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ABSTRACT To enable reliable connectivity in highly dynamic and dense communication environments,
aerial-terrestrial heterogeneous cellular networks (AT-HCNs) have been proposed as a plausible enhance-
ment to the conventional terrestrial HCNs (T-HCNs). In busy urban scenarios, users are often located in
clusters and demand high bandwidth in both downlink (DL) and uplink (UL). We investigate this scenario
and model the spatial distribution of clustered users using a Matern cluster process (MCP). Based on our
analysis we then argue that decoupling of DL and UL in such a setting can significantly improve coverage
performance and spectral efficiency. We further obtain closed-form expressions for the system coverage
probability, spectral efficiency, and energy efficiency by using the Fox H-function. The main results confirm
the validity of the proposed analytical modeling. Our simulations further indicate a significant performance
improvement using decoupled access and provide quantitative insights on AT-HCN system design.

INDEX TERMS Heterogeneous cellular networks, Downlink and uplink decoupling, Matern cluster
process, Poisson point process, Unmanned aerial vehicles.

I. INTRODUCTION

The innovative technologies and services offered by 5th gen-
eration (5G) wireless networks, along with promising per-
formance improvements, are expected to bring a tremendous
proliferation in the scale of wireless networks, mobile data
demands, and network services types. The global machine-
type and mobile-user subscribers are estimated to reach 97bn
and 17.1bn, respectively, by the year 2030 [1]. This antici-
pated ultra-massive increase in the scale and dimensions of
wireless networks in the beyond 5G (B5G) era is admitted to
lead to the scarcity of network capacity and degradation in
the quality of service (QoS) [2]. Evolution in the size of cells
from small to tiny and the nature of base stations (BSs) from
terrestrial-fixed to aerial-vehicular are among the promising
research directions to design spectrum-, energy-, and cost-
efficient wireless networks. Such aerial and terrestrial BSs
integrated volumetric heterogeneous networks hold the ca-

pability to more aggressively and smartly reuse the network
resources, create favorable channel conditions for the users
in ultra-dense urban environments, extend network coverage
to remote and/or vehicular nodes, meet the occasional ultra-
high data demands during exclusive events (e.g., concerts,
sports, etc.), and assist in different emergency and monitoring
services (e.g., disasters, accidents, etc.), to name a few.

A. MOTIVATION AND RELATED WORK

One of the promising solutions to achieve a better QoS in
an ultra-dense urban environment is to implement low-power
small base stations (SBSs) in tandem with the high-power
macro BS (MBS) in the terrestrial heterogeneous cellular
network (T-HCNs) [3]. As an alternative to (or enhancement
of) the T-HCN for the cases, such as emergencies, exclusive
events, and ultra-dense urban environments, deployment of
unmanned aerial vehicles (UAVs) is also considered as highly
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significant in resolving the network economic constraints
[4]–[6]. UAVs-based BSs also help in ensuring favorable
channel conditions (through provisioning line-of-sight (LoS)
link) for the user equipments (UEs), which leads to signif-
icant improvement in the performance of such aerial het-
erogeneous cellular networks (A-HCNs). In this regard, an
increase in the number of serving UAVs can further improve
the network performance by offloading a notable amount
of traffic from the terrestrial access network [7], [8]. To
ensure appropriate deployment of such UAVs encompasses
several critical considerations based on their size, weight, and
power-availability [9]. The UAVs with battery constraints,
low transmission power, less payload capacity, less weight,
and limited mobility capability are usually deployed as low
altitude platforms (LAPs); whereas, high altitude platforms
(HAPs) possess extended coverage, higher altitude, and ex-
tensive endurance capabilities.

The performance of A-HCNs is affected by the spatial dis-
tribution of the ground users. The authors in [10]–[13] model
UEs according to an independent homogeneous Poisson
point process (HPPP) and investigate the impact of altitude
and density on the coverage performance. Similarly, [14],
[15] analyzes the outage performance of the network and
shows that the outage probability increases with an increase
in the number of UAVs. However, HPPP based modeling
cannot accurately reflect the nature of interference in clus-
tered scenarios [16]–[20]. For instance, in an earthquake or
flood-affected areas (such as at refuge camps or local tents),
where the traditional infrastructure is destroyed and the UEs
are present in clusters. In such scenarios, clustering should be
accurately modeled to predict the network’s performance.

A-HCN is a viable alternative for providing coverage to
the clustered users. For such clustered users, the work in
[21]–[24] analyzes coverage and area spectral efficiency (SE)
by modeling the UEs as a Matern cluster process (MCP).
Therein, authors show that accurate characterization of clus-
tering behavior (if it is present in the considered environment)
plays a vital role in both the design and performance of
the network. MCP constitutes of parent nodes and child
nodes, where the parent nodes are considered as uniformly
distributed according to an independent HPPP. For each
parent node, the distribution of associated child nodes is
modeled by an independent and identical spatial distribution
confined within a circularly shaped region with parent node
at its origin. The parent nodes themselves are not part of the
clustering process [25], [26].

In addition to the spatial distribution of the users, user-
association also plays a vital role in determining system
performance. Conventionally in T-HCNs, it is assumed that
for each UE, BS association is based on a DL-reference
received power, where both DL and UL are provisioned
through the same associated BS [27]. However, to offload
the excessively loaded high-power BSs and to minimize the
cumulative interference, various research works propose DL
and UL decoupled (DUDe) access, where each UE is allowed
to associate itself to different tier BSs in DL and UL, for im-

proving the system’s performance [27]–[29]. Traditionally,
DUDe access assumes the same pathloss exponents across all
the tiers to investigate the performance of multi-tier T-HCNs
[27]–[30]. However, this may not be a reasonable assumption
for AT-HCNs and is regarded as unrealistic, therefore, it is not
practical to consider the same pathloss exponents across all
the tiers in AT-HCNs.

In [31]–[34], decoupled-enabled regions are shown to
be viable geographical regions for leveraging the benefits
of DUDe access, where the UE receives maximum signal
strength from the high power BS in DL while in the UL,
maximum signal strength is received at the low power BS
from the typical UE. If a decoupled access is permitted, then
the UEs in the decoupled-enabled region are associated with
DL and UL for the high- and low-power BSs, respectively.
However, without a decoupled access, the UEs residing in
the decoupled-enabled regions will be associated with DL
and UL for the same BS. In [34], the SE of the T-HCNs is
investigated for the decoupled-enabled region in terms of Fox
H-function, where the authors showed that the performance
of the decoupled access is higher than the non-decoupled ac-
cess. Fox H-function enables obtaining closed-form solutions
for complex infinite integrals. The implementation aspects of
uni-variate and bi-variate Fox H-function are studied in [35]
and [36], respectively.

B. MAJOR CONTRIBUTIONS
Without decoupling, [14] presents an analytical framework
of A-HCNs, which is similar to the conventional T-HCNs.
The authors modeled the spatial distribution of the UEs as an
independent HPPP and derived the outage probability of the
typical UEs by considering the same value for pathloss expo-
nents across all the tiers (multiple tier networks). However,
the HPPP based modeling cannot accurately represent the
network interference for such clustered environments. Fur-
thermore, the assumption of considering the same pathloss
exponent across all the tiers of a multi-tier A-HCNs can be
regarded as an oversimplified approach.

This work focuses on the performance of decoupled access
for AT-HCNs with clustered users by considering different
pathloss exponents for multiple-tiers. To the best of the au-
thors’ knowledge, this is the first research effort to investigate
the scope of decoupled access for AT-HCNs. Compared to
the research work in [14], [27], [34], the main contributions
of this work can be listed as follows:
• The association probabilities of the typical UE are de-

rived in terms of the uni-variate Fox H-function. This
enables the analysis for more generalized use-cases with
different pathloss exponents in different tiers.

• Closed-form analytical expressions for the coverage-,
spectral-, and energy-efficiency of decoupled and the
non-decoupled access schemes are derived by employ-
ing the bi-variate Fox H-function.

• Using the developed analytical framework, performance
analysis of AT-HCNs for variations in density of low-
power BSs and the number of clusters is conducted.
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Extensive simulations are conducted to establish the valid-
ity of the proposed analytical framework and derived expres-
sions. Furthermore, the conducted analysis also indicates a
significant performance improvement offered by the decou-
pled access and provide quantitative insights on the pros-and-
cons of such an access strategy.

C. PAPER ORGANIZATION
The organization of this paper is as follows. Section II
describes the system model of AT-HCNs. In Section III,
the clustered interference is investigated. Section IV derives
the UL coverage, SE, and EE while, Section V describes
network slicing in AT-HCNs followed by Section VI, which
includes the main results and discussion. Finally, the paper is
concluded in Section VII.

II. SYSTEM MODEL
We consider a two-tier AT-HCN as shown in Fig. 1. The BSs
in the k-th tier are distributed as an independent HPPP Φk
i.e., k ∈ {H,L}, where H and L represent high power BS
and low power BS, respectively. The BSs are further segre-
gated as aerial or terrestrial using qk ∈ [0, 1], where qk = 1
indicates that in the k-th tier all the BSs are terrestrial1. In
our model, the density, antenna height, transmit power, and
pathloss exponent of the k-th tier BSs is represented by λk,
hk, Pk, and αk, respectively.

We model clustering scenario for AT-HCNs, where UEs
are distributed according to an MCP [21], [37]. The MCP
consists of parent nodes and child nodes. The parent nodes
with density λp, are modeled according to an independent
HPPP, while the child nodes are independently and identi-
cally distributed around the parent nodes in a circular cluster
of radius rp. The parent nodes themselves are not included
in the MCP. The density of UEs in the region of interest is
given as λU = λpc̄, where c̄ is the average number of child
nodes per cluster. The probability density function (pdf) of
the uniformly distributed UEs with distance ‖ y ‖ in a cluster
is

fM (y) =
1

πr2
p

, ‖ y ‖≤ rp. (1)

We also note that according to Slivnyak’s Theorem (see,
e.g., [38]) the distribution of the point process remains
unchanged by placing a point at the origin. Therefore, for
brevity and without loss of generality we consider a typical
UE located at the origin xo = (0, 0, 0). The intended BS in
the UL is referred to as a tagged BS. The Euclidean distance
between the typical UE and the k-th tier tagged BS is given
as ‖Xk ‖. The small scale fading between the UE and the
BS is assumed to be an independent and Rayleigh, where the
fading gain is modeled as gXk ∼ exp(1).

For the successful detection of the received signal, the
power transmitted by the UE, when associated to high and

1BS refers to both terrestrial and aerial BS, T-HCN refers to terrestrial
HCN without aerial BSs, and A-HCN refers to aerial HCN without terrestrial
BSs.

hH
hL

HAP

MBS

UE

LAP

SBS

FIGURE 1: Illustration of a typical AT-HCN.

low power BS is QH and QL, respectively. Similar to [31],
[34], we consider fixed transmit power of the UE to make the
analysis of the Cases 1-4 (in Section III-A) less complex and
to track the effect of varying QH and QL on the association
probabilities of the derived use-cases.

The average power received from the k-th tier BS at the
typical UE is E

{
SDL
k

}
= Pk ‖ Xk ‖−αk , where E{.} is

statistical expectation. The average power received from the
typical UE at the k-th tier BS is E

{
SUL
k

}
= Qk ‖ Xk ‖−αk .

The additive Gaussian noise power at the receiver is σ2

and τ is the received signal-to-interference-plus-noise ratio
(SINR) threshold. Similar to the work of [21], [37], where the
received UL SINR is characterized by the clustered users, we
focus only on the UL SINR. Thus, the UL SINR of the k-th
tier BS is

SINRUL
Xk

,
QkgXk ‖ Xk ‖−αk∑

jεΦI
QkgXj ‖ Xj −Xk ‖−αk +σ2

. (2)

We further define the interferes process, ΦI , is an MCP
with density λI = λIp c̄I , where λIp is the density of
interfering parent nodes. The average number of the UEs
taking part in the interference process is denoted by c̄I . We
further assume that λU ≥ (λH + λL), i.e., at least one UE is
associated with each tier in the UL.

For easy reference possible DL and UL user association
scenarios is provided in Table 1, followed by definitions of
notations used in the expressions of Fox H-function in Table
2. We further provide a list of parameters, their descriptions
and their values used in our simulations in Table 3.

III. INTERFERENCE ANALYSIS

To obtain the interference in UL and DL, we need to inves-
tigate the association probabilities, and the distance distribu-
tions to the nearest tier BS.
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TABLE 1: DL and UL user-association scenarios.

Association DL UL Case

Coupled High power BS High power BS 1

Coupled Low power BS Low power BS 2

Decoupled High power BS Low power BS 3

Decoupled Low power BS High power BS 4

A. DL AND UL ASSOCIATION PROBABILITIES

The typical UE is associated with the high power BS in DL,
if

PH ‖ XH ‖−αH> PL ‖ XL ‖−αL ,

otherwise, it is associated with the low power BS. Similarly,
the typical UE is associated with the high power BS in UL, if

QH ‖ XH ‖−αH> QL ‖ XL ‖−αL ,

otherwise, it is associated with the low power BS.

The association of the typical UE to the k-th tier BS means
that no BS from the other tier exists within a sphere with
radius Xk. Therefore, P{Xk > x} = e−πλkx

2

[38] and the
pdf of the distance of the typical UE to its nearest k-th tier
BS is

fXk(x) = 2πλkxe
−πλkx2

, x ≥ 0. (3)

The typical UE is associated with the tagged BS based
on the quality of received power in the DL and the UL as
shown in Fig. 2. Hence, four possible cases are envisaged.
Two of the possible cases are for the coupled association
while the remaining two possible cases are for the decoupled
association as shown in Table 1. The association of the typical
UE in both DL and UL with the same tier BS is known as a
coupled association whereas, the association of the typical
UE in DL with one BS and in UL with another is referred to
as the decoupled association. In the following, we investigate
Cases 1-4.

1) Case 1: Coupled Association of DL & UL to the high
power BS

The probability of the typical UE is being associated in both
DL and UL with the high power BS is

PC1
= P

{
PHX

−αH
H > PLX

−αL
L ; QHX

−αH
H >QLX

−αL
L

}
.

Since PH > PL, the joint probability is reduced to
P{QHX−αHH > QLX

−αL
L }. Then the user association prob-

ability in terms of uni-variate Fox H-function is given as

PC1
= P

XH <

(
QH
QL

) 1

αH X

αL
αH
L



UE

UL

DL

Coupled HAPCoupled LAP

Decoupled 
HAP-LAP

HAP

LAP

132

FIGURE 2: Possible DL and UL user-association scenarios in
A-HCNs. UEs marked by 1, 2 and 3 represent Case 1, 2 and
3, respectively.

a
= 1−2πλL

∫ ∞
0

exp

−πλH
(
QH
QL

) 2

αH x

2αL
αH − πλLx2

dx
b
= 1− 2πλL

∫ ∞
0

 αH
2αL
H1,0

0,1

[
Ψ1x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]

.
1

2
H1,0

0,1

[
Ψ2x

∣∣∣∣∣ (−,−)(
0,

1

2

)]
x

 dx

c
= 1− αH

2αL
H1,1

1,1

[
Ψa

∣∣∣∣∣
(

0,
1

2

)
(

0,
αH
2αL

)], (4)

where a
= is obtained using (3), while b

= is obtained using
uni-variate Fox H-function as defined in (5) with parameters
m1 = 1, n1 = 0, v1 = 0, and w1 = 1, and using (2.9.4)

of [39]. In (5), Γ (t) =
∞∫
0

st−1e−sds, γ can be any real or

complex number not equal to zero and an empty product is
considered as unity. Further in (5), m1, n1, v1, and w1 are
positive integers so that, 1 6 m1 6 w1, 0 6 n1 6 v1, Aj >
0, Bj > 0 and aj , bj are complex numbers, and C is a is a
certain contour separating the poles of the two factors in the
numerator. Finally, in (4), c

= is obtained by integrating the
product of two uni-variate Fox H-functions given in (2.8.4)
of [39].

2) Case 2: Coupled Association of DL & UL to the low power
BS

The DL and UL coupled association probability of the typical
UE with the low power BS is

PC2
= P

{
PLX

−αL
L ≥ PHX−αHH ; QLX

−αL
L ≥ QHX−αHH

}
.
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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

Πm1
j=1Γ(bj +Bjs)Π

m1
j=1Γ(1− aj +Ajs)

Πv1
j=n1+1Γ(aj +Ajs)Π

w1
j=m1+1Γ(1− bj +Bjs)

γ−sdγ, (5)

TABLE 2: Definitions of notations used in the expressions of
Fox H-function [34].

Notations Definitions

ΨH
σ2(τ)1/αH

Q
1/αH
H

ΨL
σ2(τ)1/αL

Q
1/αL
L

Ψ̄H
σ2(et − 1)1/αH

Q
1/αH
H

Ψ̄L
σ2(et − 1)1/αL

Q
1/αL
L

Ψ1 (
√
πλH)αH/αL (QH/QL)

1/αL

Ψ2

√
πλL

Ψ3 (
√
πλH)αH/αL (PH/PL)

1/αL

Ψ4 (
√
πλL)αL/αH (PL/PH)

1/αH

Ψ5 (
√
πλL)αL/αH (QL/QH)

1/αH

Ψ6

√
πλH

Ψ7

√
π(λL + ΥL)

Ψ8

√
π(λH + ΥH)

Ψa
Ψ1

Ψ2

Ψb
Ψ3

Ψ2

Similar to Case 1, the joint probability is reduced toX−αLL ≥
PH
PL

X−αHH . Then, the user association probability is obtained

by following the same steps as in Case 1:

PC2 = P

XH >

(
PH
PL

) 1

αH X

αL
αH
L


= 2πλL

∫ ∞
0

exp

−πλH
(
PH
PL

) 2

αH x

2αL
αH − πλLx2

 dx

= 2πλL

∫ ∞
0

 αH
2αL
H1,0

0,1

[
Ψ3x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]

.
1

2
H1,0

0,1

[
Ψ2x

∣∣∣∣∣ (−,−)(
0,

1

2

)]
x

 dx

=
αH
2αL
H1,1

1,1

[
Ψb

∣∣∣∣∣
(

0,
1

2

)
(

0,
αH
2αL

)]. (6)

3) Case 3: Decoupled Association of DL to the high power
BS and UL to the low power BS

The probability that the typical UE is being associated with
the high power BS in the DL and with the low power BS in
the UL (see, Fig. 2) is

PC3
=P
{
PHX

−αH
H > PLX

−αL
L ; QHX

−αH
H ≤ QLX−αLL

}
.

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

X−αLL <

X−αHH ≤ QL
QH

X−αLL . The user association probability is

then obtained by following the same line of argument as of
Case 1 as

PC3
= P

XH <

(
PH
PL

) 1

αH X

αL
αH
L

−

P

XH <

(
QH
QL

) 1

αH X

αL
αH
L


=

∫ ∞
0

1− exp

−πλH (PH/PL)
2/αH x

2αL
αH

 −1− exp

−πλH (QH/QL)
2/αH x

2αL
αH



 fXL(x)dx

= 1− 2πλL

∫ ∞
0

 αH
2αL
H1,0

0,1

[
Ψ3x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]

.
1

2
H1,0

0,1

[
Ψ2x

∣∣∣∣∣ (−,−)(
0,

1

2

)]
x

 dx− (1− 2πλL

∫ ∞
0

αH
2αL
H1,0

0,1

[
Ψ1x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]1

2
H1,0

0,1

[
Ψ2x

∣∣∣∣∣ (−,−)(
0,

1

2

)]
x

dx


=
αH
2αL

H1,1
1,1

[
Ψa

∣∣∣∣∣
(

0,
1

2

)
(

0,
αH
2αL

)]−H1,1
1,1

[
Ψb

∣∣∣∣∣
(

0,
1

2

)
(

0,
αH
2αL

)]
 .

(7)
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4) Case 4: Decoupled Association of DL to the low power
BS and UL to the high power BS

The probability that the typical UE associates with low power
BS in DL and high power BS in UL is

PC4
=P
{
PHX

−αH
H ≤ PLX−αLL ; QHX

−αH
H > QLX

−αL
L

}
.

The simplified association probability is

PC4
= P

{
PL
PH

X−αLL ≥ X−αHH >
QL
QH

X−αHL

}
= 0. (8)

Since PH > PL, it is straight forward to show that it is
practically not possible for the typical UE to be associated
with a low power BS in DL and a high power BS in UL.

B. DISTANCE TO THE NEAREST BS

Here, we derive the distance between the typical UE and the
tagged k-th tier BS residing in the decoupled-enabled region
for both the decoupled and non-decoupled access schemes.
This distance will then be used in characterizing the UL
interference. Since for the decoupled access, the tagged BS
is the low power BS while for the non-decoupled access,
the tagged BS is the high power BS. Therefore, the distance
distribution of the typical UE to a tagged BS is different for
both the schemes. The complementary cumulative distribu-
tion function (CCDF) of the distance to the tagged low power
BS F c3XL (.), in the decoupled access scheme is thus given by:

F c3XL (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

PC3

, (9)

where 3 in the superscript represents analysis of the Case 3
and PC3

is the association probability of the decoupled UEs
given in (7). Then, a= is obtained by applying Bayes rule.

The pdf of the distance between the typical UE placed in
the decoupled-enabled region and the tagged low power BS
is

f
(3)
XL

(x) =
d
(
1− F c3XL(x)

)
dx

,

=

exp

−πλH
(
PH
PL

) 2

αH x

2αL
αH

−

exp

−πλH
(
QH
QL

) 2

αH x

2αL
αH


fXL(x)

PC3

. (10)

Similarly, following the same line of argument, the pdf of the
distance between the typical UE located in the decoupled-

enabled region and the tagged high power BS is obtained as

f
(3)
XH

(x) = −
dF c3XH (x)

dx
,

=

exp

−πλL
(
PL
PH

) 2

αL x

2αH
αL

−

exp

−πλL
(
QL
QH

) 2

αL x

2αH
αL


 fXH (x)

PC3

. (11)

C. UPLINK INTERFERENCE
Here, we characterize the effect of UL interference in terms
of Laplace Transform. Consider υ(x) = LI(.), then using
[25], [40], the UL interference at a k-th tier BS is given by
the probability generating function (PGFL), G(υ) and the
conditional PGFL, ζ(υ) and is expressed as

ζ(υ) = E {ΠxεΦυ(x)}
= G(υ)× Ω, (12)

where

Ω , exp

{
−x2

kτ
2/αk

2πc̄I
αkr2

p

csc(2π/αk)

}
. (13)

The PGFL is obtained by setting the pathloss exponent αk >
2. Thus, the PGFL of the MCP distributed users in the k-th
tier is given as

G(υ) = exp

{
−λIpπτ2/αkx2

k

∫ ∞
0

(
1− exp

{
−c̄I

1 + tαk/2

})
dt

}
.

(14)

Then, the Laplace Transform of UL interference is obtained
by substituting (13) and (14) in (12) as the following.

LI(xkτ) = exp

{
−x2

kτ
2/αk

2πc̄I
αkr2

p

csc(2π/αk)

−λIpπτ2/αkx2
k

∫ ∞
0

(
1− exp

{
−c̄I

1 + tαk/2

})
dt

}
.

We further define

ℵ ,
∫ ∞

0

(
1− exp

{
−c̄I

1 + tαk/2

})
dt,

Υk , τ2/αk

(
αkλIpℵr2

p + 2c̄I csc(2π/αk)

αkr2
p

)
,

thus LI(xkτ) is further simplified by considering s = xkτ to

LI(s) = exp{−πx2
kΥk}. (15)

IV. PERFORMANCE ANALYSIS
A. COVERAGE PROBABILITY
The UL coverage probability of the typical UE is defined as
the probability that the tagged BS receives an SINR greater
than the pre-defined threshold. The CCDF of SINR at the k-
th tier BS corresponds to the UL coverage probability of the
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typical UE and is given as

C , EXk
{
P{SINRUL

Xk
> τ}

}
. (16)

The UL coverage probability of the decoupled access at the
tagged low power BS is defined as the probability that the
tagged low power BS receives an SINR greater than the pre-
defined threshold. Then, the UL coverage probability of the
decoupled access is formulated as

CD , EXL
{
P{SINRUL

XL > τ}
}
. (17)

The UL coverage performance of the decoupled access is
derived in Proposition 1.

Proposition 1. The UL coverage probability of the decou-
pled access with the MCP distributed users is

CD = πλL.
αH
2α2

L

(
σ2τ

QL

)−2

αL
(
Ĥ
(

Ψ1

ΨL
,

Ψ7

ΨL

)
−Ĥ

(
Ψ3

ΨL
,

Ψ7

ΨL

))
. (18)

Proof. See Appendix A.

The UL coverage probability of the non-decoupled access
at the tagged high power BS can be defined as the probability
that the tagged high power BS receives an SINR greater
than the pre-defined threshold. Therefore, the UL coverage
probability of the non-decoupled access is formulated as

CND , EXH
{
P{SINRUL

XH > τ}
}
. (19)

The UL coverage performance of the non-decoupled access
is derived in Proposition 2.

Proposition 2. The UL coverage probability of the non-
decoupled access with the MCP distributed users is

CND = πλH .
αL

2α2
H

(
σ2τ

QH

)−2

αH
(
Ĥ
(

Ψ4

ΨH
,

Ψ8

ΨH

)
−Ĥ

(
Ψ5

ΨH
,

Ψ8

ΨH

))
. (20)

Proof. Following the same line of argument as in the proof of
Proposition 1, for the non-decoupled access, exploiting (11),
(15), and considering XH as the tagged high power BS, it
is straight forward to obtain the coverage probability of the
non-decoupled access.

B. SPECTRAL EFFICIENCY
The UL channel capacity of the typical UE associated with
the k-th tier BS normalized by the channel bandwidth de-
scribes the SE (nats/Hz) and is given as

SE , EXk
{

ln
(
1 + SINRUL

Xk

)}
. (21)

The difference between decoupled and non-decoupled ac-
cess depends upon the association of the UEs in Case 3 with

the high- and low-power BSs, therefore, we focus on SE of
Case 3 for the decoupled and non-decoupled access. Thus,
the SE of the decoupled and non-decoupled access is given
in Proposition 3 and Proposition 4, respectively.

Proposition 3. The SE in the UL of the decoupled access
with the MCP distributed users is

SED = πλL.
αH
2α2

L

∫ ∞
0

Ψ̄L
−2
(
Ĥ
(

Ψ1

Ψ̄L
,

Ψ7

Ψ̄L

)
−

Ĥ
(

Ψ3

Ψ̄L
,

Ψ7

Ψ̄L

))
dt. (22)

Proof. See Appendix B.

Proposition 4. The SE in the UL of the non-decoupled
access with the MCP distributed users is

SEND = πλH .
αL

2α2
H

∫ ∞
0

Ψ̄H
−2
(
Ĥ
(

Ψ4

Ψ̄H
,

Ψ8

Ψ̄H

)
−

Ĥ
(

Ψ5

Ψ̄H
,

Ψ8

Ψ̄H

))
dt. (23)

Proof. Following the same line of argument as in the proof
of Proposition 3 and considering XH as the tagged BS, it is
straight forward to obtain SE of the non-decoupled access.

C. ENERGY EFFICIENCY
The UL EE is defined as the UL channel capacity of the
typical UE associated with the k-th tier BS normalized by
the system power consumption and is given as

EE ,
B

Qk
EXk

{
ln
(
1 + SINRUL

Xk

)}
, (24)

where the system bandwidth isB. Here, we focus power con-
sumption during the communication process by neglecting
the power consumption of the flight operation modules. Thus,
UL EE of the decoupled and non-decoupled access for Case 3

is formulated as EED =
B

QL
SED and EEND =

B

QH
SEND,

respectively.

V. NETWORK SLICING IN AT-HCNS
Network slicing (NS) is one of the promising solutions to
provide cost-effective flexible networks by providing opti-
mized logical networks (i.e., slices) on a shared physical
infrastructure via network function virtualization (NFV) and
software-defined networking (SDN) [41], [42]. Each slice is
tailored to increase the date rates and the QoS by reducing
the operational complexity. Our system model focuses and
exploits the radio access and can be operated in combination
with the NS to optimize the data rates and the QoS in AT-
HCNs.

The NS considers that the core network (CN) is logically
sliced but the radio access network (RAN) is un-sliced in the
5G architecture [43]. The isolation of RAN and CN is the key
feature in the design principle of the network slicing and thus,
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FIGURE 3: Network slicing supported in AT-HCNs.
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FIGURE 4: Effect of the density of low power BSs on the
association probabilities for Cases 1–4.

allows the conventional RAN to operate in tandem with the
5G-supported sliced CN. The 3GPP developed support for
the radio access of the conventional networks to be deployed
in the 5G architecture and showed that the evolved packet
core (EPC) is responsible for decoupling the data traffic
between its associated nodes (e.g., high and low power BSs),
to optimize the performance of the AT-HCNs (see Fig. 3)
[44], [45]. Furthermore, our system model described for AT-
HCNs can be implemented with NFV and SDN to consider
decoupled control-/data plan by shaping the CN with minor
modifications [46], [47].

VI. RESULTS AND DISCUSSION

This section presents results of a two-tier AT-HCN which
are validated using 100, 000 Monte-Carlo runs. Unless stated
otherwise, Table 3 summarizes the notations and the simula-
tion parameters.

TABLE 3: Notations and Simulation Parameters

Notation Description Value
λH High power BS density 1/π5002 m−2

λL Low power BS density 5λH
αH High power BS pathloss exponent 2.75
αL Low power BS pathloss exponent 3
PH High Power BS transmit power 46 dBm
PL Low power BS transmit power 30 dBm
hH High power BS height 300 m
hL Low power BS height 100 m
QH Transmit power of the UE associ-

ated to high power BS
30 dBm

QL Transmit power of the UE associ-
ated to low power BS

30 dBm

c̄ Average UEs per cluster 20
λp Parent clusters for UEs 2/π5002 m−2

rp Cluster radius 40 m
σ2 Noise power −90 dBm
τ SINR threshold −20 dB
B System bandwidth 20 MHz

Fig. 4 shows the association probability as a function
of the density of the low power BSs. Considering Case 3
which is the focus of this work, it is observed that as the
density of low power BS increases, larger number of the
UEs prefer decoupled association. However, after a certain
threshold, with the increase of the coupled low power BS
association, decoupled association starts decreasing. This is
because of the fact that with the further increase of low power
BS density, larger number of UEs prefer coupled low power
BS association. Further, for a given density, the association
probability of the Case 3 UEs in A-HCNs is better than
the T-HCNs because of the fact that the height of the aerial
BSs is usually larger than the conventional BSs in T-HCNs.
Thus, the distance-dependent pathloss between the typical
UE and the tagged low power BS in A-HCNs is shorter than
the distance-dependent pathloss between the typical UE and
the tagged low power BS in T-HCNs, which results in the
increase of received power and the corresponding association
probability.

Fig. 5 shows that the coverage probability of both the
access schemes, (i.e., decoupled and non-decoupled access)
increases with the increase of low power BS density until
a certain limit is surpassed. This is because of the fact that
the distance-dependent pathloss between the typical UE and
the tagged BS decreases which results in increasing the
received SINR and the corresponding coverage probability.
However, the coverage probability of the decoupled access is
significantly higher than the non-decoupled access due to the
shorter distance-dependent pathloss between the typical UE
and the tagged low power BS than the tagged high power BS.
The figure also shows that for a given density, the coverage
probability of the A-HCNs is successful over the T-HCNs.
This is because of the fact that the height of the LAPs is
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FIGURE 5: Coverage probability as a function of density of
low power BSs.
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FIGURE 6: Coverage probability as a function of clustered-
UEs, where λL = 10λH , αH = 3, and αL = 3.25.

mostly larger than the terrestrial BSs. Thus, the distance-
dependent pathloss between the typical UE and the LAP
is shorter than the distance-dependent pathloss between the
typical UE and the low power terrestrial BS, which results
in the increase of received power and the corresponding
coverage probability.

Fig. 6 shows coverage probability as a function of the
number of clustered-UEs. The coverage probability of the
decoupled (DUDe labeled curve) and the non-decoupled
(Non DUDe labeled curve) decreases with the increase of
clusters because of the cumulative interference at the tagged
BS increases which results in decreasing the received SINR
and the corresponding coverage probability. The coverage
probability of the decoupled access is significantly higher
than the non-decoupled access because of the fact that the
distance-dependent pathloss between the typical UE and the
tagged low power BS is less than the tagged high power
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FIGURE 7: Association probability as a function of the UE’s
transmit power.

BS which results in increasing the received SINR and the
corresponding coverage probability. Further, the coverage
probability of the A-HCN is better than the T-HCN until a
certain limit is surpassed because for a given density, more
UEs follow decoupled association in the A-HCN than the T-
HCN (see, Fig. 4). Thus, with the increase in the association
probability of the decoupled UEs of the A-HCNs over the T-
HCNs, more UEs can benefit the shorter distance-dependent
pathloss between the typical UE and the low power BS of
A-HCNs as compared to the low power BS of T-HCNs. As
a result, a higher coverage probability of the A-HCNs is
obtained, when comparing to the T-HCNs.

Fig. 7 shows the association probability as a function of
the UE’s transmit power. Considering Case 3 which is the
focus of this work, it is observed that as the transmit power
of the UE associated with the low power BS increases, larger
number of the UEs prefer decoupled UE-association. This
is because of the fact that with the increase of QL, more
UEs are added in the decoupled-enabled region (i.e., Case
3) at the cost of the decrease in the coupled high power BS
UE-association (i.e., Case 1). The association probability of
the Case 3 UEs in the A-HCNs is better than the T-HCNs
because of the fact that the height of the UAVs is usually
larger than the conventional terrestrial BSs in T-HCNs. Thus,
the distance-dependent pathloss between the typical UE and
the LAPs is shorter than the low power BSs in T-HCNs,
which results in the increase of received power and the
corresponding association probability.

Fig. 8 shows the coverage probability as a function of
the UE’s transmit power. It is observed that the coverage
probability of the decoupled and the non-decoupled access
increases with the increase in QL. This is because of the fact
that more UEs are added in the decoupled-enabled region
with the increase in QL. It is also observed that the coverage
performance of the decoupled access in both A-HCNs and
T-HCNs is better than the non-decoupled access because the
typical UE associates itself with the low power BS instead
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Other parameters are: αH = 3.75 and αL = 4.

of the high power BS and the distance-dependent pathloss
for the low power BS is shorter than the high power BS. As
a result, the received SINR and the corresponding coverage
probability increases. Further, the coverage probability of the
Case 3 UEs in the A-HCNs is better than the T-HCNs because
of the fact that the height of the LAPs is usually larger
than the terrestrial BSs which results in the shorter distance-
dependent pathloss between the typical UE and the LAP
when comparing to the terrestrial BSs and thus an increase in
the received SINR and the coverage probability is observed.

Fig. 9 shows that the SE increases with increase of the low
power BS density until a certain limit is surpassed because
the distance-dependent pathloss between the typical UE and
the tagged BS decreases which results in increasing the
received SINR and the corresponding SE. The SE of the de-
coupled access is significantly higher than the non-decoupled
access because the distance-dependent pathloss between the
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FIGURE 10: Effect of the UE’s transmit power on the SE and
EE. Other parameters are: αH = 3.75 and αL = 4.

typical UE and the tagged low power BS is less than the
tagged high power BS. It is observed that for a given density,
the SE of the decoupled A-HCN is successful over the
decoupled T-HCN because the association probability of the
decoupled-UEs in A-HCN is larger than the T-HCN. Since,
with the larger association probability of the decoupled-UEs
in the A-HCNs, more UEs prefer decoupled access in the A-
HCNs than the T-HCNs, therefore, the coverage probability
of the A-HCNs is better than the T-HCNs.

The SE of the typical UE in the UL is largely dependent
upon the UE’s transmit power, BS density, and the pathloss
exponent. Since, in our analysis, the typical UE transmits
with the power of 30 dBm in the underlying environment by
considering BS density, λL = 5λH and pathloss exponents,
αH = 3.75 and αL = 4, therefore, the obtained SE is around
0.22 nats/s/Hz. With the given parameters, the UL SE of the
typical UE in a clustered network may be considered less
when comparing to the typical value of the SE, i.e., 1 bps/Hz
= 0.693 nats/s/Hz [48], but, is in agreement with the UL SE
obtained in [32] for a two-tier HCN with clustered UEs.

Fig. 10 shows SE and EE of the decoupled access as a
function of the transmit power of the UE associated with
the low power BS, (i.e., QL). It is observed that the SE im-
proves by increasing QL because more UEs are added in the
decoupled-enabled region with the increase in QL. Thus, the
association probability and the corresponding SE increases.
Further, the EE degrades by increasing QL, however, the EE
of the A-HCN is larger than the T-HCN. This is because,
the probability of user-association for the decoupled-UEs in
A-HCN is larger than the T-HCN. Furthermore, the SE and
the EE of the A-HCNs is successful over the T-HCNs. This
is because of the fact that the association probability of the
decoupled-UEs in the A-HCNs is larger than the T-HCNs.
Thus, more UEs can benefit the shorter distance-dependent
pathloss between the typical UE and the low power BS of the
A-HCNs than the T-HCNs which increases the SE and the
EE of the decoupled access in A-HCNs over the T-HCNs.
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Ĥ(x1, y1) , Ĥ



(
m1, n1

v1, w1

)
(
m2, n2

v2, w2

)
(
m3, n3

v3, w3

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(
av1 ;αv1 , Av1
bw1

;βw1
, Bw1

)
(
cv2 ; rv2
dw2 ; δw2

)
(
ev3 , Ev3
fw3 , Fw3

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(x1, y1)


=

(
1

2πι

)2 ∫
C1

∫
C2

Πn1
j=1Γ(1− aj + αjs+Ajt)

Πw1
j=1Γ(1− bj + βjs+Bjt)Π

v1
j=n1+1Γ(aj − αjs−Ajt)

×
Πm2
j=1Γ(dj − δjs)Πn2

j=1Γ(1− cj + rjs)

Πv2
j=n2+1Γ(cj − rjs)Πw2

j=m2+1Γ(1− dj + δjs)
×

Πm3
j=1Γ(fj − Fjs)Πn3

j=1Γ(1− ej + Ejs)

Πv3
j=n3+1Γ(ej − Ejs)Πw3

j=m3+1Γ(1− fj + Fjs)
xs1y

t
1dx1dy1

(25)

VII. CONCLUSION
In this paper, we investigated the performance of AT-HCNs
system with clustered traffic and obtained coverage probabil-
ity, SE, and EE. We assumed that the high and low power BSs
were spatially distributed according to an HPPP, and the UEs
were distributed according to an MCP. We then obtained the
association probabilities of the coupled and decoupled BSs
for different pathloss exponents and then obtained closed-
form expression of coverage probability, SE, and EE based
on Fox H-function. The obtained results suggested that the
performance of decoupled access is significantly higher than
the non-decoupled access and that the decoupling of A-HCNs
is successful over the T-HCNs for a given density of the aerial
BSs.

.
APPENDIX A PROOF OF PROPOSITION 1
At the decoupled-enabled region, the UEs are associated with
a low power BS in the decoupled access. This is because the
distance-dependent pathloss between the typical UE and the
low power BS is less than that of the high power BS. Thus,
by focusing Case 3, the UL coverage probability with the
decoupled access is derived as

CD , E
{
P{SINRUL

XL > τ |XL}
}

=

∫ ∞
0

P{SINRUL
XL > τ}f (3)

XL
(x)dx

a
=

∫ ∞
0

P

{
QLgXL ‖ XL ‖−αL∑

jεΦI
QLgXj ‖Xj−XL‖−αL +σ2

> τ

}
× f (3)

XL
(x)dx

b
=

∫ ∞
0

P
{
gXL >

τxαL

QL

(
σ2 + I

)}
f

(3)
XL

(x)dx

c
=

∫ ∞
0

exp

(
−τxαLσ2

QL

)
E
{

exp

(
−τxαLI
QL

)}
f

(3)
XL

(x)dx

d
=

∫ ∞
0

exp

(
−τσ2xαL

QL

)
LI(s)f (3)

XL
(x)dx

e
= 2πλL

∫ ∞
0

x
1

αL
H1,0

0,1

[
ΨLx

∣∣∣∣∣ (−,−)(
0,

1

αL

)]

.

αH
2αL
H1,0

0,1

[
Ψ1x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]
− αH

2αL
H1,0

0,1

[
Ψ3x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]
.
1

2
H1,0

0,1

[
Ψ7x
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1

2
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)




, (26)

where a
= is obtained by considering tagged BS as low power

BS and substituting SINR from (2), b
= follows by assuming

I =
∑
jεΦI

QLgXj ‖Xj −XL‖−αL , c
= follows by exploit-

ing the exponentially distributed Rayleigh fading gains and
d
= follows by the definition of Laplace Transform of interfer-
ence as LI(s) = E

{
e−Is

}
, and e

= is obtained using (2.9.4)

in [39]. Function Ĥ[−|−|−] is a bi-variate Fox H-Function as
defined in [49] (see, (25)), where C1 and C2 are defined simi-
lar to C in (5) and m1, n1, v1, w1,m2, n2, v2, w2,m3, n3, v3,
and w3 are positive integers so that m1 = 0; v1 > n1 >
0; v2 > n2 > 0; v3 > n3 > 0;w1 > 0;w2 > m2 > 0;w3 >
m3 > 0, and αj , βj , rj , δj , Ej , Fj , Aj , and Bj are positive
numbers. Finally,

f
= is obtained using (2.3) in [49].
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APPENDIX B PROOF OF PROPOSITION 3

Consider a random variable XL as the distance between the
typical UE and the tagged low power BS. Similar to [48], the
SE is derived by averaging taken over the spatial location and
the fading. By focusing Case 3, the UL SE with the decoupled
access is derived as

SED = PC3

∫ ∞
0

∫ ∞
0

P
{

SINRUL
XL > et − 1

}
dxdt

a
= PC3

∫ ∞
0

∫ ∞
0
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}
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(x)dxdt
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∫ ∞
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∫ ∞
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∣∣∣∣∣ (−,−)(
0,

1

αL

)]

.

 αH
2αL
H1,0

0,1

[
Ψ1x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]
− αH

2αL
H1,0

0,1

[
Ψ3x

∣∣∣∣∣ (−,−)(
0,
αH
2αL

)]
.
1

2
H1,0

0,1

[
Ψ7x

∣∣∣∣∣ (−,−)(
0,

1

2

)]
dxdt

e
=2πλL

∫ ∞
0

Ψ̄L
−2


Ĥ



(
0, 1
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)
(

1, 0
0, 1

)
(

1, 0
0, 1

)
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(
1− 2
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;

1

αL
,

2

αL
−;−,−

)
(
−,−

0,
αH
2αL

)
(
−,−
0,

1

2

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(

Ψ1

Ψ̄L
,

Ψ7

Ψ̄L
)



−Ĥ



(
0, 1
1, 0

)
(

1, 0
0, 1

)
(

1, 0
0, 1

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(
1− 2

αL
;

1

αL
,

2

αL
−;−,−

)
(
−,−

0,
αH
2αL

)
(
−,−
0,

1

2

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(

Ψ3

Ψ̄L
,

Ψ7

Ψ̄L
)




dt,

(27)

where a
= is obtained by substituting the values of SINRUL

XL

while, b
= is obtained due to the assumption of exponential

distributed Rayleigh fading gains. In (27), c
= is obtained by

using Laplace Transform of interference as LI(s̄), where s̄ =
xαL(et − 1)/QL and by using (2.9.4) in [39]. Furthermore,
d
= is obtained by using (15) and (2.9.4) in [39], while e

= is
obtained using (2.3) in [49].
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