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ABSTRACT The tremendous increase in wireless connectivity demand will result in the degradation of
the service quality and the scarcity of network capacity and coverage in the beyond 5th generation era.
To ensure reliable connectivity and enhance the network’s performance, the evolution of heterogeneous
networks (HetNets) must incorporate aerial platforms in addition to traditional terrestrial base stations. The
performance of Aerial-HetNets (A-HetNets) is largely dependent on the users’ association. The conventional
user-association scheme based on downlink received power provides sub-optimal performance for the
edge users. For this reason, decoupled user-association along with the reverse frequency allocation (RFA)
strategy has been employed in A-HetNets. The performance of A-HetNets is also affected if wide-band
jammers (WBJs) are present in the vicinity and impose jamming interference. In this paper, a two-tier
A-HetNet with RFA and decoupled access is analyzed in the presence of jamming interference. The obtained
results show that for a signal-to-interference ratio threshold of −20 dBm, the percentage decrease in the
coverage probability of the decoupled access due to WBJ activity is up to 7.4%, 13.5%, and 19.7%, for
the average number of WBJs equal to 2, 4, and 6, respectively. The performance of the decoupled access
in A-HetNets is further decreased by increasing the transmit power of the WBJs while it is increased by
increasing the radius of the WBJ’s cluster.

INDEX TERMS Downlink and uplink decoupling, heterogeneous networks, unmanned aerial vehicles,
wide-band jammers.

I. INTRODUCTION
The evolution of 5th generation (5G) of wireless networks
can increase the data demands, service types, and scale of
wireless networks. It is estimated that the mobile-user and
the machine-type subscribers would reach 17.1bn and 97bn,
respectively, by the year 2030 [1]. Such massive increase will
lead to the degradation in the quality of service (QoS) and
scarcity of network capacity in the beyond 5G era [2]. Thus,
to design networks in a cost-efficient manner, the evolution
of base station (BS) coverage cells from macro- to femto-
and pico-cells and from terrestrial-fixed to aerial-vehicular is
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indispensable. The aerial networks can use network resources
more efficiently by creating favorable channel conditions
or by extending the network’s coverage for the target user
equipment (UE) to meet the data demands for events, such
as concerts, sports, disasters, and accidents.

A. MOTIVATION AND RELATED WORK
Tomaintain the QoS in ultra-high data demand environments,
a promising solution is to deploy unmanned aerial vehicles
(UAVs) [3]–[5]. The UAV-based BSs can provide the line-
of-sight link to the target UE in aerial heterogeneous net-
works (A-HetNets). The appropriate deployment of UAVs
encompasses numerous characterizations depending on their
weight, trasnmit power, and size [6], [7]. The UAVs with the
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functionalities such as low transmit power, less height, less
endurance capability, and limited battery are usually consid-
ered as low-altitude platforms (LAPs). While, the UAVs with
extended transmission power, higher altitude, and extensive
endurance capability are considered as high-altitude plat-
forms (HAPs).

The performance of HetNets is largely affected, if jam-
mers are present in the vicinity and disrupt the legitimate
transmission [8]–[10]. This performance is more vulnerable
to jamming, if aerial BSs are present in the network. The
target locations for jamming in A-HetNets are organizations,
military-bases, air-ports, etc., where the jamming signal is
typically introduced using wide-band jammer (WBJ). The
main goal of the WBJs is to jam the legitimate uplink (UL)
communication with unwanted energy (i.e., jamming inter-
ference) as effectively as possible. The transmission power
of the WBJs is limited due to its wide-band nature, therefore,
several WBJs (mostly present in clusters) are necessary to be
located in the vicinity of the target [11].

The distribution of the WBJs in a cluster is considered
more effective than the non-clustered distribution because it
helps the jammers to obtain targets’ network parameters such
as frequency, location, and transmission power [11], [12].
Since the jammers are present in clusters, therefore, they
can be modeled using a Matern cluster process (MCP). The
authors in [13]–[16], modeled the A-HetNets using an MCP
and showed that the design and performance gains of the net-
work can be efficiently estimated by modeling the clustering
process with an MCP.

Besides, the distribution of WBJs, user-association with
the UAV also plays an important role in characterizing
A-HetNets. Traditionally, the performance of A-HetNets is
analyzed with the assumption that the target user is con-
nected in downlink (DL) and UL with the same HAP by
considering DL received power. However, this performance
is sub-optimal for the edge users (e.g., users located at the
boundary of a certain cell) which are associated to the HAP
while, exhibiting a favorable channel condition to the LAP.
Therefore, it is important to consider the user-association
by exploiting the joint DL and UL access. To address this
issue, decoupled access for A-HetNets is proposed, where
the target UE is allowed to associate with the multiple UAVs
based on joint DL and UL association [17]. In the decoupled
accsss for A-HetNets, the target user connects to HAP in
DL while to LAP in UL. Furthermore, in [18]–[20], the
authors showed that in HetNets, the edge users can leverage
better gains in terms of coverage probability, spectral- and
energy-efficiency, if decoupled access is allowed. Neverthe-
less, in [20], the spectral efficiency performance for the tra-
ditional cellular networks under decoupled access in terms of
Fox H-function is analyzed.1 Therein, decoupled access for
a multi-tier HetNet has shown improvement in performance
gains over the the non-decoupled access.

1Fox H-function enables the analysis of the complex and infinite integrals.
The Fox H-function is explained in terms of its implementation in [21].

An effective resource allocation strategy is reverse fre-
quency allocation (RFA), whereby the HAP and LAP can
use frequency resources in a reverse manner for DL and
UL to attain better performance gains. The authors in [22],
[23] showed that a multi-tier HetNet employing RFA strategy
performs better than amulti-tier HetNet without RFA in terms
of coverage. In this paper, we use RFA along with the decou-
pled access to improve networks’ coverage performance by
abating the inter-tier interference of multiple UAVs and the
jamming interference of the WBJs.

Without decoupling, [24] analyzed a multi-tier A-HetNet
which is similar to the traditional cellular HetNet. Therein,
the HAPs and the LAPs are modeled using an indepen-
dent and homogeneous Poisson point process (HPPP) and
derived the analytical expression of the outage probability
without considering RFA and decoupled access. Whereas,
in [11], [25], the authors analyzed the coverage probability
in conjunction with RFA, jammers, and decoupled access.
This performance is limited due to the assumption that the
same pathloss exponent is considered across all the tiers of a
multi-tier cellular HetNet. Furthermore, the authors in [11]
assumed that the jammers are always present in a single
circular cluster around the target UE which is not a realistic
approach as the jammers can be located in multiple-clusters
and with different centers.

Our investigation is different from the recent works in the
following.

• The authors in [24] present the analysis of a two-tier
A-HetNet without considering the decoupled access.
Further, their work lacks the analysis of RFA strategy
in the presence of jammers.

• The authors in [17] investigate the performance of the
decoupled access for a two-tier A-HetNet. However,
their work lacks the joint analysis of RFA and jammers.

• The works in [11], [12], [25] analyzes HetNets by
assuming the same pathloss exponents across the multi-
ple tiers of a HetNet which is unrealistic and an oversim-
plified approach. In contrast, we employ amulti pathloss
exponent model for multiple tiers of A-HetNets.

• The work in [25] investigates RFA, WBJs, and decou-
pled access for a conventional cellular HetNet. However,
we employ RFA, WBJs and decoupled access for inves-
tigating a multi-tier A-HetNet.

B. MAIN CONTRIBUTIONS
In this paper, a multi-tier A-HetNet is analyzed by employing
decoupled access in conjunction with RFA and WBJs. The
WBJs are assumed to be present in multiple-clusters in the
considered network and the decoupled access is employed by
considering different pathloss exponents across a multi-tier
A-HetNet. The summary of novel contributions is as follow:

• Investigating the UL coverage performance for the edge
users in the presence of RFA and decoupled access.

• Mitigating the effect of WBJs and RFA on the perfor-
mance of multi-tier A-HetNets with decoupled access.
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• The analytical expression of the coverage probability in
conjunction with RFA, WBJs, and decoupled access is
derived for multi-tier A-HetNets.

• The performance of multi-tier A-HetNets is analyzed
against network parameters, such as the transmit power
of the LAP-associated UE, the transmit power of the
WBJs, the radius of the WBJs cluster, and the transmit
power of the LAPs.

The validity of the proposed analytical framework is estab-
lished by conducting extensive simulations. The conducted
analysis of the decoupled access with RFA stressed to WBJs
in A-HetNets indicates a significant performance improve-
ment when compared to the non-decoupled access in terms
of coverage.

C. PAPER ORGANIZATION
The rest of this paper is organized in the following. Section II
describes the system model for a two-tier A-HetNet in con-
junction with RFA and WBJs, Section III describes the pre-
liminaries related to target’s association, target’s distance
distribution, andWBJ’s interference, Section IV describes the
coverage performance, Section V describes results and their
discussion, and Section VI concludes this paper.

II. SYSTEM MODEL
In this paper, we enhance the system model adopted in our
previous work in [17] by employing RFA in the presence
of WBJs to investigate the performance of the decoupled
A-HetNets in UL.

A. INFRASTRUCTURE DEPLOYMENT
Consider a two-tier A-HetNet, comprising of HAPs and LAPs
as shown in Fig. 1. The HAPs and LAPs are distributed using
an independent HPPP, i.e.,8H and8L , with densities λH and
λL , and heights hH and hL , respectively.

B. JAMMERS DEPLOYMENT
The transmit power of the WBJs is very low due to its
wide-band nature. Since, in this paper, we focus on clus-
tered jamming due to low transmit power levels, therefore,
we assumed jamming due toWBJs. TheWBJs are distributed
using an MCP 8J with a density of λJ . The MCP constits of
parent and child nodes. The parent nodes are modeled using
an independent HPPP with density λj. Whereas, the child
nodes are independently and uniformly distributed in a cluster
with radius rj centered around each of the parent nodes. The
parent nodes are excluded from the point process while the
number of child nodes is a Poisson random variable. The
probability density function (PDF) of the distance between
the cluster center and the child node located at the location a
within a cluster of radius rj is given as [26]

fm(a) =
1

πr2j
, ‖ a ‖≤ rj, (1)

where ‖ a ‖ is the Euclidean distance between the cluster
center and the child node. The child nodes are considered

FIGURE 1. System model for a two-tier A-HetNet.

analogous to the WBJs and thus, can be distributed according
to an MCP [13], [27]. Dissimilar to [11], where authors
considered a worst case scenario in which WBJs are only
present around the target UE; we model WBJs according to
an MCP such that the WBJs are uniformly-distributed within
a cluster. Furthermore, the density of WBJs in A-HetNets is
given as λJ = λjc̄, where the average number of WBJs per
cluster is c̄.

C. TARGET DEPLOYMENT
The users are distributed using an independent HPPP 8U
with a density of λU . The UE whose UL legitimate com-
munication is disrupted by the WBJs attacks is considered
as a target UE. We deploy the target UE at the origin of
the coordinate system. According to the Slivnyak’s Theorem
[28], placing a single point at the origin xo(0, 0, 0) of the
coordinate systemwill not change the distribution of the point
process.

D. BANDWIDTH ALLOCATION
We employ frequency reuse in a reverse manner for
A-HetNets as shown in Fig. 2. Using RFA [22], [23], the
whole range of frequencies in the DL of HAPs is made
available in the UL of LAPs which helps to obtain a better
coverage performance.

In RFA, we categorize frequencies associated to HAPs
and LAPs as F∗ and F∗∗, respectively. Each frequency
describes two sub-bands based on their use-regions, i.e,.
HAP- and LAP-enabled regions. For instance, the sub-bands
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FIGURE 2. Reverse frequency allocation in A-HetNets.

of HAP-enabled regions are FC∗ and FO∗ while the sub-bands
of LAP-enabled regions are FC∗∗ and F

O
∗∗. The HAP-enabled

regions are those regions, where the target UE receives maxi-
mum transmit power from theHAP in the DLwhile in the UL,
maximum transmit power is obtained by the same HAP from
the target UE. Whereas, the LAP-enabled regions are those
regions, where the target UE receives maximum transmit
power from the LAP in the DL while in the UL, maximum
transmit power is obtained by the same LAP from the target
UE. The frequencies are further categorized based on their
DL and UL access. For instance, FC

∗,DL , F
C
∗∗,DL , F

O
∗,DL , and

FO
∗∗,DL describe frequencies in the DL, while, FC

∗,UL , F
C
∗∗,UL ,

FO
∗,UL , and F

O
∗∗,UL describe frequencies in the UL.

E. RECEIVED SIGNAL STRENGTH
The transmit power of the UAV and the UE associated with
the tier, k is given as Pk and Qk , respectively, where k ∈
{L,H}, while the power transmitted by the clustered jammers
is given as Pj. The average transmit power obtained from the

UAV connected to tier, k at the target UE is E
{
SDLk

}
= Pk ‖

Xk ‖−αk , where E{.} is the statistical expectation, αk > 2
is the pathloss exponent for the UAV associated to tier, k,
and ‖ Xk ‖ is the Euclidean distance between the origin
and the UAV associated to tier, k. The power received from
the target UE at the UAV connected to tier, k is given as
E
{
SULk

}
= Qk ‖ Xk ‖−αk . We assume interference limited

A-HetNets such that the interference power dominates the
noise power.

We assume small scale Rayleigh fading gain between the
k-th tier UAV and the UEs as gk ∼ exp(1). Furthermore,
the channel is assumed to be static such that the UEs, UAVs,
and WBJs are stationary for a particular environment. How-
ever, our model is valid for UAV-mobility transmissions. For
detecting the transmitted signal successfully, τ is the signal-
to-interference-ratio (SIR) threshold. Similar to [29], there is
a single UE per UAV which acts as a dominant interferer in
UL, such that the density of UEs is very high λU ≥ λH +λL .

TheULSIR at the LAP by considering RFA in the presence
of WBJs is expressed as

SINRUL
L ,

QLgL ‖ XL ‖−αL

IUL8
L,AOH

+ IDL8
H ,ACL

+ I8J

, (2)

where IUL8
L,AOH

=
∑

iε8I
L,AOH

QLgi ‖ Xi − XL ‖−αL is the UL

interference from the UEs located outside the HAP-enabled
region AOH with the interference process 8L,AOH

, IDL8
H ,ACL

=∑
vε8I

H ,ACL

PHgv ‖ Xv − XH ‖−αH describes the DL inter-

ference of the HAPs from the LAP-enabled region ACL with
interference process 8H ,ACL

, and I8J =
∑

lε8J
Pjgl ‖ Xl −

XL ‖−αL describes the interference from the WBJs with
interference process 8J .
Similarly, the UL SIR at the HAP by considering RFA in

the presence of WBJs is expressed as

SINRUL
H ,

QHgH ‖ XH ‖−αH

IUL8
H ,AOH

+ IDL8
L,ACL

+ I8J

, (3)

where IUL8
H ,AOL

=
∑

iε8I
H ,AOL

QHgi ‖ Xi − XH ‖−αH is the UL

interference from the UEs located outside the HAP-enabled
region AOH with the interference process 8H ,AOH

, IDL8
L,ACH

=∑
vε8I

L,ACH

PLgv ‖ Xv − XL ‖−αL describes the DL inter-

ference of the LAPs from the LAP-enabled region ACL with
interference process 8L,ACL

, and I8J =
∑

lε8J
Pjgl ‖ Xl −

XH ‖−αH describes the interference from the WBJs with
interference process 8J .

III. PRELIMINARIES
Here, we present an overview for the UL and DL target’s
association criteria, the decoupled access, the distance dis-
tributions to the serving UAVs, and the interference at the
serving UAV.

A. TARGET ASSOCIATION
In DL, the target UE is connected to the k-th tier UAV, Tk ,
based on maximum received signal strength in DL from that
tier. Then, the location of location of the associated tier, Tk is
given as [30]

Tk = arg maxkε(H ,L)Pk ‖ Xk ‖−αk .

While, in UL, the target UE is associated with the k-th tier
UAV, Tk based on maximum received signal strength from
that target UE at the k-th tier UAV. Then, the location of
location of the associated tier, Tk is given as [30]

Tk = arg maxkε(H ,L)Qk ‖ Xk ‖−αk .

The connection of the target UE with the UAV of tier, k
defines that there isn’t any other UAV located within a sphere
of radius Xk , such that P{Xk > x} = e−πλkx

2
[28]. Further,
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FIGURE 3. Decoupled access for the target user in A-HetNets [17].

the PDF distance between the target user and the serving UAV
of tier, k is expressed as

fXk (x) = 2πλkxe−πλkx
2
, x ≥ 0. (4)

B. DECOUPLED ACCESS
The connection of the target UE in DL with the HAP
and in UL with the LAP will be considered as a decou-
pled access in the analysis to follow (see, Fig. 3). The
UEs located in the regions that take part in the decou-
pled access are considered as ‘‘decoupled-enabled regions′′.
In practical scenarios, the UEs located in the vicinity of
cell-edge boundary facilitate decoupled access. Furthermore,
the authors in [17], [20] showed that the decoupled access
leverages better performance gains for the decoupled-enabled
regions, therefore, we derive the association probability of the
UEs located in the decoupled-enabled regions. The decou-
pled access for the decoupled-enabled regions is expressed
as [17]

AD =
αH

2αL

H1,1
1,1

 (
√
πλH )

αH

αL

(
QH
QL

) 1
αL

√
πλL

∣∣∣∣∣∣∣∣
(
0,

1
2

)
(
0,
αH

2αL

)


−H1,1
1,1

 (
√
πλH )αH /αL

(
PH
PL

)1/αL

√
πλL

∣∣∣∣∣∣
(
0,

1
2

)
(
0,
αH

2αL

)

 .
(5)

The proof of (5) is given in the Appendix (A).

C. DISTANCE DISTRIBUTION TO THE UAVs
Here, the distance distribution between the target UE and the
servingUAV is derived. Since, the decoupled-enabled regions
leverage better performance gains with the decoupled access,
therefore, we focus to derive the distribution of the target UE
located in the decoupled-enabled regions and the target user
[20], [30]. For the target UE located in the decoupled-enabled

regions, its PDF distance to the serving LAP is expressed
as [17]

f (D)XL (x) =

exp

−πλH
(
PH
PL

) 2
αH x

2αL
αH


− exp

−πλH
(
QH
QL

) 2
αH x

2αL
αH


 fXL (x)

AD
. (6)

Similarly, the PDF distance to the serving HAP is given
as [17]

f (D)XH (x) =

exp

−πλL
(
PL
PH

) 2
αL x

2αH
αL


− exp

−πλL
(
QL
QH

) 2
αL x

2αH
αL


 fXH (x)

AD
. (7)

D. INTERFERENCE CHARACTERIZATION
Here, the interference at the serving UAV is analyzed and the
Laplace transform of interference of LAPs, HAPs, UEs, and
WBJs is derived.

1) RFA-BASED INTERFERENCE
Here, we derive the Laplace transform of the interference
at the target UE based on the RFA scheme. In the decou-
pled access, the intended receiver in UL is the LAP while,
in the non-decoupled access, the intended receiver is the HAP.
Therefore, the Laplace transform of the interference for both
the decoupled and the non-decoupled access under RFA is a
unique expression and needs to be analyzed separately.

The Laplace transform of the interference for both
the decoupled and the non-decoupled access can be
sub-categorized into the Laplace transform of the UL and
the Laplace transform of the DL interference. The Laplace
transform of the UL interference for the decoupled access
and by excluding the area of the HAP-enabled region is
derived as

LIUL8
L,AOH

(s)

a
= EIUL8

L,AOH

{exp(−IUL8
L,AOH

s)}

b
= EIUL8

L,AOH
,gi
{exp(−

τxαL

QL

∑
iε8I

L,AOH

QLgir
−αL
i )}

c
= EIUL8

L,AOH


∏

iε8I
L,AOH

Egi
{
exp(−xαLgir

−αL
i )

}
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d
= EIUL8

L,AOH


∏

iε8I
L,AOH

1

1+ τ
( ri
x

)−αL


e
= exp

−2πλL
∫ r2

r1

ridri

1+
( ri
τ 1/αL x

)αL


f
= exp

−πλLτ 2/αL x2
∫ ( r2

τ 1/αL x

)2

( r1
τ 1/αL x

)2

dw
1+ wαL/2


g
= exp

{
2πλLτ r

2−αL
2

x−αL (αL−2)
2F1(1, 1−

2
αL
; 2−

2
αL
;−τ

(
x
r2

)αL
)

−
2πλLτ r

2−αL
1

x−αL (αL−2)
2F1(1, 1−

2
αL
; 2−

2
αL
;−τ

(
x
r1

)αL
)

}
.

(8)

Here, a
= is obtained using the Laplace transform definition,

where s =
τxαL

QL
, b= is obtained by substituting s and IUL8

L,AOH

,

c
= follows by simple mathematical manipulations, d= follows
by employing the Laplace transform of the interference w.r.t.
gi,

e
= follows by the probability generation functional (PGFL)

of HPPP [31], where r1 and r2 is the radius of AC
H and AO

H ,

respectively,
f
= follows by substituting w =

( ri
τ 1/αL x

)2
in e
=,

g
= follows by solving the integration, where 2F1(−,−;−;−)
is a Hypergeometric function [32].

Similarly, following the same steps, the Laplace transform
of the interference in UL from outside the HAP-enabled
region and with the non-decoupled access can be derived as

LIUL8
H ,AOH

(s)

= exp

{
2πλH τ r

2−αH
2

x−αH (αH−2)
2F1(1, 1−

2
αH
; 2−

2
αH
;−τ

(
x
r2

)αH
)

−
2πλH τ r

2−αH
1

x−αH (αH−2)
2F1(1, 1−

2
αH
; 2−

2
αH
;−τ

(
x
r1

)αH
)

}
.

(9)

Furthermore, the DL interference in terms of the Laplace
transform of the interference for the LAP-enabled region and
with the decoupled access can be derived as

LIDL8
H ,ACL

(s)

= exp

{
2πζHL λH τ z

2−αH
1

x−αH (αH − 2) 2F1(1, 1−
2
αH
; 2−

2
αH
;

−ζHL τ

(
x
z1

)αH
)−

2πζHL λH τ z
2−αH
0

x−αH (αH − 2) 2F1(1, 1−
2
αH
; 2

−
2
αH
;−ζHL τ

(
x
z0

)αH
)
}
.

(10)

Here, z0 and z1 are the lower and the upper limits for the

LAP-enabled region. ζHL =
PH
QL

corresponds to the ratio of

the transmit power of theHAP to the transmit power of theUE
associated with the LAP, where the subscript in ζHL represents
the DL power of the UAV and the subscript in ζHL represents
the UL transmit power of the UE connected to the serving
UAV.

Similarly, following the same procedure, the DL interfer-
ence in terms of the Laplace transform of the interference for
the LAP-enabled region and with the non-decoupled access
can be derived as

LIDL8
L,ACL

(s)

= exp

{
2πζ LHλLτ z

2−αL
1

x−αL (αL−2)
2F1(1, 1−

2
αL
;2−

2
αL
;−ζ LHτ

(
x
z1

)αL
)

−
2πζ LHλLτ z

2−αL
0

x−αL (αL−2)
2F1(1, 1−

2
αL
;2−

2
αL
;−ζ LH τ

(
x
z0

)αL
)

}
.

(11)

2) CLUSTER-BASED INTERFERENCE
Here, the interference from the WBJs is characterized for
the k-th tier UAV in terms of the Laplace transform of the

interference. Consider υ(x) = LI8j (s), where s =
xαk τ

Qk
, then

using [26], [33], the interference of the k-th tier UAV in UL
is expressed by the PGFL, G(υ) and the conditional PGFL,
℘(υ) and is expressed as

℘(υ) = E {5xε8υ(x)}

= G(υ)× f, (12)

where

f , exp

{
−
Pjx2τ 2/αk2π c̄

Qkαkr2j
csc

(
2π
αk

)}
. (13)

The PGFL is solved for the pathloss exponent αk > 2. Thus,
for the MCP distributed jammers, G(υ) is given as

G(υ)

= exp

{
−λjπ

Pjτ 2/αk x2

Qk

∫
∞

0

(
1−exp

{
−c̄

1+tαk/2

})
dt

}
.

(14)

Then, substituting (13) and (14) in (12) and assuming 1k =
Pj
Qk

, the interference of theWBJs is obtained as the following.

LI8j (s)

= exp

{
−
2π c̄1kx2τ 2/αk

αkr2j
csc

(
2π
αk

)
−λjπ1kτ

2/αk x2
∫
∞

0

(
1− exp

{
−c̄

1+ tαk/2

})
dt
}
.

(15)
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IV. COVERAGE PROBABILITY ANALYSIS
The probability that the serving UAV in the presence ofWBJs
receives an SIR larger than the SIR threshold is considered as
coverage probability in UL. The coverage probability in UL
for the UAV associated to tier, k is given as

C , EXk
{
P{SIRUL

Xk > τ }
}
. (16)

The coverage probability of the decoupled access in UL is the
probability that the LAP in the presence of WBJs receives an
SIR larger than the SIR threshold. In conjunction with the
RFA, WBJs, and decoupled access, the coverage probability
in UL is derived as [11], [23]

CD ,
∫ r2

r1
P{SIRUL

XL > τ }f (D)XL (x)dx

a
=

∫ r2

r1
P

 QLgL ‖ XL ‖−αL

IUL8
L,AOH

+ IDL8
H ,ACL

+ I8J

> τ

 f (D)XL (x)dx

b
=

∫ r2

r1
E
{
gL >

τxαL

QL

(
IUL8

L,AOH

+ IDL8
H ,ACL

+ I8J

)}
× f (D)XL (x)dx

c
=

∫ r2

r1
E
{
exp

(
−sIUL8

L,AOH

)}
E
{
exp

(
−sIDL8

H ,ACL

)}
×E

{
exp

(
−sI8J

)}
f (D)XL (x)dx

d
=

∫ r2

r1
LIUL8

L,AOH

(s)LIDL8
H ,ACL

(s)LI8j (s) f
(D)
XL (x)dx, (17)

where a
= follows by substituting (2), b

= follows by simple
mathematical manipulations, c

= follows by substituting s =
τxαL

QL
and exploiting the exponentially distributed gains due

to Rayleigh fading, and d
= follows by the definition of Laplace

transform of interference. Finally, the UL coverage probabil-
ity of the target UE with RFA, WBJs, and decoupled access

is obtained by substituting (8), (10), (15), and (6) in (17) and
is expressed in (20), as shown at the bottom of the page.

The probability that the HAP in the presence of WBJs
receives an SIR larger than the SIR threshold is considered as
the non-decoupled UL coverage probability. In conjunction
with RFA,WBJs, and non-decoupled access, theUL coverage
probability is derived as

CND , EXH
{
P{SIRUL

XH > τ }
}
. (18)

Similar to (17), the UL coverage probability with RFA and
WBJs for the non-decoupled access can be expressed as

CND
=

∫ r2

r1
LIUL8

H ,AOH

(s)LIDL8
L,ACL

(s)LI8j (s) f
(D)
XL (x)dx, (19)

The final expression of the UL coverage probability in con-
junction with RFA, WBJs, and non-decoupled access can be
obtained by substituting the values of (9), (11), (15), and (7)
in (19) and is expressed in (21), as shown at the bottom of the
page.

V. RESULTS AND DISCUSSION
Here, a two-tier A-HetNet is analyzed by employing RFA in
the presence of WBJs. The results are obtained by 100, 000
independent Monte-Carlo trials using the simulation param-
eters listed in Table 1.
The coverage probability of the decoupled access (DUDe-

labeled curve) is better than the non-decoupled access
(labeled as Non-DUDe) as shown in Fig. 4. This is due to the
fact that the distance-dependent pathloss between the LAP
and the target user is smaller than the distance-dependent
pathloss between the HAP and the target user which results
in higher UL SIR and the coverage probability. It is observed
that the coverage probability decreases with the increase in
the number of WBJs because each WBJ introduces jamming
interference which compromises legitimate UL communica-
tion. The approximate percentage decrease in the coverage

CD

=

∫ r2

r1
exp

(
πτxαL

[
λL

αL/2−1
r2−αL2 2F1(1, 1−

2
αL
; 2−

2
αL
;−τ

(
x
r2

)αL
)−

λL

αL/2−1
r2−αL1 2F1(1, 1−

2
αL
; 2−

2
αL
;−τ

(
x
r1

)αL
)

+
λH

αH/2−1
ζHL z

2−αH
1 2F1(1, 1−

2
αH
; 2−

2
αH
;−ζHL τ

(
x
z1

)αH
)−

λH

αH/2−1
ζHL z

2−αH
0 2F1(1, 1−

2
αH
; 2−

2
αH
;−ζHL τ

(
x
z0

)αH
)
]

−x21Lτ
2/αL 2π c̄

αLr2j
csc

(
2π
αL

)
−λjπτ

2/αL1Lx2
∫
∞

0

(
1−exp

{
−c̄

1+ tαL/2

})
dt

)
f (D)XL (x)xdx. (20)

CND

=

∫ r2

r1
exp

(
πτxαH

[
2λH
αH−2

r2−αH2 2F1(1, 1−
2
αH
; 2−

2
αH
;−τ

(
x
r2

)αH
)−

2λH
αH−2

r2−αH1 2F1(1, 1−
2
αH
; 2−

2
αH
;−τ

(
x
r1

)αH
)

+
2λL

αL−12
ζ LH z

2−αL
1 2F1(1, 1−

2
αL
; 2−

2
αL
;−ζ LH τ

(
x
z1

)αL
)−

2λL
αL−2

ζ LH z
2−αL
0 2F1(1, 1−

2
αL
; 2−

2
αL
;−ζ LH τ

(
x
z0

)αL
)
]

−x21H τ
2/αH 2π c̄

αH r2j
csc

(
2π
αH

)
−λjπτ

2/αH1Hx2
∫
∞

0

(
1−exp

{
−c̄

1+ tαH /2

})
dt

)
f (D)XH (x)xdx. (21)
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TABLE 1. Simulation parameters for the considered A-HetNets.

FIGURE 4. UL coverage probability against τ , for different number of
WBJs.

probability of the decoupled access due to WBJ activity for
the SIR threshold of −20 dBm is equal to 7.4%, 13.5%, and
19.7%, for the average number of WBJs equal to 2, 4, and 6,
respectively.

The coverage probability increases by increasing the trans-
mit power of the UE associated with the LAP as shown in
Fig. 5. This may be due to the fact that more users are added
in the decoupled-enabled regions. Furthermore, a significant
increase in the coverage probability of the decoupled access is
observed for the WBJs activity. For instance, by considering
the transmit power of the user associated with the LAP equal
to 20 dBm and with the average number of WBJs of 2, 4,
and 6, the coverage probability of the decoupled access in
UL is equal to 0.5, 0.325, and 0.225, respectively, while,
by considering the transmit power of the user associated with
the LAP equal to 30 dBm, the coverage probability of the

FIGURE 5. UL coverage probability against QL, for different number of
WBJs.

decoupled access increases up to 0.75, 0.7, and 0.65, for the
average number of WBJs equal to 2, 4, and 6, respectively.
For the increase in the transmit power of UE associated with
the LAP from 20 dBm to 30 dBm and for the average number
of WBJs equal to 2, 4, and 6, the percentage increase in
the coverage probability of the decoupled access is equal to
33.3%, 53.5%, and 65.3%, respectively.

FIGURE 6. UL coverage probability against Pj , for different number of
WBJs.

The coverage probability decreases by increasing the trans-
mit power of the WBJs as shown in Fig. 6. This is because of
the fact that eachWBJ increases its transmit power to increase
the jamming interference in the network. This results in the
overall reduction of the UL SIR and the UL coverage proba-
bility. For instance, the coverage probability of the decoupled
access by considering the transmit power of the WBJs equal
to 5 dBm and with the average number of WBJs equal to 2,
4, and 6 is equal to 0.8, 0.79, and 0.78, respectively, while,
by considering the transmit power of the WBJs equal to
10 dBm, the coverage probability of the decoupled access
decreases up to 0.75, 0.7, and 0.65, for the average number of
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FIGURE 7. UL coverage probability against rj , for different number of
WBJs.

FIGURE 8. UL coverage probability against PL, for different number of
WBJs.

WBJs equal to 2, 4, and 6, respectively. Thus, the percentage
decrease in the coverage probability of the decoupled access
for the increase in the transmit power of WBJs from 5 dBm
to 10 dBm and for the average number of WBJs equal to 2, 4,
and 6, is equal to 6.25%, 11.3%, and 16.6%, respectively.

The coverage probability increases by increasing the radius
of the cluster of WBJs as shown in Fig. 7. This is because of
the fact that the area (for the distribution) of the WBJs within
a circular disc increases by increasing the cluster radius which
lowers the cumulative jamming interference at the target UE
and results in the higher coverage probability in UL. For
instance, the coverage probability of the decoupled access by
considering the radius of the circular disc equal to 100 m and
with the average number ofWBJs equal to 2, 4, and 6 is equal
to 0.75, 0.7, and 0.65, respectively, while, by considering
the radius of the circular disc equal to 200 m, the coverage
probability of the decoupled access increases up to 0.8, 0.79,
and 0.78, for the average number ofWBJs equal to 2, 4, and 6,
respectively. Thus, for the increase in the radius of the circular
disc from 100 m to 200 m and for the average number of
WBJs equal to 2, 4, and 6, the percentage increase in the

coverage probability of the decoupled access is equal to 6.6%,
12.8%, and 20%, respectively.

The coverage probability decreases by increasing the trans-
mit power of the LAP as shown in Fig. 8. This is due to
the fact that by increasing the transmit power of the LAP
more UEs prefer coupled association with the LAP at the
cost of a decrease in the decoupled association which results
in decreasing the coverage probability. Furthermore, the cov-
erage probability of the decoupled A-HetNets decreases by
increasing the average number ofWBJs due to the increase in
the jamming interference. For the transmit power of the LAP
equal to 20 dBm, the approximate decrease in the percentage
of the coverage probability of the decoupled access due to
WBJ activity is equal to 6.6%, 13.3%, and 20%, for the
average number of WBJs equal to 2, 4, and 6, respectively.

VI. CONCLUSION
The performance of a multi-tier A-HetNet is largely depen-
dent on the association of the target user with the aerial
platforms. This performance is further exacerbated by the
jamming interference due to the presence of theWBJs. In this
paper, the performance of DL and UL decoupled access
along with RFA and WBJs is analyzed for the A-HetNets.
The analytical expression of the coverage probability with
the decoupled and the non-decoupled access is derived.
The obtained results showed that the performance of the
decoupled A-HetNets along with RFA is better than the
non-decoupled access. However, this performance is dis-
rupted, if WBJs are present in the vicinity. Furthermore, the
performance of the decoupled access in A-HetNets improves
by increasing the transmit power of the target user and the
radius of the WBJ’s cluster while degrades by increasing the
average number of WBJs per cluster and the transmit power
of the WBJs.

APPENDIX A
PROOF OF (6)

Proof: The decoupled access for the target UE located
in the decoupled-enabled regions is derived as [17]

AD = P
{
PHX

−αH
H > PLX

−αL
L ; QHX

−αH
H ≤ QLX

−αL
L

}
.

Since PH > PL , the joint event is expressed as
PL
PH

X−αLL <

X−αHH ≤
QL
QH

X−αLL . Then, the association probability of the

target UE is given as

AD

= P

XH <
(
PH
PL

) 1
αH X

αL

αH
L


−P

XH <
(
QH
QL

) 1
αH X

αL

αH
L


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Hm1,n1
v1,w1

(γ ) , Hm1,n1
v1,w1

[
γ

∣∣∣∣ (a1,A1) , . . . , (av1 ,Av1)(b1,B1) , . . . ,
(
bw1 ,Bw1

)] = 1
2πι

∮
C

5
m1
j=10(bj + Bjs)5

m1
j=10(1− aj + Ajs)

5
v1
j=n1+1

0(aj + Ajs)5
w1
j=m1+1

0(1− bj + Bjs)
γ−sdγ. (22)

a
=

∫
∞

0

1− exp

−πλH (PH/PL)2/αH x
2αL
αH


−

1−exp

−πλH (QH/QL)2/αH x
2αL
αH



 fXL (x)dx

b
= 1− 2πλL∫

∞

0

 αH

2αL
H1,0

0,1

[
(
√
πλH )

αH

αL

(
PH
PL

) 1
αL x

∣∣∣∣ (−,−)(
0,
αH

2αL

)]

.
1
2
H1,0

0,1

[
√
πλLx

∣∣∣∣ (−,−)(
0,

1
2

)]
x

 dx

−

(
1− 2πλL

∫
∞

0

(
αH

2αL
H1,0

0,1

×


(
√
πλH )

αH

αL

(
QH
QL

) 1
αL x

∣∣∣∣ (−,−)(
0,
αH

2αL

)
.
1
2
H1,0

0,1

[
√
πλLx

∣∣∣∣ (−,−)(
0,

1
2

)]
x

 dx

 ,
where a

= follows using (4), while b
= follows by defining Fox

H-function in (22), as shown at the top of the page, with
values of m1 = 1, n1 = 0, v1 = 0, and w1 = 1, and using

(2.9.4) of [34]. In (22), 0 (t) =
∞∫
0
st−1e−sds, γ is a complex

number except zero. Furthermore, 1 6 m1 6 w1, 0 6 n1 6
v1,Aj > 0,Bj > 0, C is a complex contour, and aj, bj are
complex numbers. Finally, (5) follows by (2.8.4) of [34].
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