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ABSTRACT The extensive increase in the number of mobile devices and their data-rate requirements will
lead to the scarcity of network resources. One of the promising solutions to keep up with the capacity
and coverage demands of the 5th generation and beyond of cellular networks is to exploit the dual
connectivity (DC) feature in heterogeneous networks (HetNets). In this work, a two-tier aerial HetNet with
decoupled access and reverse frequency allocation strategy is considered and the DC feature for the network
edge users is investigated. The analytical expressions of the coverage probability for the first and second
uplink (UL) connections in DC are derived. Our proposed setup improves the coverage performance of
the DC with decoupled access in relation to single connectivity (SC) with and without decoupled access.
The results show a relative increase in the DC-based coverage performance of 10.6% and 82.6%, for a
signal-to-interference-ratio (SIR) threshold of -20 dB, with respect to SCwith and without decoupled access,
respectively. Moreover, DC-based coverage in aerial HetNets is resilient to jamming interference. The results
also show that if the wide-band jammers (WBJs) are present around a target-user equipment, the legitimate
UL transmission is severely disrupted by the jamming interference. For instance, the percentage-decrease
in the coverage performance of DC with decoupled access for the SIR threshold set to -20 dB is 4.9% and
10.6%, when the WBJs is set to 2 and 4, respectively. The coverage performance further decreases with an
increase in the transmit powers of the WBJs and their number, whereas increases with an increase in the
radius of the WBJs cluster.

INDEX TERMS Aerial HetNets, unmanned aerial vehicles, dual connectivity, downlink and uplink decou-
pling, wide-band jammers.

I. INTRODUCTION
The tremendous increase in the user-demand for capacity and
coverage along with the performance improvements due to
the proliferation in the scale of mobile devices, services, and
wireless networks will lead to scarcity of resources in the 5th

generation and beyond of cellular networks. It is anticipated
that by the year 2030, the number of machine-type users
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will reach 97 bn while the number of mobile subscriptions
will reach 17.1 bn [1]. This ultra-massive increase cannot be
addressed solely by terrestrial networks [2]. The evolution of
base stations from terrestrial-fixed to aerial-vehicular is one
of the promising solution to maintain the quality of service in
such ultra-dense wireless networks [3]–[5]. The aerial hetero-
geneous networks (HetNets) can enhance the network cover-
age, efficiently utilize bandwidth resources, create favorable
channel conditions, and meet the high capacity demands
during concerts, earthquakes, and large sports event [6], [7].
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The aerial HetNets ensure reliable connectivity and cov-
erage in cases where the line-of-sight (LoS) link is present
between the unmanned aerial vehicles (UAVs) and the
user equipment (UE) [8], [9]. The UAVs are categorized
as high-altitude platforms (HAPs) and low-altitude plat-
forms (LAPs) based on their operating altitude, size, trans-
mission power, battery constraints, endurance capability, and
weight [6], [7], [10]. Typically, the UAV-base stations with
larger size, endurance-capability, and transmit power are
known as HAPs while, the UAVs with less weight, size, and
transmission power are considered as LAPs. In [11], the per-
formance of a target-UE (T-UE) is analyzed by assuming
various pathloss exponents for the aerial HetNets and it has
been shown that the performance of the aerial HetNets is
improved, if an LoS link to the T-UE exists.

To further improve the performance of cellular networks,
the dual connectivity (DC) paradigm has been proposed to
enhance reliable connectivity, capacity, and coverage of the
aerial HetNets [12]–[14]. In DC, the UEs are allowed tomain-
tain more than one connection with the UAVs in uplink (UL)
and downlink (DL). In [15], [16], it was shown that the per-
formance of a T-UE improves by employing the DC strategy
when comparing with the traditional single connectivity (SC)
in terms of the coverage probability. Similarly, in [17], [18],
the authors showed that the HetNets-performance is signif-
icantly improved in terms of the user-throughput if DC is
adopted.

Decoupled access is adopted in aerial HetNets to further
improve the network’s performance [6], [7]. In the decou-
pled access or the DL and UL decoupling (DUDe), a T-UE
is allowed to associate to two different tiers. For instance,
in the DL, a T-UE is allowed to be associated with a HAP
while, associated with a LAP in the UL, if the decoupled
access is permitted. In [19]–[21], it was shown that under the
decoupled access, the coverage performance is significantly
better when comparing to the without the decoupled access.

The performance of the aerial HetNets can also be
improved, if the bandwidth resources are efficiently utilized
using reverse frequency allocation (RFA) [7]. In the RFA
scheme, the HAPs and LAPs are allowed to operate at the
same set of frequencies in UL and DL but in a reverse manner
and with sufficient geographical separation (see Sec. II-E).
In [22]–[25], it was shown that the coverage performance of
HetNets that employ the RFA technique is better than that of
similar networks without RFA.

Nevertheless, the HetNets-performance is affected
adversely due to the jammers because they can disrupt
the legitimate UL communication [26]–[28]. The target-
locations of the jammers are airports, train stations, shopping
centers, public- and military-gatherings. In such locations,
the jammers are grouped in clusters around the target.
Typically, the power of the T-UE is very high as compared
to the jammers. Therefore, various jammers are used in the
cluster to create a jamming attack at the T-UE in order to
degrade the legitimate UL communication. The authors in
[7], [25] assumed wide-band jammers (WBJs) to consider

the impact of jamming due to low-power nodes in aerial
HetNets. The nature of WBJs is spatially clustered around
a T-UE to exploit the legitimate communication of a T-UE by
introducing jamming interference. The jammers can be mod-
eled in aerial HetNets according to a Matern cluster process
(MCP) [7], [24], [25]. The number of jamming clusters in an
MCP is a random process with Poisson distribution while the
number of jammers in a cluster are uniformly-distributed in
that cluster (see Sec. III-C2).

Under decoupled access, the aerial HetNets-performance
is investigated in conjunction with RFA and WBJs in [7].
Whereas, the DC strategy is investigated in [12], [13], [16].
However, the works are limited in the sense that they do
not provide insight into the joint deployment of DC with
decoupled access in aerial HetNets that employ RFA in the
presence of WBJs. To the best of the authors’ knowledge,
this is the first research effort to analyze the effect of DC and
decoupled access for the aerial HetNets in conjunction with
RFA and clustered-jammers. This work is different from the
state-of-the-art in the following aspects.
• In [11], the outage probability is investigated for aerial
HetNets by assuming multiple pathloss exponents of
a K -tier aerial HetNet. However, the research lacks
the DC feature in conjunction with RFA and jamming
interference.

• In [29], coverage analysis of cellular networks is investi-
gated along with the decoupled access, RFA, and WBJs.
Further, in [15], [16], the DC feature for the cellular
networks is analyzed. In contrast to these works, we also
investigate aerial HetNets.

• In [24], [25], [29], authors assumed the same pathloss
exponents to analyze RFA and jamming interference for
multiple tiers of HetNets which is considered unrealistic
and an oversimplified-approach. However, our analysis
considers different pathloss exponents for multiple-tiers
in aerial HetNets.

• In [6], the coverage probability analysis of the aerial
HetNets employing decoupled access is presented.
Further, in [7], decoupled access for the aerial HetNets in
the presence of RFA and jamming interference is inves-
tigated. However, the research in [6], [7] is limited in
terms of the joint analysis of DC and decoupled access.
In contrast to these works, we employ DC along with the
decoupled access in the presence of RFA and jamming
interference.

A. MAIN CONTRIBUTIONS
This work is different from our previous works in [6], [7]
in the following aspects. In [6], we derived the associa-
tion probabilities of a typical UE for different use-cases
of aerial-terrestrial HetNets and then derived closed-form
expressions for the coverage probability, spectral efficiency,
and energy efficiency. Then in [7], we shift the focus of
our analysis on the clustered-jamming in aerial HetNets in
the presence of RFA and derived analytical expression of
the coverage probability of a typical UE in aerial HetNets.
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In this work, and in contrast to the aforementioned works,
we analyze the DC feature for the edge users of aerial HetNets
and derive the coverage probabilities of the first and second
UL connection in the presence of RFA by comparing our
results with the SC mode. We further investigated the effect
of clustered jamming on the edge users in the DC mode.
The main contributions which have not been presented in the
previous works whatsoever are as the following:
• We investigate the first and second UL connection in DC
mode for the edge users of aerial HetNets.

• The analytical expression of the coverage probability is
derived for the first and second UL connection in DC
mode in the presence of RFA strategy.

• We showed that the WBJs can create jamming interfer-
ence that causes coverage holes if located in the prox-
imity of a T-UE. We then analyze WBJ’s interference on
the performance of the aerial HetNets that employ DC
functionality.

• We further evaluate the performance of a T-UE employ-
ing DC functionality against the WBJ’s transmission
power, the LAP-associated T-UE’s transmission power,
the LAP’s transmission power, and the WBJ’s cluster
radius.

B. PAPER ORGANIZATION
The rest of the paper is structured as follows. The system
model for a two-tier aerial HetNet in conjunction with the DC
feature, decoupled access, RFA, and clustered WBJs is given
in Section II. Section III describes the association probability
of the decoupled-enabled edge users, density function, and
interference at the serving UAVs. Section IV describes the
analysis of the DC feature in conjunction with the decoupled
access and the SC with and without decoupled access. Then,
in Section V we discuss the results and finally, this paper is
concluded in Section VI.

II. SYSTEM MODEL
In this paper, we extend our previous-work [6], [7] by focus-
ing on the DC functionality for the aerial HetNets in the
presence of decoupled access, RFA, and WBJs.

A. DEPLOYMENT OF INFRASTRUCTURE
We model aerial HetNet with two tiers in the presence of
RFA and WBJs (see Fig. 1). The deployment scenarios along
with the transmission powers of UAVs, UEs, and WBJs are
presented in the next subsections.

1) UAVs DEPLOYMENT
We assume that the HAPs and LAPs in the aerial HetNets
are distributed according to the independent homogeneous
Poisson point process (HPPP), 8H , and 8L , respectively
[30], [31]. The density of HAPs and LAPs is set to λH and λL ,
respectively whereas, the transmit power of the HAPs and
LAPs is set to PH and PL , respectively. Moreover, the HAPs
and LAPs are assumed to be hovering at the height of
hH and hL , respectively.

FIGURE 1. System model for a two-tier aerial HetNet. The solid lines
show the first connection and the dotted lines show the second
connection. Different colored lines are in accordance with the color
scheme in RFA (see Sec. II-E).

2) UEs DEPLOYMENT
The UEs are distributed according to independent HPPPs,
8U , with the density of UEs set to λU . The UEs are assumed
to be located at the ground and the transmit power of the
UEs associated with HAP and LAP is set to QH and QL ,
respectively. The serving UE is referred to as a T-UE and is
placed at the origin, xo(0, 0, 0). By Slivnyak’s Theorem [32],
if a point is placed at the origin the distribution of the point
process is unchanged.

3) WBJs DEPLOYMENT
In this paper, we are concerned with the low-power jamming
interference of the jammers. Since the WBJ’s transmission
power is very low, therefore, we considered WBJs to employ
jamming interference. The WBJs are present in clusters and
can be modeled as an MCP [6], [29]. The MCP constitutes
of the parent-nodes, or clusters, and the child-nodes. In an
MCP, the parent-nodes are excluded from the point pro-
cess [33]. The parent-nodes are analogous to the number of
clusters in the region of interest while the child-nodes are
analogous to the number of WBJs in a cluster. In an MCP,
the jamming clusters are distributed according to an indepen-
dent HPPPs such that the density of the jamming cluster is
set to λj, whereas, the jammers are distributed uniformly in a
cluster of radius, rj such that the average number of jammers
in a cluster is set to c̄. The density of theWBJs, λJ , is therefore
λJ = λjc̄.

B. JAMMING SCENARIO
The intentional radio-transmissions by the jammer aim
to disrupt legitimate communication. This is typically
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done by jamming contention- and channel-based access
schemes [34]. In the jamming of contention-based access
(such as carrier-sense multiple access (CSMA), CSMA with
collision avoidance, etc.), a T-UE senses falsely that the
medium is idle for signal transmission. Whereas, in the jam-
ming of channel-based access (such as time division multiple
access, frequency division multiple access, etc.), a T-UE’s
transmission is corruptly received at the receiver. This is done
by transmitting at multiple channels of the shared medium.
The jamming scenario mainly depends upon the transmission
power of the radio, its location, and its effect on a T-UE [35].
In the aerial HetNets, signal-jamming occurs due to the
presence of clustered-jammers in the proximity of a T-UE.
Typically, the jamming scenario of the clustered-jammers
considers proactive-, reactive-, and flow-jamming techniques
for jamming legitimate UL communication [34]–[36].

In the proactive-jamming, the clustered-jammers jam
UL legitimate communication by transmitting jamming
interfering) signals in the transmission medium without con-
sidering that there is data transfer between the network-nodes
[34], [35]. In contrast to the proactive-jamming, the clustered-
jammers in the reactive-jamming, jam only when there is
a network activity at a particular channel [35], [37]. Both
these techniques operate on a single channel and are unable
to switch to other channels for jamming purposes. Further-
more, these techniques are less energy-efficient due to their
operation on a single channel. Whereas, in the flow-jamming
technique, various jammers in a cluster coordinate with each
other on multiple channels, either in a centralized or in a
de-centralized manner to degrade the legitimate traffic-flow
[35], [36]. In the centralized approach, multiple jammers
compute the required transmission power and then transmit
with the minimum radio-transmit power to jam the UL legit-
imate communication. While in the de-centralized approach,
each jammer shares its information with the adjacent node to
optimize the network’s efficiency in terms of jamming.

C. CHANNEL FADING
In the aerial HetNets, when a LoS path is available between
a T-UE and the serving UAV, our analysis follows Rician
fading, and when there is no LoS (NLoS) path between a
T-UE and the serving UAV, it follows Rayleigh fading. This
type of channel fading is unified in Nakagami-m channel
model, where m is the shape parameter of the Nakagami
distribution and its value is characterized by the amplitudes
of strong or weak components of the received signal. For
the LoS link, m > 1, and for the NLoS link, m = 1. The
probability density function of a random variable, X at a
point, x in Nakagami-m model is (see, [38] for details)

fX (x) =
mmxm−1

�m0(m)
exp

(
−
mx
�

)
,

where � is the mean square value and 0(.) is the Gamma
function [39].

D. SINGLE AND DUAL CONNECTIVITY
In aerial HetNets, SC allows a T-UE to maintain a single DL
and UL connection by associating to either one or two UAVs.
Whereas, dual connectivity feature allows a T-UE to maintain
two connections in both DL and UL with more than one UAV
simultaneously to exploit bandwidth and coverage resources
[13], [15], [16].

1) SC WITH AND WITHOUT DECOUPLED ACCESS
In SC with DUDe access or decoupled access, a T-UE
establishes its DL-connection on the basis of DL-reference
received power (DRP) from theUAVwhile theUL-connection
is established on the basis of maximum received signal
strength at the UAV. Whereas, in SC with Non-DUDe or
without decoupled access, a T-UE establishes its DL- and
UL-connection on the basis of DRP from the UAV.

2) DC WITH DECOUPLED ACCESS
In DC strategy for two-tier aerial HetNets, a T-UE is allowed
to maintain more than one connection with the UAVs simul-
taneously as shown in Fig. 2. In DC with DUDe or decoupled
access for two-tier aerial HetNets, the first DL connection of
a T-UE is established with the UAV of tier 1 on the basis
of DRP (i.e., maximum signal strength at a T-UE from the
UAV) while, the first UL connection is established on the
basis of maximum received signal strength at the UAV of tier
2. Whereas, the second connection is the inverted-decoupled
event such that the second UL is established with the UAV
of tier 1 and second DL is established with the UAV of
tier 2 [15], [17], [18]. This is practically valid for a network
with fewer UAVs, so that the UE needs to establish second
connection with the other tier’s UAV by excluding the one
already selected.

FIGURE 2. Dual connectivity and DL and UL decoupling for aerial HetNets
in the presence to WBJs.
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E. REVERSE FREQUENCY ALLOCATION
RFA is an efficient bandwidth allocation scheme where the
DL frequency of the LAP-associated T-UE is allocated as
the UL frequency for the HAP and the UL frequency of the
HAP-associated T-UE is allocated as the DL frequency for
the LAP [23], [40], [41].

For the 2-tier aerial HetNet considered in this work,
an example deployment of the DC feature with RFA using
8 different frequencies is shown in Fig. 3 with these frequen-
cies segregated by different colors. These frequencies are
grouped into four categories on the basis of their association
with the UAVs and on the basis of their association with the
regions located inside or outside the coverage area of the
UAVs. The regions located inside or outside the coverage area
of the UAVs have significant importance for RFA. This is
because the interference arising from these regions behaves
differently at the serving UAVs. Since we are interested in the
edge UEs located in the decoupled-enabled regions that can
be specified by the regions, AOH and ACL . Therefore, we mainly
focus on the frequencies of these regions.

FIGURE 3. Bandwidth Allocation in a two-tier aerial HetNet with eight
different frequencies. Each color denotes a unique frequency.

For the DC feature in aerial HetNets, the frequencies asso-
ciated with the first DL connection of the HAPs and the
LAPs are expressed as F∗,DL1, and F∗∗,DL1, respectively,
and the first UL connection of the HAPs and the LAPs are
expressed as F∗,UL1, and F∗∗,UL1, respectively. Furthermore,
the frequencies associated with the first DL connection of the
HAP and the LAP and with the regions located inside the
coverage area of the UAVs (i.e., ACH and ACL ) are expressed
as FC

∗,DL1, and F
C
∗∗,DL1, respectively. While the frequencies

associated with the first DL connection of the HAP and the
LAP and with the regions located outside the coverage area
of the UAVs (i.e., AOH and AOL ) are expressed as FO

∗,DL1, and
FO
∗∗,DL1, respectively. Similarly, the frequencies associated

with the first UL connection of the HAP and the LAP and

with the regions located inside the coverage area of the UAVs
are expressed as FC

∗,UL1, and FC
∗∗,UL1, respectively. While

the frequencies associated with the first UL connection of
the HAP and the LAP and with the regions located outside
the coverage area of the UAVs are expressed as FO

∗,UL1, and
FO
∗∗,UL1. Similarly, the frequencies are allocated to the HAPs

and LAPs of the second DL and second UL connections.

F. RECEIVED-POWER AND
SIGNAL-TO-INTERFERENCE-RATIO
1) RECEIVED-POWER
The average received-power at a T-UE from the i-th tier UAV
is E[S] = Pi ‖ Xi ‖−αi , where Pi is the transmit power of
i-th tier UAV such that iε{H ,L}, ||Xi|| is Euclidean-distance
between a T-UE located at the origin and i-th tier UAV, and
αi is the pathloss exponent of tier i with the assumption that
αi > 2 (see [6], [11] for details). The average received-power
at the i-th tier UAV from a T-UE is E[S] = Qi ‖ Xi ‖−αi ,
whereQi is the UE’s transmission power associated to a UAV
of tier i.

2) SIGNAL-TO-INTERFERENCE-RATIO
The UL signal-to-interference-ratio (SIR) is defined as the
ratio of received-power by a typical UAV to the received-
interference at that UAV. The SIR of the first UL con-
nection in DC with the decoupled access is expressed
as

SIRULL ,
QLgL ‖ XL ‖−αL

IUL8
L,AOH

+ IDL8
H ,ACL

+ I8J ,L

, (1)

where gL is the amplitude of the Nakagami-m distributed
fading channel between the LAP and a T-UE such that chan-
nel power gain is Gamma distributed with shape parameter,
m and scale parameter, 1/m, IUL8

L,AOH

is the UL interference at

the LAP from the UEs that are located outside the coverage
area of the HAP, IDL8

H ,ACL

is the DL interference at the LAP

from the HAPs that are located inside the coverage area of
the LAP, and I8J ,L is the interference of the WBJs at the
LAP. Furthermore, the UL interference from the UEs located
outside the coverage area of the HAP is defined as IUL8

L,AOH

=∑
kε8I

L,AOH

QLgk ‖ Xk − XL ‖−αL , where k represents the

k-th interferer of the interfering process, 8I
L,AOH

. Never-

theless, the DL interference of the HAPs located inside
the coverage area of the LAP is defined as IDL8

H ,ACL

=∑
vε8I

H ,ACL

PHgv ‖ Xv − XH ‖−αH , where v represents the v-

th interferer of the interfering process, 8I
H ,ACL

. Additionally,

the interference of theWBJs at the LAP is defined as I8J ,L =∑
lε8J

Pjgl ‖ Xl − XL ‖−αL , where l represents the l-th
jammer of the jammers’ process, 8J ,L and Pj represents the
transmit power of the jammer.
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Similarly, the SIR of the second UL connection is

SIRULH ,
QHgH ‖ XH ‖−αH

IUL8
H ,AOH

+ IDL8
L,ACL

+ I8J ,H

, (2)

where gH is the amplitude of the Nakagami-m distributed
fading channel between the HAP and a T-UE such that chan-
nel power gain is Gamma distributed with shape parameter,
m and scale parameter, 1/m, IUL8

H ,AOH

is the UL interference at

the HAP from the UEs that are located outside the coverage
area of the HAP, IDL8

L,ACL

is the DL interference at the HAP

from the LAPs that are located inside the coverage area of
the LAP, and I8J ,H is the interference of the WBJs at the
HAP. Moreover, the UL interference from the UEs that are
located outside the coverage area of the HAP is defined
as IUL8

H ,AOH

=
∑

k̄ε8I
H ,AOH

QHgk̄ ‖ Xk̄ − XH ‖−αH , where

k̄ represents the k̄-th interferer of the interfering process,
8I

H ,AOH
. Furthermore, the DL interference of the LAPs that

are located inside the coverage area of the LAP is defined
as IDL8

L,ACL

=
∑

v̄ε8I
L,ACL

PLgv̄ ‖ Xv̄ − XL ‖−αL , where

v̄ represents the v̄-th interferer of the interfering process,
8I

L,ACL
. Further, the interference of the WBJs at the HAP is

defined as I8J ,H =
∑

l̄ε8J
Pjgl̄ ‖ Xl̄ − XH ‖−αH , where l̄

represents the l̄-th jammer of the jammers’ process, 8J ,H .
We also consider τ as the received SIR threshold value.

Similar to [42], we assumed orthogonal frequency division
multiple access such that the UEs associated with the same
UAV does not interfere in UL. Furthermore, the density of
UEs is given by λU � λH + λL .

III. PRELIMINARIES
Here, we first derive the association probability of the serving
UAV. Then, we derive probability density function (PDF)
between the serving UAV and a T-UE and then, the UL and
DL interference at the serving UAV. We further derive the
received interference due to WBJs.

A. ASSOCIATION PROBABILITY OF THE
DECOUPLING-ENABLED REGION
Here, we focus on the decoupled access for the edge users
or the UEs that are present in the decoupled-enabled regions
because decoupling UL and DL for the decoupled-enabled
regions provides higher gains [6], [43], [44]. The decoupled-
enabled region is a 2-dimensional region, where a higher
power from the HAP is obtained at the T-UE whereas,
a higher power from the same T-UE is obtained at the LAP.

The physical meaning of the associated probability of the
T-UEs located in the decoupled-enabled region depicts the
probability of the T-UEs that can associate with the LAP in
UL, while with the HAP in DL. Since the UEs located in the
decoupled-enabled regions provide sub-optimal performance
by adopting the SC access [15], [17], [18]. Therefore, in this
paper, we focus on the access scheme that optimizes the
performance of the UEs located in the decoupled-enabled

regions by adopting the DC strategy. The association prob-
ability of a T-UE that is present in the decoupled-enabled
region is derived in the Appendix A and is expressed as [6]:

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

)

 ,
(3)

where H1,1
1,1

[
−

∣∣∣∣(−,−)(−,−)

]
is a Fox H-function with parameter

values set to m1 = 1, n1 = 1, v1 = 1, w1 = 1 in (19) (see
Appendix A and [45]).

B. PDF OF DISTANCE TO THE SERVING UAV
Similar to [6], [20], [46], we investigate the performance
of the aerial HetNets in terms of the coverage probability
by deriving the PDF of the distance-distribution between
the UAV and a T-UE that is located at the cell-edge or the
decoupled-enabled region.

For the decoupled-enabled region, the PDF of the distance
of the first UL connection means that there isn’t any LAP
closer than x in the decoupled-enabled region that can create
interference at the serving station. Thus, all the interferers are
located at a distance larger than x. For the first UL connection
in the decoupled-enabled region, the PDF of the distance
between the serving LAP and a T-UE that is present in the
decoupled-enabled region is derived in Appendix B and is
expressed as [6]:

f (UL1)XL (x) =

exp

−πλH
(
PH
PL

) 2
αH x

2αL
αH


− exp

−πλH
(
QH
QL

) 2
αH x

2αL
αH


 fXL (x)

AD
.

(4)

For the decoupled-enabled region, the physical meaning of
the PDF of the distance of the second UL connection means
that no HAP is closer than x in the region-of-interest that can
introduce interference at the serving UAV. Thus, no interferer
is located within a distance of x. We follow similar steps of
Appendix B to derive the PDF of the distance of the second
UL connection between the serving HAP and a T-UE in the
decoupled-enabled region. For the second UL connection in
the decoupled-enabled region, the PDF of the distance of
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the second UL connection between the HAP and a T-UE is:

f (UL2)XH (x)=

exp
−πλL

(
PL
PH

) 2
αL x

2αH
αL


− exp

−πλL
(
QL
QH

) 2
αL x

2αH
αL


 fXH (x)

AD
. (5)

C. INTERFERENCE AT THE SERVING UAV
Here, we characterize UL and DL interference at the serving
UAV and the interference of the WBJs at the serving UAV.

1) UL AND DL INTERFERENCE AT THE SERVING UAV
In this paper, we employDC andRFA for the decoupled aerial
HetNets. The servingUAV in the decoupled access is the LAP
while the serving UAV in the non-decoupled access is the
HAP. Therefore, the characterization of the interference at the
serving UAVs is indispensable.

For the first UL connection with the decoupled access in
the decoupled-enabled region, the interference from outside
the coverage area of the HAP is expressed in [7] and also
driven in Appendix C is

LIUL8
L,AOH

(s)

= 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
)

}
,

(6)

where 2F1(−,−;−;−) is theHyper-geometric function [39].
Similarly, following Appendix C, the UL interference at the
serving HAP from outside the circular-radius of the HAP is
expressed 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
)

}
.

(7)

Following the steps in Appendix C and assuming that the ratio
of the transmission power of the HAP to the UE connected
with the LAP as ζHL ; Laplace transform at the serving HAP
from the UEs located in the circular-radius of the LAP is
obtained 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
)
}
. (8)

Similarly, following the steps in Appendix C and assuming
that the ratio of the transmission power of the LAP to the
UE connected with the HAP as ζ LH ; Laplace transform at the
serving LAP from the circular-radius of the LAP is

LIDL8
L,ACL

(s)

= exp

{
2πζ LHλLτ z

2−αL
1

x−αL (αL−2)

2F1(1, 1−
2
αL
; 2−

2
αL
;−ζ LH τ

(
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
)
}
. (9)

2) INTERFERENCE OF THE WBJs
The MCP-distributed WBJs exploit the legitimate UL trans-
mission between a T-UE and the serving UAV using WBJ’s
interference. Laplace transform of WBJ’s interference at the
i-th tier UAV is expressed as [7] and driven in Appendix D is

LI8J ,i (s)

= exp

{
−
2π c̄1ix2τ 2/αi

αir2j
csc

(
2π
αi

)
− λjπ1iτ

2/αix2
∫
∞

0

(
1− exp

{
−c̄

1+ tαi/2

})
dt
}
.

(10)

IV. ANALYSIS OF UPLINK COVERAGE PROBABILITY
The probability that the received UL SIR at the serving UAV
of tier i is larger than the pre-defined value is defined as the
UL coverage probability and is given as [6]

CUL , EXi
{
P{SIRULXi > τ }

}
. (11)

The coverage probability of the first UL-connection in DC
with the decoupled access is referred to as the probability that
the UL SIR at the serving LAP is larger than the pre-defined
SIR-threshold and is expressed as

CUL1 , EXL
{
P{SIRULXL > τ }

}
. (12)

The coverage probability of the first UL connection in DC
with the decoupled access is driven as

CUL1

,
∫ r2

r1
P{SIRULXL > τ }f (UL1)XL (x)dx

a
=

∫ r2

r1
P

 QLgL ‖ XL ‖−αL

IUL8
L,AOH

+ IDL8
H ,ACL

+ I8J ,L

> τ

 f (UL1)XL (x)dx
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b
=

∫ r2

r1
E
{
gL >

τxαL

QL

(
IUL8

L,AOH

+ IDL8
H ,ACL

+ I8J ,L

)}
× f (UL1)XL (x)dx

c
=

∫ r2

r1
E
{
exp

(
−sIUL8

L,AOH

)}
E
{
exp

(
−sIDL8

H ,ACL

)}
×E

{
exp

(
−sI8J ,L

)}
f (UL1)XL (x)dx

d
=

∫ r2

r1
LIUL8

L,AOH

(s)LIDL8
H ,ACL

(s)LI8J ,L (s) f
(UL1)
XL (x)dx, (13)

where a
= is obtained by substituting (1) in (12), b= is obtained

by simplemathematics, c= is obtained by assuming the param-
eters of fading channel as m = 1 and � = 1 for the
NLoS communication, and d

= is obtained by using Laplace
transform. The final expression is obtained by substituting
(6), (8), and (10) in (13) and is expressed in (14), as shown at
the bottom of the page.

The coverage probability of the second UL connection is
defined as the probability that the UL SIR at the serving HAP
is larger than the pre-defined SIR-threshold,

CUL2 , EXH
{
P{SIRULXH > τ }

}
. (15)

The coverage probability of the second connection along with
RFA and WBJs is derived as

CUL2

,
∫ r2

r1
P{SIRULXH > τ }f (UL2)XH (x)dx

a
=

∫ r2

r1
P

 QHgH ‖ XH ‖−αH

IUL8
H ,AOH

+ IDL8
L,ACL

+ I8J ,H

> τ

 f (UL2)XH (x)dx

b
=

∫ r2

r1
E
{
gH >

τxαH

QH

(
IUL8

H ,AOH

+ IDL8
L,ACL

+ I8J ,H

)}
× f (UL2)XH (x)dx

c
=

∫ r2

r1
E
{
exp

(
−sIUL8

H ,AOH

)}
E
{
exp

(
−sIDL8

L,ACL

)}
×E

{
exp

(
−sI8J ,H

)}
f (UL2)XH (x)dx

d
=

∫ r2

r1
LIUL8

H ,AOH

(s)LIDL8
L,ACL

(s)LI8J ,H (s) f
(UL2)
XH (x)dx, (16)

where a
= is obtained by substituting (2) in (15), b= is obtained

by simple mathematical-manipulations, c
= is obtained by

assuming fading channel parameters as m = 1 and � = 1
for the NLoS communication, and d

= is obtained by Laplace
transform. The final expression of the coverage probability
of the second UL-connection along with the RFA and WBJs
is obtained by substituting (7), (9), and (10) in (16) and is
expressed in (17), as shown at the bottom of the next page.
Finally, the coverage probability of the DC feature in UL
follows by considering that at least one of the link is in
coverage, i.e., 1− (1− CUL1)(1− CUL2).
Similarly, the UL coverage probability of the SC with

DUDe access and SC with Non-DUDe access can be derived
following the derivation of (14) and (17), respectively. Note
that the bandwidth utilized by SC with DUDe or the decou-
pled access and SC with Non-DUDe or the non-decoupled
access is twice the bandwidth of DC with DUDe or the
decoupled access.

V. RESULTS AND DISCUSSION
In this section, we describe the results of the coverage prob-
ability of the first and second UL connection of a T-UE in
comparison with the results of the UL coverage probability
of a T-UE in the SC mode. The simulation setup assumes
that each T-UE has DC functionality and is equipped with
multiple-radio transmitters and receivers. This is because
each T-UE is allowed to transmit and receive on two sep-
arate UL and DL connections simultaneously. Furthermore,
to ensure reliable data-delivery in aerial HetNets, each T-UE
operates on a set of eight different frequencies instead of four
frequencies (such as in SCmode). For a two-tier aerial HetNet
with DC functionality, a T-UE establishes its first UL connec-
tion with the tier of the UAV that receives its maximum signal
power, and the second UL connection is established with the
tier of the UAV (excluding the already-connected tier) that
receives its second maximum signal power. Whereas, for the
SC mode, a T-UE establishes its UL connection either on the
basis of maximum DRP (such as in SC with DRP access) or
on the basis of themaximum power received at the UAV (such
as in SC with DUDe access).

CUL1 =
∫ 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 (UL1)XL (x)xdx. (14)
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The analytical results are validated using 100,000 inde-
pendent Monte-Carlo trials. Unless otherwise stated,
the following simulation parameters are set to enable a fair
comparison with the work in [7]: the density of the HAP
and the LAP is set as 1/π10002m2 and 2/π10002m2, respec-
tively. The transmission power of the HAP, LAP, and jammer
is set as 46 dBm, 30 dBm, and 10 dBm, respectively while,
the pathloss exponent of the HAP and the LAP is set as 2.75
and 3, respectively. The transmission power of the HAP- and
LAP-associated T-UE is set as 30 dBmwhile the height of the
HAP and the LAP is set as 300 m and 100 m, respectively.
The density of the clustered-jammers is set as 1/π10002 m2.
The radius of the jamming cluster is 100 m and the SIR
threshold for the successful coverage event is set to -20 dB.
The bandwidth of the first and the second link in DC with
DUDe is set as 10 MHz thus the total bandwidth, B is equal
to 20 MHz. Furthermore, the total bandwidth of the SC with
DUDe access and the SC with Non-DUDe access is 20 MHz
for a fair comparison with the DC system.

Fig. 4 shows the coverage probability of a T-UE in UL
against the SIR threshold. The coverage probability of a T-UE
using DC with DUDe access is significantly higher than that
of the SC with DUDe access and the SC with Non-DUDe
access. This is because the UL coverage probability of the DC
with DUDe access is obtained by assuming that at least one
of the links is in coverage, i.e., 1 − (1 − CUL1)(1 − CUL2).
The UL coverage probability of a T-UE in aerial HetNets
decreases with the number of jammers. This is because the
jamming interference (which depends upon the number of
WBJs) is increased with the number of jammers. The cover-
age probability of the DC with DUDe access decreases up to
10.6% with the increase in the number of jammers up to 4 per
cluster at -20 dB. It is observed that for the SIR threshold of -
20 dB and without jamming, the percentage-increase in terms
of the coverage probability of the DC with DUDe over the
SC with DUDe and Non-DUDe access is 10.6% and 82.6%,
respectively.

Fig. 5 shows the UL coverage probability of a T-UE
against the transmission power of the UE that is associated
with the LAP. The UL coverage probability of the T-UE
increases by increasing the transmission power of the UE

FIGURE 4. The effect of the different number of jammers and the
SIR-threshold on the UL coverage probability.

FIGURE 5. The effect of the different number of jammers and the
transmission power of the UE associated to LAP on the UL coverage
probability.

that is associated with the LAP because with the increase
in the transmission power of a T-UE, more UEs are added
to the decoupled-enabled regions. As a result, the associa-
tion probability is increased which results in increasing the

CUL2 =
∫ 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
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(
2π
αH

)
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2/αH1Hx2
∫
∞

0

(
1− exp

{
−c̄

1+ tαH /2

})
dt

)
f (UL2)XH (x)xdx. (17)
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coverage performance. The coverage performance of the DC
with DUDe access increases up to 26.4% with the increase in
QL from 10 dBm to 30 dBm. The UL coverage probability
of a T-UE in aerial HetNets is decreased with the increase
of the number of jammers per cluster because the jamming
interference (that depends upon the number of WBJs) is
increased by increasing WBJs.

The UL coverage probability of the DC with DUDe access
is significantly higher than that of the SC with DUDe and
the SC with Non-DUDe access because it is obtained by
assuming that at least one of the links is in coverage. Note
that the gain in the coverage probability of the SCwith DUDe
over the SC with Non-DUDe is high as compared to the gain
in the coverage probability of the DC with DUDe over the
SC with DUDe. However, the probability that a link in a
single connectivity mode is always serving and never discon-
nects is much lower. This is because of clustered-jammers
and frequent handovers. This adversely affects the reliable
delivery of data at the receiving node. To address this issue
and to maintain reliable communication in aerial HetNets,
a T-UE must maintain multiple connections with the UAV.
Eventually, a trade-off is expected between communication
reliability disrupting DC mode and its implementation cost
in terms of complexity and energy efficiency.

Fig. 6 shows the UL coverage probability of a T-UE
against the transmission power of the LAP. The UL cover-
age probability of the T-UE decreases with the transmission
power of the LAP because the UEs are excluded from the
decoupled-enabled region with the increase in the transmis-
sion power of the LAP. As a result, the association probability
is decreased which results in decreasing the coverage proba-
bility. It is noteworthy that for the RFA strategy, the transmit
power of the UAVs can create interference in the UL, there-
fore, UL coverage is degraded. Thus, the coverage probability
of the DC with DUDe access and without WBJs decreases up
to 7.4% with the increase in PL from 20 dBm to 30 dBm.

FIGURE 6. The effect of the different number of jammers and the
transmit power of the LAP on the UL coverage probability.

Fig. 7 shows the UL coverage probability of a T-UE
against the radius of the clustered-jammers. The UL coverage

FIGURE 7. The effect of the different number of jammers and their cluster
radius on the UL coverage probability.

probability of the T-UE increases with the increase in the
radius of the clustered-jammers. This is because when the
radius of the cluster is increased; the jammers are allowed
to be randomly located in a geographically larger region.
Thus, the cumulative power of jamming signals is reduced
at a T-UE. As a result, the coverage probability is improved.
Moreover, the coverage probability of the DC with DUDe
access is increased up to 17.9% with the increase in radius
from 50 m to 100 m for the jammers set to 2.

Fig. 8 shows the UL coverage probability of a T-UE against
the transmission power of the jammers. The UL coverage
probability of the T-UE is decreased with the increase in the
transmit power of the jammers because the power of jamming
interference at the T-UE is increased. As a result, UL coverage
probability is decreased. Moreover, the coverage probability
of the DC with DUDe access decreases up to 13% with
the increase in Pj from 5 dBm to 15 dBm for the jammers
set to 2.

FIGURE 8. The effect of the different number of jammers and their
transmit power on the UL coverage probability.
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VI. CONCLUSION
This work analyzed the coverage performance of a two-tier
aerial HetNet that employs dual-connectivity jointly with
decoupled access and reverse frequency allocation in the
presence of clustered-jammers. The serving UAVs and T-UEs
were modeled using independent HPPPs while the WBJs,
assumed to be spatially clustered, were modeled by the
MCP. The performance of the aerial HetNets was analyzed
in terms of the UL coverage probability and it was shown
that the functionality of DC with DUDe access is better than
that of the SC with DUDe access and SC with Non-DUDe
access in the presence of RFA and WBJs. Moreover, aerial
HetNets-performance is increased with the increase in the
transmission power of a T-UE associated with LAP and the
increase in the radius of the jammers cluster while it decreases
with the increase of the transmission power of the LAP and
the WBJs.

APPENDIX A
DERIVATION OF (3)
The connection between the UAV of tier i and a T-UE
describes that within a sphere of radius, x there isn’t any
interfering UAV closer than the serving UAV. The probability
density function (PDF) between the UAV of tier i and a T-UE
is given as [32], [47]

fXi (x) = 2πλie−πλix
2
. (18)

In the decoupled access, the association probability of a T-UE
is derived as [6]:

AD = P
{
PHX

−αH
H > PLX

−αL
L ;QHX

−αH
H ≤ QLX

−αL
L

}
.

Let PH > PL , then the probability of the joint-event is given

as
PL
PH

X−αLL < X−αHH ≤
QL
QH

X−αLL . Then, the association

probability of a T-UE in the decoupled-enabled region is

AD

=P

XH <
(
PH
PL

) 1
αH X

αL

αH
L


−P

XH <
(
QH
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) 1
αH X

αL

αH
L


a
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∫
∞

0

1− exp
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−
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2αL
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∞
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 ,
where a

= is obtained by applying (18) and considering the
association of the LAP with the T-UE as a first UL con-
nection while, b

= is obtained by exploiting Fox H-function
given in (19), as shown at the bottom of the page, such that
m1 = 1, n1 = 0, v1 = 0, and w1 = 1, and substituting

(2.9.4) of [45]. In (19), 0 (t) =
∞∫
0
st−1e−sds and γ is a

non-zero complex-number. Moreover, 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, (3) is obtained by substituting
(2.8.4) of [45].

APPENDIX B
DERIVATION OF (4)
For the T-UEs located in the decoupled-enabled regions,
the LAP is associated with a T-UE in the first UL connection
while the HAP is associated with a T-UE in the second
UL connection. The PDF of the distance between the first
UL connection of a T-UE and the serving LAP in the
decoupled-enabled region is expressed in terms of comple-
mentary cumulative distribution function (CCDF), F (c′,D)

XL (.)

as

f (UL1)XL (x) = −
d
dx

(
F (c′,D)
XL (x)

)
,

where in the superscript of F (c′,D)
XL (.), c′ represents that it is

a CCDF and D shows that the UEs in the decoupled-enabled
region are considered. The CCDF of the distance between a
T-UE and the serving LAP in the decoupled-enabled region

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−sds. (19)
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can be derived as [6]

F (c′,D)
XL (x)

= P
{
XL > x |

PL
PH

X−αLL < X−αHH ≤
QL
QH

X−αLL

}
a
=

∫
∞

x

exp

−πλH
(
QH
QL

) 2
αH x

2αL
αH


− exp

−πλH
(
PH
PL

) 2
αH x

2αL
αH


 fXL (x)dx

AD
, (20)

where a
= is obtained by applying Baye’s rule and using (3)

and (18).

APPENDIX C
DERIVATION OF (6)
In the decoupled access and RFA, the UL interference from
outside of the HAP-region is derived as [7]

LIUL8
L,AOH

(s)

a
= EIUL8

L,AOH
,gi

exp
−τxαLQL

∑
iε8I

L,AOH

QLgir
−αL
i




b
= EIUL8

L,AOH


∏

iε8I
L,AOH

Egi
{
exp

(
−xαLgir

−αL
i

)}
c
= EIUL8

L,AOH


∏

iε8I
L,AOH

1

1+ τ
( ri
x

)−αL


d
= exp

−2πλL
∫ r2

r1

ridri

1+
( ri
τ 1/αL x

)αL


e
= exp

−πλLτ 2/αL x2
∫ ( r2

τ 1/αL x

)2

( r1
τ 1/αL x

)2

dw
1+ wαL/2

 ,
where a

= is obtained by substituting the value of s =
xαL
QL

,

b
= is obtained by mathematical-manipulations, c

= is obtained
by assuming the parameters of fading channel as m = 1 and
� = 1 for the NLoS communication, d= is obtained by using
probability generating functional (PGFL) of an HPPP [32],
where radius of AOH is r1 and ACH is r2, and

e
= follows by

change of variables w =
( ri
τ 1/αL x

)2
. Finally, the UL inter-

ference at the LAP is obtained by performing the integration
as in (6).

APPENDIX D
DERIVATION OF (10)
The UL interference of the MCP-distributed clustered WBJs
at the serving UAV of the i-th tier is given in terms of the
interference of the WBJs. Let υ(x) = LI8J ,i (s) define the

WBJ’s interference at the UAV of tier i such that s =
xαi τ

Qi
.

Similar to [33], [48], the interference at the UAV of tier i is
given by the conditional-PGFL, ℘(υ) and the PGFL, G(υ)
and is given as [7]

℘(υ) = E {5xε8υ(x)}

= G(υ)× f, (21)

where

f , exp

{
−
Pjx2τ 2/αi2π c̄

Qiαir2j
csc

(
2π
αi

)}
. (22)

For αi > 2, the PGFL can be solved. Thus, for the WBJs,
G(υ) is expressed as

G(υ)=exp
{
−λjπ

Pjτ 2/αix2

Qi

∫
∞

0

(
1−exp

{
−c̄

1+tαi/2

})
dt

}
.

(23)

By substituting f and G(υ) in ℘(υ) and considering the ratio
of the WBJ’s transmit power to the UE’s transmit power as

1i =
Pj
Qi

, the WBJ’s interference is obtained in (10).
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