

Also, the beam gain ϑ(θui) of satellite can be expressed as

ϑ(θui) = ϑui

(
J1(ρui)

2ρui

+ 36
J3(ρui)

ρ3
ui

)
, (7)

where θui is the angular separation of node ui from the
satellite beam center, ϑui is the antenna gain at node ui, J�(·),
� ∈ {1, 3} is the Bessel function, and ρui = 2.07123 sin θui

sin θui3dB

with θui3dB as 3dB beamwidth.
2) UAV Relay-to-Ground User/Eavesdropper Channel: The

terrestrial links between UAV relays Ui and node ı, ı ∈ {d, e}
are assumed to follow i.i.d. Nakagami-m fading among all i
with fixed ı (i.e., ı = d or e.). Thus, the pdf of the channel
gains |guiı|2 belongs to gamma distribution

f|guiı|2(x) =
(

muı

Φuı

)muı xmuı−1

Γ(muı)
exp

(
−muı

Φuı
x

)
, (8)

where muı and Φuı represent an integer-valued fading severity
parameter and average channel power, respectively.

Moreover, the instantaneous free-space pathloss from UAV
Ui to nodes E and D can be expressed as w−αe

ie and w−αd

id ,
respectively, where

w−αd

id (t) =
(
h2

i (t) + Z2
i (t)

)−αd
2 , (9)

with Zi(t) = �zi(t)�, αe and αd are the respective pathloss
exponents. Note that the aforementioned pathloss model4 is
widely adopted in literature [27], [28].

D. Propagation Model

The satellite S communicates with destination D in two
consecutive time phases based on DF relaying. We assume that
the direct link from S to D is masked. Hence, in the first phase
beginning at time t, S transmits its signal xs(t) (satisfying
E[|xs(t)|2] = 1) to UAV relays Ui. Thus, the received signal
at Ui can be given, respectively, as

yui(t)=
√

PsLsui(t)ϑsϑ(θui)gsui(t)xs(t)+νui , (10)

where ϑs denotes the satellite antenna gain, νui represents
AWGN at Ui with variance σ2. Hereby, we assume that the
eavesdropper E does not lie in the spot beam of the satellite
or the path between S and E is severely masked. From (10),
the resulting signal-to-noise ratio (SNR) at Ui can be given as

Λsui(t) =
PsLsui (t)ϑsϑ(θui)|gsui(t)|2

σ2
. (11)

4A more general pathloss model may be found in [26] which takes into
account the probabilistic pathloss model based on the line-of-sight (LOS) and
non-LOS communications as a function of UAV’s altitude and elevation angle
from ground. As such, our considered pathloss model in (9) can be deduced
by setting the probability of LOS communication as unity in the pathloss
model of [26]. This may be a reasonable assumption for scenarios where
significantly less obstacles are present in the propagation medium and UAVs
are equipped with the wide beamwidth antennas to establish LOS links. Thus,
it results in a benchmark of the system performance.

The corresponding data rate from S to node D in the first
phase at time t can be formulated as

Rui(t) =
1
2

log2 (1 + Λsui(t)) . (12)

Let D� denote the set of UAVs that can successfully decode
the signal received in the first phase. With a target rate R (or
threshold γth = 22R − 1) required for successful decoding of
signal at UAV relays, a decoding set can be constituted as

D�(t) = {U�|Λsu�
(t) ≥ γth, � ∈ {1, . . . , M}}. (13)

In the second phase, at time t + 1, a best UAV relay is
selected from the set D�(t) (say lth relay) to forward the re-
encoded signal xu(t + 1) (satisfying E[|xu(t + 1)|2] = 1)
to D. Moreover, the signal is overheard by E in second phase.
Consequently, the received signal at D and E via relay Ul in
the second phase is expressed, respectively, as

yd(t+1) =
√

Puw
− αd

2
ld (t+1)guld(t + 1)xu(t + 1) + νd

(14a)

and ye(t+1) =
√

Puw
− αe

2
le (t+1)gule(t + 1)xu(t + 1) + νe,

(14b)

where νd and νe are the AWGNs at D and E, respectively,
with variance σ2. Thus, from (14), the SNR at D and E in
the second phase can be given, respectively, as

Λuld(t + 1) =
Puw−αd

ld (t + 1)|guld(t + 1)|2
σ2

(15a)

and Λule(t + 1) =
Puw−αe

le (t + 1)|gule(t + 1)|2
σ2

. (15b)

Consequently, the data rate from the selected relay Ul to
node j, j ∈ {d, e} in the second phase at any time t (t > 1)
can be formulated as

Rj(t) =
1
2

log2 (1 + Λulj(t)) . (16)

According to [11], [18], [19], the instantaneous secrecy
capacity of the considered system can be defined as

CS(t) =

{
[Rd(t) −Re(t)]

+
, for |D�(t)| > 0,

0, for |D�(t)| = 0,
(17)

where [x]+ � max(0, x), and |D�(t)| denotes the cardinality
of set D�(t).

E. UAV Relay Selection Strategies

Capitalizing on the capability of opportunistic relay selec-
tion to improve secrecy capacity, we consider the following
UAV relay selection (say Ul) strategies in this paper:

1) Closest-UAV Relay Selection (CURS): In this strategy,
the UAV relay Ul is selected based on its closest distance5

5Note that the distance between satellite S and UAV relays Ui is quite
large as compared to the distance between UAV relays Ui and destination
D. Hence, it is justifiable to consider the distance between the UAV relays
Ui and the destination D as random variables. On the contrary, due to very
large distance between the satellite S and UAV relays Ui (e.g., 35,786 Km
for geostationary (GEO) satellite), the free-space pathloss would not be
significantly affected by the random 3D locations of the UAVs and can be
approximated as a deterministic variable for a tractable analysis.
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from D i.e.,

l(t) = arg min
i∈D�(t−1)

Wid(t), t > 1. (18)

2) Uniform-UAV Relay Selection (UURS): In this strategy,
the UAV relay Ul is selected uniformly at random among �
available relays from the set D� to aid the communication
between S and D.

3) Maximum-SNR UAV Relay Selection (MURS): In this
strategy, the UAV relay Ul is chosen based on maximizing
the SNR at D i.e.,

l(t) = arg max
i∈D�(t−1)

Λuid(t), t > 1. (19)

As such, the aforementioned schemes can be implemented
based on either by the centralized or the distributed timer
mechanisms. We emphasize that the CURS and UURS strate-
gies are of specific importance for the satellite networks which
require limited feedback, as the selection is made only based
on the distance between Ui and D. Such schemes are well-
justified since the satellite communication incurs long round-
trip delays for channel estimation. A relative comparison
among these three strategies can be presented as follows.
While the MURS is the best strategy with highest CSI feed-
back and complexity, the UURS is the worst strategy with
least amount of feedback. In contrast, the CURS maintains a
balance between the other two strategies in terms of system
performance and complexity. It is worth mentioning that the
aforementioned selection strategies are widely adopted for
the stochastic geometry based performance analysis of spatial
networks (please see [27] and references therein). Moreover,
our opportunistic relay selection strategies are based on the
practical scenario where the CSI of eavesdropper link is
unavailable for selection. For implementing the aforemen-
tioned selection strategies, we assume that the CSI of pertinent
links (i.e., S−Ui links and Ui−D links) as well as the UAVs’
location information are perfectly available. It is reasonable
to neglect the impact of Doppler frequency offset for slowly
moving UAV relays.

Further, it is worthwhile to note that the distance between
mobile UAV relays Ui and receiver D is random. Thus,
the selection criterion not only involves the random fading
channel gains, but also the random 3D distances between Ui

and D. This makes the system performance analysis more
involved.

III. SECRECY PERFORMANCE ANALYSIS

In this section, we conduct the secrecy performance analysis
of the considered HSTN in one snapshot of time under any
causal transmission (i.e., t > 1) from S to D. Hereafter,
the time notation t is dropped from the analytical formulations.
Specifically, we derive the PNZSC and SOP of the system
under CURS, UURS and MURS strategies.

A. CURS

1) PNZSC: Apparently, from (17), the secrecy capacity is
zero, when the set D� is empty, i.e., Pr[CS = 0

∣∣|D�| = 0] = 1.
In addition, the secrecy capacity has finite probability of being

zero for |D�| �= 0, i.e., Pr[CS = 0
∣∣|D�| > 0] > 0. Therefore,

the PNZSC can be formulated as

Pr[CS > 0] =
M∑

�=1

Pr[|D�| = �]︸ ︷︷ ︸
Φ1�

Pr[CS > 0
∣∣|D�| = �]︸ ︷︷ ︸

Φ2�

. (20)

To evaluate (20), the terms Φ1� and Φ2� are derived in the
sequel. The term Φ1� can be determined

Φ1� =
∏

k∈D�

Pr [Λsuk
≥ γth]

∏
n/∈D�

Pr [Λsun < γth]

(a)
=

(
M

�

)
[1 − FΛsui

(γth)]�[FΛsui
(γth)]M−�, (21)

where (a) follows from independent and identically distributed
i.i.d.6 random variables Λsui , ∀i. Hereby, in (21), the required
cdf FΛsui

(x) by integrating the Shadowed-Rician pdf in (5)
after making a variable transformation Λsui = ηu|gsui |2as

FΛsui
(x) = 1 − αu

msu−1∑
κ=0

ζ(κ)
(ηu)κ+1

κ∑
p=0

κ!
p!

Θu
−(κ+1−p)

×xpe−Θux, (22)
where Θu = βu−δu

ηu
and ηu = PsLuϑsϑ(θu)

σ2 .
Further, the term Φ2� can be calculated as

Φ2� = 1 − Pr[Λuld ≤ Λule

∣∣|D�| = �]

= 1 −
∫ ∞

0

FΛuld
(x)fΛule(x)dx. (23)

To continue the foregoing analysis, we require the cdf
FΛuld

(x) and the pdf fΛule(x) which are derived below. Since
the SNR Λuid involves the random distance wid between Ui

and D, we first express the statistical distribution of wid under
MM model. For this, we denote Wid as random variable with
w as its sample value.

Lemma 1: The pdf of the distance Wid under MM model
is given by

fWid
(w) = psf

st
Wid

(w) + (1 − ps)fmo
Wid

(w), (24)
where the weight ps is the staying probability of UAV at
waypoints, fst

Wid
(w) is the pdf of Wid if UAV Ui makes spatial

excursion, and fmo
Wid

(w) is the pdf of Wid if UAV Ui undergoes
vertical ascent/descent, and are, respectively, expressed as

fst
Wid

(w) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

2w2

R2 H
, for 0 ≤ w < H,

2w

R2
, for H ≤ w < R,

2w

R2
− 2w

√
w2 − R2

R2H
,

for R ≤ w ≤
√

R2 + H2,

(25)

and

fmo
Wid

(w) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

6w3

R2 H2
− 4w4

R2 H3
, for 0 ≤ w < H,

2w

R2
, for H ≤ w < R,

2w

R2
− 6w(w2 − R2)

R2 H2
+

4w(w2 − R2)
3
2

R2 H3
,

for R ≤ w ≤
√

R2 + H2.

(26)

6Hereby, we approximate the distance di ≈ du, ∀i based on the arguments
in footnote 2. In addition, the angles θui is very small (of the order of < 1◦).
Thus, it implies Lui ≈ Lu and θui ≈ θu resulting in ηui ≈ ηu for making
the i.i.d. assumption ∀i.
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Proof: Please see the references [42], [43] for proof.
According to CURS, the closest distance UAV relay from

destination D is selected. According to [27], by applying the
order statistics, we can obtain the pdf fW �

ld
(r) of minimum

distance among the � relays in successful decoding set as

fWld
(r) = �[1 − FWid

(r)]�−1︸ ︷︷ ︸
Ψ(�,r)

fWid
(r), (27)

where the cdf FWid
(r) can be calculated using Lemma 1 as

FWid
(w) = psF

st
Wid

(w) + (1 − ps)Fmo
Wid

(w), (28)

with

F st
Wid

(w) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

2
3

w3

R2 H
, for 0 ≤ w < H,

w2

R2
− 1

3
H2

R2
, for H ≤ w < R,

w2

R2
− 1

3
H2

R2
− 2

3
(w2 − R2)

3
2

R2 H
,

for R ≤ w ≤
√

R2 + H2

(29)

and

Fmo
Wid

(w) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

3
2

w4

R2 H2
− 4

5
w5

R2 H3
, for 0 ≤ w < H,

w2

R2
− 3

10
H2

R2
, for H ≤ w < R,

w2

R2
− 3

10
H2

R2
− 3

2
(w2 − R2)2

R2 H2
+

4
5

(w2 − R2)
5
2

R2 H3

for R ≤ w ≤
√

R2 + H2.

(30)

Lemma 2: The cdf FΛuld
(x) is given by

FΛuld
(x) =

1∑
n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mudx

Φudηd

)k

×
∫ √

R2+H2

0

rkαd e−
nmudx

Ωudηd
rαd

Ψ(�, r)fWid
(r)dr,

(31)

where the multinomial coefficients ωn
k , for 0 ≤ k ≤

n(mud − 1) can be calculated recursively (with εk = 1
k! )

as ωn
0 = (ε0)n, ωn

1 = n(ε1), ωn
n(mud−1) = (εmud−1)n,

ωn
k = 1

kε0

∑k
λ=1[λn − k + λ]ελωn

k−λ for 2 ≤ k ≤ mud − 1,

and ωn
k = 1

kε0

∑mud−1
λ=1 [λj − k + λ]ελωn

k−λ for mud ≤ k <
n(mud− 1).

Proof: We can write the cdf expression as

FΛuld
(x)

= Pr
[
ηdW

−αd

ld |guld|2 < x
]

=
∫ √

R2+H2

0

Υ
(
mud,

mudx
Ωudηd

rαd

)
Γ(mud)

fWld
(r)dr

(a)
=

1∑
n=0

(
1
n

)
(−1)n

∫ √
R2+H2

0

⎡
⎣Γ

(
mud,

mudx
Ωudηd

rαd

)
Γ(mud)

⎤
⎦

n

× fWld
(r)dr, (32)

where ηd = Pu

σ2 and in step (a), we applied the binomial
expansion for two terms for ease of exposition. Now, applying
the finite series expansion for incomplete gamma function
and multinomial expansion along with the substitution of pdf
from (27) above, one can get the required cdf. Note that the
order statistics is not applicable for the fading channel gain
here.

Hereby, we intentionally represented the required cdf in
integral form to facilitate the change of order of integration in
forthcoming analysis.

Moreover, the pdf fΛule(x) is desired for calculating the
probability term in (23). Hereby, we consider the following
cases, Case 1: if the distance wie is constant7; Case 2: if it is
uniformly random in a 2D circular plane of radius L parallel
to the ground plane. For Case 1, the pdf fΛule(x) follows the
simple gamma distribution, i.e.,

fΛule(x) =
1

Γ(mue)

(
mue

Φueηe

)mue

xmue−1

×wmueαe

ie e−
muex
Ωueηe

wαe
ie . (33)

While for Case 2 it is expressed in the lemma below.
Lemma 3: The pdf fΛule(x) is given by

fΛule(x) =
2
L2

1
Γ(mue)

(
mue

Φueηe

)mue

xmue−1

×
∫ L

�

wmueαe+1e−
muex
Ωueηe

wαe

fWie(w)dw, (34)

where � is the minimum exclusion radius from UAV relay to
prevent collision.

Proof: Since the selection of relay Ul is independent of
the wiretap channel, the order statistics will not be applicable
for Λule. Equivalently, the statistic of Λuie is to be evaluated
as

FΛule(x) = Pr
[
ηeW

−αe
uie |guie|2 < x

]
=

∫ L

�

Υ
(
mue,

muex
Ωueηe

wαe

)
Γ(mue)

fWie(w)dw, (35)

where ηe = Pu

σ2 and the uniform pdf of Wie in a spherical
region of radius L, i.e., fWie(w) = 2w

L2 , for 0 ≤ w ≤ L
is also invoked. Now, taking the derivative as
fΛule(x) = d

dxFΛule(x), one can get the required
pdf.

Theorem 1: For Case 1, the term Φ2� can be exactly calcu-
lated as (36) shown at the bottom of the next page.

7In fact, it may also be true for far located ground eavesdropper at a distance
relatively much higher than the maximum deployable distance of UAV relays
from the ground user. In such scenario, the distance between the UAV relays
and the eavesdropper can be treated as approximately equal for all UAV
locations. Note that with omnidirectional or wide beamwidth antennas the
transmitted signal can reach up to a larger distance.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:28:19 UTC from IEEE Xplore.  Restrictions apply. 



2776 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 4, APRIL 2020

Proof: Substituting the required cdf and pdf from above
in (23), we can have

Φ2� = 1 −
1∑

n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

∫ ∞

0

(
mudx

Φudηd

)k

×
∫ √

R2+H2

0

rkαd e−
nmudx

Ωudηd
rαd

fWld
(r)fΛule(x)drdx.

(37)

Now, first substituting the pdf from (33) in (37) and then,
evaluating the resulting integral with respect to the variable x
after changing the order of integration, one can get (36).

Theorem 2: For Case 2, the term Φ2� can be exactly calcu-
lated as (38) shown at the bottom of this page.

Proof: The proof is similar to the previous one where the
pdf from (34) is inserted.

Thus, making use of corresponding expressions of Φ2�

from above in (20), the PNZSC for CURS can be computed.
We hereby mention that although our derived expressions in
Theorems 1 and 2 are in semi-closed form, these can be
evaluated numerically using symbolic software tools. It is
quite common for stochastic geometry-based spatial network
modeling to end up with semi-closed form integral solution.
The same arguments would be applicable to forthcoming
analysis as well.

2) SOP: For the considered system, with a target secrecy
rate RS , the SOP can be formulated as

Psec(RS) =
M∑

�=0

Pr[|D�| = �] Pr[CS < RS
∣∣|D�| = �]︸ ︷︷ ︸

Φ3�

, (39)

where the term Φ3� is evaluated as [18], [19]

Φ3� = Pr[CS < RS
∣∣Λuld ≥ Λule]Pr[Λuld ≥ Λule]

+Pr[CS < RS
∣∣Λuld < Λule]Pr[Λuld < Λule]. (40)

Making the use of fact that Pr[CS < RS
∣∣Λuld < Λule] = 1

and recalling (17), we can write

Φ3� =
∫ ∞

0

FΛuld
(22RS (1 + x) − 1)fΛule(x)dx. (41)

Based on the above, we derive the exact expression Φ3� in
the following theorems.

Theorem 3: For Case 1, the Φ3� can be given as (42) at the
bottom of the next page.

Proof: Substituting the desired cdf and pdf in (41), we can
have

Φ3�

=
1∑

n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)

× (22RS − 1)k−v22RSv

∫ √
R2+H2

0

rkαd e−
nmud(22RS −1)

Ωudηd
rαd

×
∫ ∞

0

xve−
nmud22RS x

Ωudηd
rαd

fΛule(x)fWld
(r)dxdr. (43)

By evaluating (43) with respect to the variable x, one can
achieve (42).

Theorem 4: For Case 2, the Φ3� can be given as (44) at the
bottom of the next page.

Proof: The proof is similar to the previous one where the
pdf from (34) is inserted.

Thus, one can evaluate the SOP of the system under CURS
based on the above SOP expressions.

3) Asymptotic SOP: We note that the SOP expressions
obtained in the previous section are in complicated forms
and hence, do not reveal important insights related to the
diversity order of the system. Here, we conduct asymptotic
analysis for the SOP of the system to gain insights. As in
[18], [19], we simplify the previously derived SOP expressions
with perfect CSI at high SNR under two scenarios, namely
unbalanced and balanced hops.
• Unbalanced Scenario (ηd → ∞ with fixed ηu) This cor-

responds to the scenario where the two hops are unbalanced,
i.e., the average SNR for the UAVs to destination hop ηd

approaches infinity with fixed average SNR for satellite to
UAV hop ηu. It is quite justified for the considered system
where the satellite is located very far away (e.g., in GEO
orbit). Note that as ηd → ∞, the rate Rd → ∞ and hence
the secrecy capacity CS → ∞ for any � > 0 from (16).
Thus, the conditional probability term Φ3� in (39) diminishes

Φ2� = 1 −
1∑

n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k 1
Γ(mue)

(
mue

Φueηe

)mue

Γ(mue + k)

×
∫ √

R2+H2

0

rkαdwmueαe

ie[(
nmud

Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

ie

]mue+k
Ψ(�, r)fWid

(r)dr. (36)

Φ2� = 1 − 2
L2

1∑
n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k 1
Γ(mue)

(
mue

Φueηe

)mue

Γ(mue + k)

×
∫ L

�

∫ √
R2+H2

0

rkαdwmueαe+1[(
nmud

Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

]mue+k
Ψ(�, r)fWid

(r)drdw. (38)
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for � > 0. Thus, the asymptotic SOP can be straightforwardly
given by, using (21)

P∞
sec(RS) � Pr[|D�| = 0] = Φ1�|�=0. (45)

It can be quickly visualized that the asymptotic SOP is inde-
pendent of the second hop links (i.e., ηd) and thus, the secrecy
diversity order is zero. It is a trivial scenario.
• Balanced Scenario (ηd → ∞ and ηu → ∞) This scenario

can be applied when the satellite possesses sufficiently high
transmit power to combat the propagation effects. In such
scenario, both ηd and ηu approach infinity. As ηu → ∞,
all the relays have very high decoding probability of satellite
messages, i.e., in (39), Pr[|D�| = M ] → 1 and hence
Pr[|D�| < M ] → 0. Therefore, the asymptotic SOP reduces to

P∞
sec(RS) � Pr[CS < RS

∣∣|D�| = M ]. (46)

We now proceed to simplify the previous SOP bound expres-
sions for various cases of eavesdropper’s channel.

Theorem 5: For Case 1, the asymptotic SOP can be given
as (47) at the bottom of this page.

Proof: For this, at high SNR ηd → ∞, the cdf FΛuld
(x)

is simplified (using Υ(γ, x) � xγ

γ for small x) to

FΛuld
(x) � 1

Γ(mud + 1)

(
mud

Φudηd

)mud

xmud

×
∫ √

R2+H2

0

rmudαdfWld
(r)dr. (48)

Making use of (48) and (33) in (41) and with some
manipulations, we can get (49) shown at the bottom of
this page. Now, evaluating the integral with respect to x,
the final expression of asymptotic SOP can be reached.

Theorem 6: For Case 2, the asymptotic SOP can be given
as (50) at the bottom of this page.

Proof: Taking the expectation with respect to the variable
wie in (47) yields the desired expression.

Φ3� =
1∑

n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)
(22RS − 1)k−v22RSv 1

Γ(mue)

(
mue

Φueηe

)mue

×Γ(mue + v)
∫ √

R2+H2

0

rkαdwmueαe

ie e−
nmud(22RS −1)

Ωudηd
rαd[(

nmud22RS
Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

ie

]mue+v Ψ(�, r)fWid
(r)dr. (42)

Φ3� =
2
L2

1∑
n=0

(
1
n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)
(22RS − 1)k−v22RSv 1

Γ(mue)

(
mue

Φueηe

)mue

×Γ(mue + v)
∫ L

�

∫ √
R2+H2

0

rkαdwmueαe+1e−
nmud(22RS −1)

Ωudηd
rαd[(

nmud22RS
Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

]mue+v Ψ(�, r)fWid
(r)drdw. (44)

P∞
sec(RS) � 1

Γ(mud + 1)

(
mud

Φudηd

)mud mud∑
v=0

(
mud

v

)
(22RS − 1)mud−v22RSv Γ(mue + v)

Γ(mue)

(
muew

αe

ie

Φueηe

)−v

×
∫ √

R2+H2

0

rmudαdΨ(�, r)fWid
(r)dr. (47)

P∞
sec(RS) � 1

Γ(mud + 1)

(
mud

Φudηd

)mud 1
Γ(mue)

(
muew

αe

ie

Φueηe

)mue mud∑
v=0

(
mud

v

)
(22RS − 1)mud−v

× 22RSv

∫ √
R2+H2

0

rmudαdfWld
(r)dr

∫ ∞

0

xmue+v−1e−
muex
Ωueηe

wαe
ie dx. (49)

P∞
sec(RS) � 2

L2

1
Γ(mud + 1)

(
mud

Φudηd

)mud mud∑
v=0

(
mud

v

)
(22RS − 1)mud−v22RSv Γ(mue + v)

Γ(mue)

(
mue

Φueηe

)−v

×
∫ L

�

w−vαe+1dw

∫ √
R2+H2

0

rmudαdΨ(�, r)fWid
(r)dr. (50)
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Following the approaches in [18], [19] and the references
therein, to determine the diversity order of the system, we need
to re-express the asymptotic SOP expressions in the form

P∞
sec(RS) = (GCηd)−GD + O(η−GD

d ), (51)

where the GC , GD and O(·) represent, respectively, the sececy
coding gain, secrecy diversity order and higher order terms.

Remark 1: Re-expressing the asymptotic SOP expressions
derived in Theorems 5 and 6 in the form given in (51), one
can conclude that the secrecy diversity order GD of the system
under CURS is mud. In fact, we conclude that a distance based
selection strategy although incurs low complexity, it improves
mainly the secrecy coding gain GC without influencing the
secrecy diversity order GD .

B. UURS

For comparison with the CURS strategy analyzed in previ-
ous section, we consider the least complexity UURS strategy
in this section.

As can be observed, in the UURS strategy the UAV relay
is chosen randomly among the � relays from the successful
decoding set. Therefore, the order statistics will not be applica-
ble for the distance variable Wld, i.e., fWld

(r) = fWid
(r).

Equivalently, the PNZSC and SOP expressions for UURS
can be directly obtained from the corresponding PNZSC and
SOP expressions for CURS by simply replacing the term
Ψ(�, r) with unity. Due to space constraints, we do not
explicitly present the corresponding expressions for UURS
case. Moreover, the secrecy performance of UURS will be
presented in the numerical results section.

Remark 2: Having obtained the asymptotic SOP for UURS
by replacing the term Ψ(�, r) by unity in the expressions given
by Theorems 5 and 6 for CURS, we find that the diversity
order GD of the system remains unaffected. This strengthens
the argument in Remark 1 that the coding gain GC is the only
entity affected by such selection strategy.

C. MURS

In this section, we evaluate the PNZSC and SOP expressions
for the full-complexity MURS strategy.

1) PNZSC: For MURS, continuing with the actual cdf
FΛuld

(x) is troublesome as the evaluation of the integral
in (41) is not tractable after applying the order statistics for
SNR variable Λuld. This is due to the fact that the SNR
Λuid has coupled random variables |guid|2 and Wid. To deal
with this intricacy, we are fortunate to embark upon the fact
observed in Remarks 1 and 2 that the order statistic for
distance variable Wid does not influence the secrecy diversity
order GD of the system. Thus, without losing the insights,
we bound the exact SNR Λuld to conduct the otherwise
cumbersome analysis as

Λuld ≤ Λ�
uld = ηdW

�
ld

−αdg�
uld (52)

and Λuld ≥ Λ†
uld

= ηdWid
−αdg�

uld
, (53)

where W �
ld = min

i∈D�

Wid and g�
uld

= max
i∈D�

|guid|2. Thus, a lower

bound cdf FΛ�
uld

(x) can be obtained in the sequel.

Lemma 4: The lower bound cdf FΛ�
uld

(x) is given by

FΛ�
uld

(x) =
�∑

n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mudx

Φudηd

)k

×
∫ √

R2+H2

0

rkαd e−n
mudx

Ωudηd
rαd

fW �
ld

(r)dr, (54)

where the coefficients ωn
k are the same as defined previously

in Lemma 2.
Proof: We can calculate the required cdf as

FΛ�
uld

(x)

= Pr
[
ηdW

�
ld

−αdg�
uld

< x
]

(a)
=

∫ √
R2+H2

0

⎡
⎣Υ

(
mud,

mudx
Ωudηd

rαd

)
Γ(mud)

⎤
⎦

�

fW �
ld

(r)dr

(b)
=

�∑
n=0

(
�

n

)
(−1)n

∫ √
R2+H2

0

⎡
⎣Γ

(
mud,

mudx
Ωudηd

rαd

)
Γ(mud)

⎤
⎦

n

× fW �
ld

(r)dr, (55)

where (a) follows the order statics for fading channel gain, and
(b) results from applying the binomial expansion after repre-
senting the lower incomplete gamma function to upper incom-
plete gamma function. Thereafter, on applying the multinomial
expansion the desired expression can be revealed.

Remark 3: Replacing the term Ψ(�, r) by unity in (27)
results in fW �

ld
(r) = fWid

(r). Thus, the upper bound on cdf
FΛuld

(x) (i.e., FΛ†
uld

(x)) with lower bound SNR expression

Λ†
uld

in (52) can be obtained directly by computing the integral
in Lemma 4 by changing Ψ(�, r) to unity. Both the cdfs
FΛ�

uld
(x) and FΛ†

uld
(x) are crucial to evaluate the secrecy

performance bounds in this section.
Based on the preceding statistical characterizations,

we present the upper bound on probability term Φ2� in (23)
for the two cases in sequel.

Theorem 7: For Case 1, the upper bound on Φ2� (i.e., Φ�
2�)

can be given as (56) at the bottom of next page.
Proof: Substituting the required cdf and pdf from above

in (23), we can have

Φ�
2� = 1 −

�∑
n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

∫ ∞

0

(
mudx

Φudηd

)k

×
∫ √

R2+H2

0

rkαd e−n
mudx

Ωudηd
rαd

fW �
ld

(r)fΛule(x)drdx.

(57)

Now, first changing the order of integration in (57) and
evaluating the resulting integral with respect to the variable
x, one can achieve (56).

Corollary 1: Replacing the term Ψ(�, r) with Ψ(1, r)
in (56), we can obtain the lower bound Φ†

2� for this case.
Theorem 8: For Case 2, the upper bound Φ�

2� can be given
as (58) at the bottom of next page.

Proof: The proof is similar to the previous one where the
pdf from (34) is inserted.
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Corollary 2: Replacing the term Ψ(�, r) with Ψ(1, r)
in (58), we can obtain the lower bound Φ†

2� for this case.
Using the above expressions in (20), we can evaluate the

PNZSC for the system in terms of the upper and lower bounds.
In the next section, we derive the SOP of the system with

perfect CSI.
2) SOP: Based on the lower bound cdf FΛ�

uld
(x), we derive

the expression of lower bound on Φ3� (i.e., Φ†
3�) in the

following theorems for two cases of eavesdropper’s channel.
Theorem 9: For Case 1, the lower bound Φ†

3� can be given
as (59) at the bottom of this page.

Proof: Substituting the previously derived cdf and pdf
in (41), we can have

Φ†
3�

=
�∑

n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)

× (22RS − 1)k−v22RSv

∫ √
R2+H2

0

rkαd e−
nmud(22RS −1)

Ωudηd
rαd

×
∫ ∞

0

xve−
nmud22RS x

Ωudηd
rαd

fΛule(x)fW �
ld

(r)dxdr. (60)

By evaluating (60) with respect to the variable x, one can
achieve (59).

Corollary 3: The upper bound Φ�
2� for this case can be

obtained by replacing the term Ψ(�, r) by unity in (59).
Theorem 10: For Case 2, the lower bound Φ†

3� can be given
as (61) at the bottom of this page.

Proof: The proof is similar to the previous one where the
pdf from (34) is invoked.

Corollary 4: The upper bound Φ�
2� for this case can be

obtained by replacing the term Ψ(�, r) by unity in (61).
Plugging the various expressions from previous theorems

and corollaries in (39), we can compute the SOP of system in
terms of the corresponding lower and upper bounds.

Remark 4: Although we presented the bound analysis for
MURS, the lower and upper bound expressions of the PNSC
and SOP converge to the exact ones for single UAV relay.

3) Asymptotic SOP: We now proceed to simplify the pre-
vious SOP bound expressions for various cases of eavesdrop-
per’s channel.

Theorem 11: For Case 1, the asymptotic lower bound SOP
can be given as (62) at the bottom of next page.

Proof: For this, at high SNR ηd → ∞, the cdf FΛ�
uld

(x)
is simplified under � = M as

FΛ�
uld

(x) �
[

1
Γ(mud + 1)

(
mud

Φudηd

)mud
]M

xMmud

×
∫ √

R2+H2

0

rMmudαdfW �
ld

(r)dr. (63)

Φ�
2� = 1 −

�∑
n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k 1
Γ(mue)

(
mue

Φueηe

)mue

Γ(mue + k)

×
∫ √

R2+H2

0

rkαdwmueαe

ie[(
nmud

Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

ie

]mue+k
Ψ(�, r)fWid

(r)dr. (56)

Φ�
2� = 1 − 2

L2

�∑
n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k 1
Γ(mue)

(
mue

Φueηe

)mue

Γ(mue + k)

×
∫ L

�

∫ √
R2+H2

0

rkαdwmueαe+1[(
nmud

Ωudηd

)
rα +

(
mue

Ωueηe

)
wαe

]mue+k
Ψ(�, r)fWid

(r)drdw. (58)

Φ†
3� =

�∑
n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)
(22RS − 1)k−v22RSv 1

Γ(mue)

(
mue

Φueηe

)mue

×Γ(mue + v)
∫ √

R2+H2

0

rkαdwmueαe

ie e−
nmud(22RS −1)

Ωudηd
rαd[(

nmud22RS
Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

ie

]mue+v Ψ(�, r)fWid
(r)dr. (59)

Φ†
3� =

2
L2

�∑
n=0

(
�

n

)
(−1)n

n(mud−1)∑
k=0

ωn
k

(
mud

Φudηd

)k k∑
v=0

(
k

v

)
(22RS − 1)k−v22RSv 1

Γ(mue)

(
mue

Φueηe

)mue

×Γ(mue + v)
∫ L

�

∫ √
R2+H2

0

rkαdwmueαe+1e−
nmud(22RS −1)

Ωudηd
rαd[(

nmud22RS
Ωudηd

)
rαd +

(
mue

Ωueηe

)
wαe

]mue+v Ψ(�, r)fWid
(r)drdw. (61)
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Making use of (63) and (33) in (41) and with some
manipulations, we can get (64) shown at the bottom of this
page. Now, evaluating the integral with respect to x, the final
expression of asymptotic SOP can be reached.

Corollary 5: The asymptotic upper bound SOP P�,∞
sec (RS)

for this case can be obtained by replacing the term Ψ(M, r)
by unity in (62).

Theorem 12: For Case 2, the asymptotic lower bound SOP
can be given as (65) at the bottom of this page.

Proof: Taking the expectation with respect to the variable
wie in (62) yields the desired expression.

Corollary 6: The asymptotic upper bound SOP P�,∞
sec (RS)

for this case can be obtained by replacing the term Ψ(M, r)
by unity in (65).

Remark 5: Re-expressing the asymptotic SOP bounds in
Theorems 11 and 12 in the form given in (51), one can
ensure that the secrecy diversity order GD of the system
is Mmud. This clearly depicts the effectiveness of MURS
scheme to achieve performance gains over the contempo-
rary CURS and UURS strategies by paying for increased
complexity.

In the next section, we present numerical results based on
the analysis in previous sections.

IV. NUMERICAL RESULTS

We present numerical results for the considered HSTN in
this section. According to [10] and the references therein,
we set the satellite link parameters as T = 300 K, W = 15
MHz, c = 3 × 108 m/s, du = 35786 Km, fc = 2 GHz,
ϑu = 4.8 dB, ϑs = 53.45 dB, θu = 0.8◦, and
θu3dB ≈ θd3dB = 0.3◦. We set the Shadowed-Rician fading
channel parameters as (ms, �s, Φs) = (2, 0.063, 0.0005) under
the heavy shadowing condition.

We further set the various UAV parameters similar to [42],
[43] as v1,i ∼ [vmin, vmax] = [0.1, 30] m/s, v2,i ∼ [0, 40] m/s,
ps = 0.5 is set by adjusting the distribution of dwell time

Fig. 2. PNZSC versus SNR for case 1.

Ts ∼ [τmin, τmax] = [0.09, 5.0] s, H = 40 m, R = 80 m,
mud = 2 (unless stated otherwise), Φud = 1. We set the
pathloss exponents to αd = αe = 2. The target rate for
successful decoding at relay is set R = 0.5 bps. Whereas,
the secrecy target rate is set to RS = 1 bps. We set eaves-
dropper’s fading channel parameters as mue = 1, Φue = 1.
Throughout the results we set ηd = ηu.

Figs. 2 and 3 plot the PNZSC curves against SNR for the
considered relay selection strategies under case 1 and case 2,
respectively. Here, in Fig. 2, we set the parameter wie = 80 m.
While in Fig. 3, we set the parameters (L, �) = (80 m, 10 m)
for plotting the curves. In these figures, we can clearly see that
the PNZSC improves with the opportunistic relay selection.
This fact can easily be established by comparing the curves
for M = 1 and 2. Further, we can observe that the PNZSC
performance gain is maximum for MURS while it is least for
UURS. The PNZSC performance of CURS is better than the
UURS. For MURS, we can see that the exact simulation of
PNZSC lies much closer to its analytical upper bound PNZSC

P†,∞
sec (RS) � 1

Γ(mud + 1)M

(
mud

Φudηd

)Mmud Mmud∑
v=0

(
Mmud

v

)
(22RS − 1)Mmud−v22RSv Γ(mue + v)

Γ(mue)

(
muew

αe

ie

Φueηe

)−v

×
∫ √

R2+H2

0

rMmudαdΨ(M, r)fWid
(r)dr. (62)

P†,∞
sec (RS) � 1

Γ(mud + 1)M

(
mud

Φudηd

)Mmud 1
Γ(mue)

(
muew

αe

ie

Φueηe

)mue Mmud∑
v=0

(
Mmud

v

)
(22RS − 1)Mmud−v

× 22RSv

∫ √
R2+H2

0

rMmudαdfW �
ld

(r)dr

∫ ∞

0

xmue+v−1e−
muex
Ωueηe

wαe
ie dx. (64)

P†,∞
sec (RS) � 2

L2

1
Γ(mud + 1)M

(
mud

Φudηd

)Mmud Mmud∑
v=0

(
Mmud

v

)
(22RS − 1)Mmud−v22RSv Γ(mue + v)

Γ(mue)

(
mue

Φueηe

)−v

×
∫ L

�

w−vαe+1dw

∫ √
R2+H2

0

rMmudαdΨ(M, r)fWid
(r)dr. (65)
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Fig. 3. PNZSC versus SNR for case 2.

Fig. 4. SOP versus SNR for case 1 with varying M and mud .

as compared to the lower bound. Note that the performance
of all strategies is identical for M = 1.

To get concrete insights on the system, we focus on its SOP
performance under various scenarios in the sequel.

Fig. 4 plots the SOP of the system against SNR ηd for the
eavesdropper’s case 1. Here, we set wie = 1000 m. Firstly,
we observe that the exact SOP for UURS and CURS becomes
equivalent to the MURS. This is because the upper bound
and lower bound SOP expressions for MURS become exact
ones for M = 1. Secondly, by comparing the curves for
(M, mud) = (1, 1) and (1, 2) for UURS, one can confirm the
secrecy diversity of mud. Similarly, comparing the curves for
(M, mud) = (1, 1) and (2, 2) for CURS, the secrecy diversity
of mud can be confirmed. Further, we can see through the
curves for MURS that the secrecy diversity order for this case
is Mmud. More importantly, we found that the exact SOP of
the MURS is quite close to its lower bound rather than the
upper bound. So, we rely upon the lower bound SOP only for
the MURS to depict rest of the results.

Fig. 5 plots the SOP of the system against SNR ηd for the
eavesdropper’s case 2. Here, we set L = 1000 m and the
exclusion region with radius � = 600 m. Likewise Fig. 4,
we observe from various curves that the secrecy diversity
order of the system with UURS and CURS strategies is mud.
While the secrecy diversity order of the system with MURS

Fig. 5. SOP versus SNR for case 2 with varying M and mud.

Fig. 6. SOP versus SNR for case 1 with varying wie.

is Mmud. In general, we found that for given L and wie,
the case 2 gives lower SOP as compared to the case 1 in
previous figure. Here, we also confirm the close proximity of
exactly simulated SOP of MURS with its lower bound. So, for
the case 2, we only go for the lower bound SOP for depicting
the results.

Fig. 6 plots the SOP of the system against SNR under
different values of distance wie for case 1. Here, we draw the
set of SOP curves for two values of wie, i.e., 1000 m and 300
m. We can clearly visualize that the SOP performance of the
system significantly degrades at high SNR. Further, we can
observe that the slope of the SOP curves at wie = 300 m
becomes flat in high SNR region (i.e., loss of secrecy diversity
order). It follows from the fact that at lower value of wie the
eavesdropper link becomes very strong which yields the SNR
at eavesdropper comparable to the SNR of main link.

Fig. 7 plots the SOP of the system against SNR under
different exclusion region radii � for case 2. Here, we fix
L = 1000 m and set the values of � to 600 m and 800 m. In this
figure, we observe that the SOP performance is significantly
influenced by the choice of �. For instance, comparing with
� = 800 m, the SOP performance for all schemes (i.e., UURS,
CURS and MURS) deteriorates when � = 600 m. This is
owing to the better eavesdropper’s link due to the reduction
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Fig. 7. SOP versus SNR for case 2 with varying ε.

Fig. 8. SOP versus SNR for case 2 with varying L and ε.

Fig. 9. SOP versus SNR for case 1 with varying R.

of pathloss upon decreasing the distance between a serving
UAV relay and eavesdropper.

In addition to Fig. 7, Fig. 8 plots the SOP of the sys-
tem against SNR by varying both the parameters � and L.
We can see that when (L, �) changes (1000 m, 600 m) to
(600 m, 300 m), the SOP performance of system reduces.
Specifically, at high SNR, the secrecy diversity order loss can
be observed for (L, �) = (600 m, 300 m). This is due to the

Fig. 10. SOP versus SNR for case 2 with varying R.

Fig. 11. SOP versus SNR for case 1 with static relaying.

Fig. 12. SOP versus SNR for case 2 with static relaying.

deployment of the eavesdropper in close proximity to the UAV
relay which improves the quality of eavesdropper’s link.

Figs. 9 and 10 depict the SOP performance of the system
against SNR for different values of distance R of UAV relays
under case 1 and 2, respectively. Here, we set the parameters
wie = 1000 m in Fig. 9 and (L, �) = (1000 m, 600 m)
in Fig. 10. We further consider the two values of R, i.e., 100 m
and 80 m for plotting the curves. In both these figures,
we observe that the SOP performance of the system
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deteriorates with the increase of distance R. This follows from
the increased pathloss in the main channel link. However,
the secrecy diversity order remains unaffected at high SNR.
Although not explicitly shown due to space limit, the similar
impact can be observed with increasing H .

Figs. 11 and 12 plots the SOP comparison between static
and mobile relaying against SNR for case 1 and 2, respectively.
For static relaying, we can obtain the SOP curves directly from
the derived SOP expressions for various cases without taking
the final integral over the pdf fWld

(r). Further, for comparison
purpose, we deploy all the static relays at maximum possible
distance, i.e.,

√
R2 + H2 from D. From these figures, one can

observe that the performance of the system is dramatically
improved by the mobile relaying as compared to the static
relaying case for all three opportunistic strategies. One of the
important insight is that the performance gain of CURS is not
achievable with static relaying.

V. CONCLUSION

We have proposed the novel secure 3D mobile UAV relaying
for HSTN based on the MM model [42], [43] for 3D UAV
movement process in the presence of an aerial eavesdropper
lying around a serving UAV relay in a circular plane. Con-
sidering three opportunistic UAV relay selection strategies,
namely CURS, UURS and MURS, we evaluated the secrecy
performance of the proposed HSTN in terms of information-
theoretic metrics PNZSC and SOP. In particular, we evaluated
the exact PNZSC and SOP expressions for the UURS and
CURS strategies. Further, we evaluated the analytical lower
and upper bound expressions on the exact PNZSC and SOP
for the MURS strategy. We depicted that the analytical upper
bound of PNZSC and the analytical lower bound of SOP
have close proximity with the exact simulations. In general,
we found that the secrecy performance of MURS is the
best and that of UURS is worst in terms of both PNZSC
and SOP. Nevertheless, the secrecy performance of CURS is
relatively much better than that of UURS. Moreover, we found
that the CURS and UURS strategies do not improve the
secrecy diversity order of the system with relay selection. But,
the secrecy coding gain of CURS yields remarkable improve-
ment in the secrecy performance over UURS. Furthermore,
we quantified the impact of various system parameters on the
secrecy performance of the considered HSTN. For instance,
the secrecy performance of the HSTN is found to deteriorate
in the following scenarios: (a) decreasing the distance between
UAV relay and eavesdropper (case 1); (b) decreasing the
exclusion region radius or the distance of eavesdropper from
UAV relay (case 2); (c) increasing both the distance R and H .
Finally, we compared the achievable secrecy performance of
the proposed 3D mobile UAV relaying with the conventional
static relaying. Moreover, the 3D mobile UAV relaying out-
performed the maximum distance static relaying in terms of
secrecy performance.

REFERENCES

[1] P. Chini, G. Giambene, and S. Kota, “A survey on mobile satellite
systems,” Int. J. Satelite Commun., vol. 28, no. 1, pp. 29–57, Aug. 2009.

[2] B. Evans et al., “Integration of satellite and terrestrial systems in
future media communications,” IEEE Wireless Commun., vol. 12, no. 5,
pp. 72–80, Oct. 2005.

[3] B. Paillassa, B. Escrig, R. Dhaou, M.-L. Boucheret, and C. Bes,
“Improving satellite services with cooperative communications,” Int. J.
Satell. Commun. Network., vol. 29, no. 6, pp. 479–500, Nov. 2011.

[4] S. Sreng, B. Escrig, and M.-L. Boucheret, “Exact symbol error probabil-
ity of hybrid/integrated satellite-terrestrial cooperative network,” IEEE
Trans. Wireless Commun., vol. 12, no. 3, pp. 1310–1319, Mar. 2013.

[5] M. R. Bhatnagar and A. M. K., “Performance analysis of AF based
hybrid satellite-terrestrial cooperative network over generalized fading
channels,” IEEE Commun. Lett., vol. 17, no. 10, pp. 1912–1915,
Oct. 2013.

[6] K. An, M. Lin, and T. Liang, “On the performance of multiuser hybrid
satellite-terrestrial relay networks with opportunistic scheduling,” IEEE
Commun. Lett., vol. 19, no. 10, pp. 1722–1725, Oct. 2015.

[7] P. K. Upadhyay and P. K. Sharma, “Max-max user-relay selection
scheme in multiuser and multirelay hybrid satellite-terrestrial relay
systems,” IEEE Commun. Lett., vol. 20, no. 2, pp. 268–271, Feb. 2016.

[8] K. An, M. Lin, J. Ouyang, Y. Huang, and G. Zheng, “Symbol error
analysis of hybrid satellite–terrestrial cooperative networks with cochan-
nel interference,” IEEE Commun. Lett., vol. 18, no. 11, pp. 1947–1950,
Nov. 2014.

[9] P. K. Sharma, P. K. Upadhyay, D. B. Da Costa, P. S. Bithas, and
A. G. Kanatas, “Performance analysis of overlay spectrum sharing in
hybrid satellite-terrestrial systems with secondary network selection,”
IEEE Trans. Wireless Commun., vol. 16, no. 10, pp. 6586–6601,
Oct. 2017.

[10] K. Guo, K. An, B. Zhang, Y. Huang, and G. Zheng, “Outage analysis of
cognitive hybrid satellite-terrestrial networks with hardware impairments
and multi-primary users,” IEEE Wireless Commun. Lett., vol. 7, no. 5,
pp. 816–819, Oct. 2018.

[11] A. D. Wyner, “The wire-tap channel,” Bell System Tech. J., vol. 54,
no. 8, pp. 1355–1387, Oct. 1975.

[12] M. Bloch, J. Barros, M. R. D. Rodrigues, and S. W. Mclaughlin, “Wire-
less information-theoretic security,” IEEE Trans. Inf. Theory, vol. 54,
no. 6, pp. 2515–2534, Jun. 2008.

[13] A. Mukherjee, S. A. A. Fakoorian, J. Huang, and A. L. Swindlehurst,
“Principles of physical layer security in multiuser wireless networks:
A survey,” IEEE Commun. Surveys Tuts., vol. 16, no. 3, pp. 1550–1573,
Aug. 2014.

[14] A. Roy-Chowdhury, J. Baras, M. Hadjitheodosiou, and
S. Papademetriou, “Security issues in hybrid networks with a satellite
component,” IEEE Wireless Commun., vol. 12, no. 6, pp. 50–61,
Dec. 2005.

[15] H. Cruickshank, M. Howarth, S. Iyengar, Z. Sun, and L. Claverotte,
“Securing multicast in DVB-RCS satellite systems,” IEEE Wireless
Commun., vol. 12, no. 5, pp. 38–45, Oct. 2005.

[16] Y. Zou, X. Wang, and W. Shen, “Optimal relay selection for physical
layer security in cooperative wireless networks,” IEEE J. Sel. Areas
Commun., vol. 31, no. 10, pp. 2099–2111, Oct. 2013.

[17] L. Fan, X. Lei, T. Q. Duong, M. Elkashlan, and G. K. Karagiannidis,
“Secure multiuser communications in multiple amplify-and-forward
relay networks,” IEEE Trans. Commun., vol. 62, no. 9, pp. 3299–3310,
Sep. 2014.

[18] F. S. Al-Qahtani, C. Zhong, and H. M. Alnuweiri, “Opportunistic relay
selection for secrecy enhancement in cooperative networks,” IEEE Trans.
Commun., vol. 63, no. 5, pp. 1756–1770, May 2015.

[19] R. Zhao, Y. Yuan, L. Fan, and Y.-C. He, “Secrecy performance analysis
of cognitive decode-and-forward relay networks in Nakagami-m fading
channels,” IEEE Trans. Commun., vol. 65, no. 2, pp. 549–563, Feb. 2017.

[20] J. Lei, Z. Han, M. Vazquez-Castro, and A. Hjorungnes, “Secure satellite
communication systems design with individual secrecy rate constraints,”
IEEE Trans. Inf. Forensics Security, vol. 6, no. 3, pp. 661–671,
Sep. 2011.

[21] G. Zheng, P.-D. Arapoglou, and B. Ottersten, “Physical layer security in
multibeam satellite systems,” IEEE Trans. Wireless Commun., vol. 11,
no. 2, pp. 852–863, Feb. 2012.

[22] A. Kalantari, G. Zheng, Z. Gao, Z. Han, and B. Ottersten, “Secrecy
analysis on network coding in bidirectional multibeam satellite com-
munications,” IEEE Trans. Inf. Forensics Security, vol. 10, no. 9,
pp. 1862–1874, Sep. 2015.

[23] K. An, M. Lin, J. Ouyang, and W.-P. Zhu, “Secure transmissions in
cognitive satellite terrestrial networks,” IEEE J. Sel. Areas Commun.,
vol. 34, no. 11, pp. 3025–3037, Nov. 2016.

[24] K. An, T. Liang, X. Yan, and G. Zheng, “On the secrecy performance
of land mobile satellite communication systems,” IEEE Access, vol. 6,
pp. 39606–39620, 2018.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:28:19 UTC from IEEE Xplore.  Restrictions apply. 



2784 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 19, NO. 4, APRIL 2020

[25] K. Guo, K. An, B. Zhang, Y. Huang, and D. Guo, “Physical layer
security for hybrid satellite terrestrial relay networks with joint relay
selection and user scheduling,” IEEE Access, vol. 6, pp. 55815–55827,
2018.

[26] M. Mozaffari, W. Saad, M. Bennis, Y.-H. Nam, and M. Debbah,
“A tutorial on UAVs for wireless networks: Applications, challenges,
and open problems,” IEEE Commun. Surveys Tuts., vol. 21, no. 3,
pp. 2334–2360, 3rd Quart., 2019.

[27] V. V. Chetlur and H. S. Dhillon, “Downlink coverage analysis for a
finite 3D wireless network of unmanned aerial vehicles,” IEEE Trans.
Commun., vol. 65, no. 10, pp. 4543–4558, Oct. 2017.

[28] Y. Zeng, R. Zhang, and T. J. Lim, “Throughput maximization for
UAV-enabled mobile relaying systems,” IEEE Trans. Commun., vol. 64,
no. 12, pp. 4983–4996, Dec. 2016.

[29] F. Ono, H. Ochiai, and R. Miura, “A wireless relay network based on
unmanned aircraft system with rate optimization,” IEEE Trans. Wireless
Commun., vol. 15, no. 11, pp. 7699–7708, Nov. 2016.

[30] M. M. Azari, F. Rosas, K.-C. Chen, and S. Pollin, “Ultra reliable UAV
communication using altitude and cooperation diversity,” IEEE Trans.
Commun., vol. 66, no. 1, pp. 330–344, Jan. 2018.

[31] J. Tang, G. Chen, and J. P. Coon, “Secrecy performance analysis of
wireless communications in the presence of UAV jammer and ran-
domly located UAV eavesdroppers,” IEEE Trans. Inf. Forensics Security,
vol. 14, no. 11, pp. 3026–3041, Nov. 2019.

[32] Y. Zhou et al., “Improving physical layer security via a UAV friendly
jammer for unknown eavesdropper location,” IEEE Trans. Veh. Technol.,
vol. 67, no. 11, pp. 11280–11284, Nov. 2018.

[33] G. Zhang, Q. Wu, M. Cui, and R. Zhang, “Securing UAV communi-
cations via joint trajectory and power control,” IEEE Trans. Wireless
Commun., vol. 18, no. 2, pp. 1376–1389, Feb. 2019.

[34] X. Zhou, Q. Wu, S. Yan, F. Shu, and J. Li, “UAV-enabled secure
communications: Joint trajectory and transmit power optimization,”
IEEE Trans. Veh. Technol., vol. 68, no. 4, pp. 4069–4073, Apr. 2019.

[35] F. Cheng, G. Gui, N. Zhao, Y. Chen, J. Tang, and H. Sari, “UAV-relaying-
assisted secure transmission with caching,” IEEE Trans. Commun.,
vol. 67, no. 5, pp. 3140–3153, May 2019.

[36] N. Zhao et al., “Joint trajectory and precoding optimization for UAV-
assisted NOMA networks,” IEEE Trans. Commun., vol. 67, no. 5,
pp. 3723–3735, May 2019.

[37] M.-A. Lahmeri, M. A. Kishk, and M.-S. Alouini, “Stochastic geometry-
based analysis of airborne base stations with laser-powered UAVs,” IEEE
Commun. Lett., vol. 24, no. 1, pp. 173–177, Jan. 2020.

[38] R. Arshad, L. Lampe, H. ElSawy, and M. J. Hossain.
Integrating UAVs Into Existing Wireless Networks: A Stochastic
Geometry Approach. Accessed: Dec. 2019. [Online]. Avail-
able:https://arxiv.org/abs/1810.07801

[39] P. K. Sharma, D. Deepthi, and D. I. Kim, “Outage probability of 3D
mobile UAV relaying for hybrid satellite-terrestrial networks,” IEEE
Commun. Lett., to be published.

[40] M. Banagar and H. S. Dhillon. Performance Characterization of Canon-
ical Mobility Models in Drone Cellular Networks. Accessed: Dec. 2019.
[Online]. Available:https://arxiv.org/abs/1908.05243

[41] S. Enayati, H. Saeedi, H. Pishro-Nik, and H. Yanikomeroglu, “Mov-
ing aerial base station networks: A stochastic geometry analysis and
design perspective,” IEEE Trans. Wireless Commun., vol. 18, no. 6,
pp. 2977–2988, Jun. 2019.

[42] P. K. Sharma and D. I. Kim, “Coverage probability of 3-D mobile UAV
networks,” IEEE Wireless Commun. Lett., vol. 8, no. 1, pp. 97–100,
Feb. 2019.

[43] P. K. Sharma and D. I. Kim, “Random 3D mobile UAV networks:
Mobility modeling and coverage probability,” IEEE Trans. Wireless
Commun., vol. 18, no. 5, pp. 2527–2538, May 2019.

[44] C. Bettstetter, G. Resta, and P. Santi, “The node distribution of the
random waypoint mobility model for wireless ad hoc networks,” IEEE
Trans. Mobile Comput., vol. 2, no. 3, pp. 257–269, Jul. 2003.

[45] Z. Gong and M. Haenggi, “Interference and outage in mobile ran-
dom networks: Expectation, distribution, and correlation,” IEEE Trans.
Mobile Comput., vol. 13, no. 2, pp. 337–349, Feb. 2014.

[46] G. Zheng, S. Chatzinotas, and B. Ottersten, “Generic optimization of
linear precoding in multibeam satellite systems,” IEEE Trans. Wireless
Commun., vol. 11, no. 6, pp. 2308–2320, Jun. 2012.

[47] I. S. Gradshteyn and I. M. Ryzhik, Tables of Integrals, Series and
Products, 6th ed. New York, NY, USA: Academic, 2000.

Pankaj K. Sharma (Member, IEEE) received
the B.Tech. degree in electronics and communica-
tion engineering from the Raj Kumar Goel Insti-
tute of Technology, Ghaziabad, India, in 2009,
the M.Tech. degree in electronics and communi-
cation engineering from the Dr. B. R. Ambedkar
National Institute of Technology, Jalandhar, India,
in 2013, and the Ph.D. degree in electrical engi-
neering from IIT Indore, Indore, India, in 2017.
He was a Post-Doctoral Research Fellow with the
Energy Harvesting Communications Research Cen-

ter (EHCRC), Sungkyunkwan University (SKKU), South Korea, where he
received the Brain Korea 21 Plus Post-Doctoral Research Fellowship from the
National Research Foundation (NRF) of Korea, from 2017 to 2018. He has
been further associated with EHCRC, SKKU, as a visiting Post-Doctoral
Research Fellow, since 2019. Since 2018, he has been with the National
Institute of Technology Rourkela, Odisha, India, where he is currently an
Assistant Professor with the Department of Electronics and Communication
Engineering. His research interests include unmanned aerial vehicles (UAV)-
enabled wireless networks, cognitive radio networks, and hybrid satellite-
terrestrial networks.

Dong In Kim (Fellow, IEEE) received the Ph.D.
degree in electrical engineering from the University
of Southern California, Los Angeles, CA, USA,
in 1990. He was a Tenured Professor with the School
of Engineering Science, Simon Fraser University,
Burnaby, BC, Canada. Since 2007, he has been a
Sungkyunkwan University (SKKU)-Fellowship Pro-
fessor with the College of Information and Commu-
nication Engineering, SKKU, Suwon, South Korea.
He is a fellow of the Korean Academy of Science
and Technology, and a member of the National

Academy of Engineering of Korea. He has been a first recipient of the NRF of
Korea Engineering Research Center in wireless communications for RF energy
harvesting since 2014. He has been selected the 2019 recipient of the IEEE
Communications Society Joseph LoCicero Award for Exemplary Service to
Publications. He is the Executive Chair of the IEEE ICC 2022 in Seoul. From
2001 to 2019, he has served as an Editor and an Editor-at-Large of wireless
communication—I for the IEEE TRANSACTIONS ON COMMUNICATIONS.
From 2002 to 2011, he also served as an Editor and a Founding Area
Editor of cross-layer design and optimization for the IEEE TRANSACTIONS
ON WIRELESS COMMUNICATIONS. From 2008 to 2011, he was the Co-
Editor-in-Chief of the IEEE/KICS JOURNAL OF COMMUNICATIONS AND

NETWORKS. He has served as the Founding Editor-in-Chief for the IEEE
WIRELESS COMMUNICATIONS LETTERS from 2012 to 2015.

Authorized licensed use limited to: Sungkyunkwan University. Downloaded on March 08,2023 at 11:28:19 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


